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Abstract: 

The subthalamic nucleus (STN) is one of the most critical structures of the basal ganglia. In 

movement neurodegenerative disorders such as Parkinson’s (PD) and Huntington’s disease (HD), 

degeneration of upstream signalling basal ganglia structures results in pathophysiological activities 

in STN neurons. In particular, changes in plasticity of the robust inhibitory GABAergic connection 

between the globus pallidus externa (GPe) and the STN are known to highly affect neuronal 

signalling within the STN. These changes impact on the overall clinical movement manifestations 

of PD and HD. However, the anatomical, neurochemical and gene expression changes occurring 

within the STN as a result of the upstream disease pathophysiology are poorly understood in 

humans. These unanswered questions hence formed the basis of this study.  

This thesis first presents the neuroanatomical and neurochemical organisation of the STN in 

neurologically normal post-mortem human brains via immunohistochemistry. The expression of 

neurotransmitter receptors from the GABAergic, dopaminergic and glutamatergic signalling 

systems were also investigated. These results obtained from the normal brains hence formed an 

anatomical basis for the following disease specific comparative studies. In both PD and HD brains, 

changes in the expression of prominent GABAA inhibitory receptor subunits were investigated 

within the STN and compared to that of the normal human brains. The purpose of this was to 

investigate the effect cause by the altered GPe-STN connection in PD and HD, within the STN. The 

study then further investigated the expression of pathological protein inclusions within STN 

neurons for both disorders, the mutant Huntingtin (mHtt) protein in HD brains and the abnormal 

phosphorylated form of α-synuclein in PD brains. Finally, the study expanded to investigate gene 

expression changes within the human STN in PD, using the latest RNA sequencing and nanostring 

technologies. 

The results demonstrated that the normal human STN exhibit a heterogeneous distribution of 

neurons, with the dorsolateral sub-regions showing lower neuronal densities compared to 

ventromedial sub-regions. The human STN showed strong expression of different neuronal markers 

including the calcium binding proteins, calretinin (CR) and parvalbumin (PV), and non-

phosphorylated neurofilaments (SMI32). The dorsolateral portions of the STN are highly populated 

with neurons expressing PV whilst the ventromedial portions showed high CR expression. This 

regional expression difference was not found for SMI32. Co-localisation studies showed that the 

majority of STN neurons express all 3 neurochemical markers. The expression of various 

neurotransmitter receptors from the GABAergic, dopaminergic and glutamatergic systems was then 
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investigated. The human STN was found to show high expression of fast-acting inhibitory GABAA 

receptors, including the α1, β2/3, α3 and γ2 subunits. In terms of localisation, the α1 and β2/3 subunits 

showed a high degree of co-localisation on neuronal membranes of STN neurons. The α3 and γ2 

subunits however, showed an intracellular expression profile within the STN perikarya. Expression 

of GABAB receptor subunit R1 and R2 were also found in STN neurons. Both GABAB subunits 

also showed intracellular expression. For the dopaminergic and glutamatergic receptors 

investigated, the dopamine D1, D2, D4 and D5 receptors, the ionotropic glutamate AMPA receptor 

GluA2 subunit and the metabotropic glutamate mGluR1/5 receptors were also found to be 

expressed at low levels on STN neurons.  

Since the STN receives massive inhibitory GABAergic afferents from the globus pallidus, and the 

GABAergic GPe-STN connection is highly affected in PD and HD, expression changes of 

inhibitory GABAA receptor subunits were investigated in both diseases. Overall four GABAA 

receptor subunits were investigated in PD and HD, the α1, β2/3, α3 and γ2 subunit. In HD, a small but 

significant 15% reduction of the α3 subunit was found in the ventromedial portion of the STN, 

compared with controls. No significant changes were detected for the other GABAA receptor 

subunits. In PD, a significant increase of α1 and β2/3 subunits (12.34% and 9.37%, respectively) 

was found in the dorsolateral portion of the STN, compared to controls. The study then further 

investigated the expression of PD and HD specific pathological protein inclusions within the human 

STN. In HD cases, prominent mHtt aggregates were detected within numerous STN neurons. The 

inclusions were mainly of the nucleic or cytoplasmic form. In PD cases, the STN showed no 

expression of pathological α-synuclein aggregates. However, numerous α-synuclein positive fibres 

were found traversing through the STN. These fibres were also detected in control cases which may 

reveal novel functions of the α-synuclein protein. 

The final chapter of this thesis investigated gene expression changes within the human STN in PD 

by screening the entire human genome in the RNA-seq platform. Overall, 95 differentially 

expressed genes were detected within the human STN in PD brains with 72 up-regulated and 23 

down-regulated genes. The majority of up-regulated genes were found to be involved in 

neuroinflammatory, immune response and microvasculature homeostatic pathways. The down-

regulated genes were found to be involved in blood vessel microstructure, dopamine and lipid 

biosynthesis and structural properties of extracellular matrix proteins. The results hence suggested 

that in PD, the STN experiences considerable neuroinflammation and infiltration immune response 

vehicles through a dysfunctional blood brain barrier (BBB). The chronic neuroinflammation may 

therefore cause breakdown of extracellular brain parenchyma and phospholipid membranes. One 
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PD case used in the study came from a patient who underwent bilateral pallidotomy surgeries to 

treat PD. Compared to other PD cases, the differential profile of this case are very similar to that of 

controls, which suggests that pathological gene expression changes may be altered by pallidal 

surgery. Twenty-six genes were validated from the sequencing experiment in the nanostring 

platform. Eighteen genes returned with significant gene expression changes similar to RNA-seq 

results. One of the genes validated by nanostring, the MAFF gene, showed a striking 7.33 fold 

increase in the PD group compared to control. The massive increase may hence convey 

neuroprotective mechanisms in STN neurons in PD.  

In conclusion, the research present in this thesis of the neuroanatomical and neurochemical 

organisation within the human STN will form an anatomical basis to support future studies on the 

role of the STN in the pathogenesis of HD and PD in the human brain. The gene candidates 

identified to have substantial changes within the human STN in PD would also aid future studies 

intending to discover potential new PD treatments and contribute to possible future therapeutic 

strategies.  
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Chapter	1. General	Introduction	

The subthalamic nucleus (STN) is a vital deep diencephalon structure that plays a pivotal role in 

voluntary motor functions. It belongs to the basal ganglia circuitry, a group of basal brain structures 

that facilitate voluntary movement by sending excitatory or inhibitory feedback neuronal signals 

back to the cerebral cortex. Major components of the basal ganglia consist of the striatum (caudate 

nucleus and putamen), the globus pallidus both the externus (GPe) and internus (GPi) segment, the 

substantia nigra pars compacta (SNc), substantia nigra pars reticulata (SNr) and the STN. Under 

normal physiological conditions, cortical signals flows into the striatum and are processed by 2 

different groups of medium spiny neurons (MSNs), the direct and indirect. The incoming signals are 

hence directed either through the direct or indirect circuitry (see Figure 2.3). The STN is the only 

glutamatergic nucleus providing excitatory signals within the basal ganglia circuitry. Within the 

indirect basal ganglia signalling pathway, the STN holds the essential role of sending excitatory 

afferents to the GPi and SNr, the output centres of the basal ganglia. Excitation of GPi and SNr 

hence increase inhibition of the thalamus, thus decreasing excitation of the cortex and reducing 

voluntary movement. In contrast, the direct signalling pathway decreases inhibition of the thalamus 

and increases cortical excitation. During normal physiology, signalling between the direct and 

indirect pathways is perfectly balanced to achieve efficient voluntary movement. However, 

harmony between the signalling pathways is severely disrupted in movement neurodegenerative 

disorders, including Parkinson’s and Huntington’s disease (PD and HD).  

Both PD and HD cause severe neurodegeneration of the basal ganglia structures. In PD, 

neurodegeneration prominently affect dopaminergic neurons within the SNc, which decreases 

dopaminergic innervation of the striatum. Neurophysiologies of direct and indirect MSNs are thus 

affected along with global neuronal signalling throughout the basal ganglia. One of the major 

pathological implications of PD is the hyperactivition of STN neurons caused by pathological 

upstream signalling and neurodegeneration. The hyperactivity originates from an over inhibited 

GPe as indirect MSNs becomes dysfunctional. Subsequent excessive excitation feedforward to the 

GPi and SNr causes excessive inhibition of the thalamus and results in the characteristic 

bradykinetic symptoms of PD. In contrast, HD causes opposing pathophysiology within the STN. 

Neurodegeneration of striatal MSNs during HD cause decreased downstream inhibition of the GPe, 

which in turn excessively inhibit the STN. The inhibited STN results in decreased excitation of GPi 

and SNr, disinhibiting the thalamus, which results in excessive excitation of the cortex. This results 

in hyperkinetic motor disabilities observed in HD patients such as chorea. Therefore, in both 
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diseases, a pathophysiological change in the upstream GPe-STN plasticity tends to hugely affect 

downstream STN activities. However, despite the crucial role of the STN within the basal ganglia 

circuity, the anatomical and genetic changes during PD and HD within the nucleus have not been 

fully characterised in the human. This thesis hence, for the first time, performed extensive 

investigations of the neuroanatomical, neurochemical and gene expression changes of the human 

STN in the post-mortem brains of these motor dysfunctions. 

Chapter 2 presents a detailed review of the current literature of research involving the STN, which 

includes previously described anatomical, neurochemical and functional organisations within STN 

in the brains of rodents, primate and rodents. Current understanding of the physiological role held 

by the STN in neurodegenerative disorders will also be reviewed. Chapter 3 then describes the 

methodologies utilised to achieve results presented in the following chapters, examining the 

chemical neuroanatomy and differential gene expression in the STN of the normal and diseased 

human brain. The procedures of human brain processing, storage and experimentation will be 

briefly described.  

Chapter 4 and 5 of presents results of the detailed neurochemical and neurotransmitter receptor 

expression profile observed in the STN of neurologically normal post-mortem human brains. The 

heterogeneous distribution of novel neurochemically distinct STN neurons along different sub-

regions within the structure will be described in detail. The expression profile of different 

neurotransmitter receptors and their respective subunits will then be described and co-localisations 

explored, with particular focus on GABAA receptors.  

Chapter 6 and 7 continues on from chapter 5 to investigate changes in expression of major GABAA 

receptor subunits in specifically defined sub-regions of the STN in PD and HD, in order to manifest 

the impact of an altered GPe-STN plasticity. Furthermore, the chapters also describe, for the first 

time, expression of important proteinaceous inclusions within the human STN in PD and HD.  

Finally, chapter 8 presents a novel genetic study investigating gene expression changes occurring 

within the human STN in PD. The aim of this study was to discover novel biological entities or 

pathways affected by PD pathogenesis within the human STN.  
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Chapter	2. Literature	review		

The subthalamic nucleus (STN) is a small, densely populated structure located deep within the brain 

above the cerebral peduncles (Forel, 1872, Dejerine, 1895, Yelnik and Percheron, 1979). It was 

once believed to be no more than a relay station for the cortico-basal ganglia-thalamocortical 

circuits. Currently, the STN is considered to be one of the main regulators of voluntary motor 

function within the basal ganglia (Albin et al., 1989, Alexander and Crutcher, 1990). Clinically, the 

STN is at least in part responsible for the cardinal motor symptoms of Parkinson’s (PD) and 

Huntington’s (HD) disease (Raymond et al., 2011, Wichmann and Dostrovsky, 2011), In particular, 

the abnormal ‘bursting’ activity displayed within the STN of PD patients and animals are highly 

correlated with manifested bradykinetic symptoms. Hence, the region was specifically targeted in 

the surgical procedures of deep brain stimulation (DBS) in order to ‘silence’ the hyperactive STN 

(Benabid et al., 1994, Magill et al., 2000, Urbain et al., 2002). Indeed, chronic bilateral STN DBS 

induced marked long-term improvements in motor symptoms and daily activities of PD patients. 

However, the fundamental knowledge regarding the underlying mechanisms of applying electrical 

currents to deep brain structures remains a mystery. This review will summarise current 

understandings of the STN in terms of neuroanatomy, neurochemistry and physiology within the 

human basal ganglia in health and disease. 

2.1. The	History	of	the	Subthalamic	Nucleus	

The STN was first described in 1865 by Jules Bernard Luys, an energetic French neurologist, in his 

remarkable treatise titled Studies on the Structure, Functions and Disease of the Nervous System 

(Luys, 1865). The 660-page book portrayed original insights and novel descriptions of two brain 

structures, the subthalamic nucleus and a major thalamic nucleus termed the centre median, 

beautifully illustrated by 80 pages of a hand-drawn 3D atlas. Following his original publication, 

several names were assigned to the STN by several famous neuroanatomists; including Luys’ body 

by Angust Forel (1848-1931) in recognition of its discoverer; nucleus amygdaliformis  by Jacob 

Stilling (1842-1915); corpus subthalamicum by Friedrich Gustav Jacob Henle (1809-1885); discus 

lentiformis by theodor Meynert (1833-1892); Forel’s body by Ludwig Edinger (1855-1918) and 

neucleus hypothalamicus by Rolf Denkhaus (1917- ,Parent, 2002).  

Historically, the STN was first functionally recognised as a structure that exerts potent inhibitory 

effects in the basal ganglia. This theory was supported by findings in hemiballismic patients, a 



4 
 

condition characterised by constant, large amplitude involuntary movements in the proximal limbs. 

Haemorrhage or lesions at the level of the STN were consistently reported during autopsy 

(Carpenter, 1955). During the 1950s, Carpenter and colleagues published several primate studies 

confirming that surgical lesion at the STN produced hyperkinesia on the contralateral side 

(Carpenter and Carpenter, 1951, Carpenter and Mettler, 1951, Carpenter and Brittin, 1958, 

Thompson and Carpenter, 1960). In the next decade, multiple studies were published linking STN 

lesions with hemiballismus. As a consequence, the STN was believed to exert inhibitory effects 

within the basal ganglia and utilising γ-aminobutyric acid (GABA) as the main neurotransmitter.  

It was only recently (late 1980’s) that the STN was discovered to hold an excitatory role within the 

basal ganglia, rather than an inhibitory one. In a critical immunochemical study, Smith and Parent 

(1988) demonstrated, for the first time, in squirrel monkeys that although neurons within the STN 

were closely surrounded by several GABA-positive terminals, the cell bodies themselves were not 

immunoreactive to GABA antibodies. Subsequent incubation with a monoclonal antibody highly 

specific for carbodiimide-fixed glutamate revealed that all cell bodies within this nucleus showed 

strong immunoreactivity (IR). This study hence established the STN to be a region that utilised 

glutamate as the prime neurotransmitter, making it the only glutamatergic nucleus within the basal 

ganglia.  

During the same period, advances were being made in both basic and clinical science regarding 

basal ganglia signalling dysregulation in PD and prospective treatments. In the 1980’s, a chance 

clinical encounter lead to the discovery of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a 

prodrug to the neurotoxin MPP+, which was found to specifically damage cells in the substantia 

nigra (SN) and cause permanent Parkinson-like symptoms in young designer-drug addicts (Hala et 

al., 1983). This, in turn lead to the development of the MPTP primate model, in which animals 

treated with the neurotoxin develop motor and pathological changes similar to that of PD (Burns et 

al., 1983, Langston et al., 1984, Jenner et al., 1987). The development of this model hence allowed, 

for the first time, full global characterisation of neuronal activities in various basal ganglia 

structures in both the normal and Parkinsonism state. Using multiple techniques ranging from 

single-unit electrophysiological recordings (Miller and DeLong, 1987, Filion et al., 1988, Filion, 

1991, Bergman et al., 1994) to metabolic mapping of functional regions (Mitchell et al., 1989a, 

Mitchell et al., 1989b) and additional histochemical evidence (Gerfen et al., 1990), the basal ganglia 

model detailing functional alterations in the “direct” and “indirect” pathway after degeneration of 

nigral-striatal dopaminergic projections was established (Albin et al., 1989, DeLong, 1990, 

Wichmann et al., 1994a). In this conceptual framework, the “direct” pathway, primarily concerning 
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striatal-GPi connection, becomes underactive following loss of nigral dopaminergic neurons. The 

“indirect” striatal-GPe projection however, becomes overactive, leading to reduced inhibition of the 

subsequent GPe-STN pathway (figure 2.3 & 2.6). Suppression of STN neuronal activity is hence 

released in the Parkinsonism state and the resulting increasing STN hyperactivation plays a pivotal 

role in the generation of cardinal PD symptoms. The pivotal role of the STN in this model then 

prompted experimental manipulation of the nucleus attempting to dampen the increased activity. 

Indeed, induced motor disabilities of MPTP monkeys such as akinesia, rigidity and tremor can be 

permanently reversed by lesion (Bergman et al., 1990, Aziz et al., 1991, 1992, Guridi et al., 1993), 

pharmacological blockade (Wichmann et al., 1994b) or high frequency stimulation (Benazzouz et 

al., 1993, Benazzouz et al., 1996) of the STN. Manipulation of the STN through deep brain high 

frequency electrical stimulation was then proposed as a novel treatment of PD due to observed 

therapeutical benefits, high adaptable, reversible and low morbidity. In 1993, the first report 

emerged from Benabid’s clinic where DBS electrodes were implanted in the STN of three PD 

patients (Limousin et al., 1995). This began an era of STN DBS for treating advanced PD over the 

next decade. 

2.2. The	General	Anatomy	

The subthalamic nucleus (STN) is a small, biconvex-shaped and densely populated structure located 

between the zona inertia dorsally and SN ventrally. The nucleus is encapsulated by dense bundles of 

myelinated fibres and hence considered as a ‘closed’ nucleus in cats, primates and man (Ramon y 

Cajal and Azoulay, 1955, Rafols and Fox, 1976). This means the dendritic network within the STN 

seldom crosses the nucleus boundaries except for the medial border where occasional extension of 

STN processes can be observed. However, the rat STN displays an ‘open’ morphology where 

intrinsic dendritic branches often extend beyond the regional boundaries into the adjacent zona 

incerta, lateral hypothalamus and cerebral peduncles (Afsharpour, 1985). The anterior and lateral 

borders of the STN are enveloped by fibres of the internal capsule, which separates the STN from 

the globus pallidus (GP). The rostromedial boundaries of the nucleus neighbour the Fields of Forel, 

the Field H of Forel and slightly merge with the posterior lateral hypothalamic area. Located 

adjacent to the posteromedial boundaries of the STN is the red nucleus, whereas the ventrolateral 

boundaries border the cerebral peduncles and the substantia nigra. The dorsal aspects of the STN 

are segregated from the ventral thalamus by the zona incerta and fasciculus lenticularis fibre tracts, 

carrying pallidothalamic projections (Yelnik and Percheron, 1979, Kita et al., 1983, Parent and 

Hazrati, 1995b). Several other important fibre tracts course near the borders of the STN. These 

include the subthalamic fasciculus which carries fibre tracts that interconnect the STN and GP, the 
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ansa lenticularis which also carries pallidothalamic projections and dopaminergic nigrostriatal fibres 

which course through the medial and lateral aspects of the STN (Figure 2.1, Parent et al., 2000).  

  



7 
 

Figure 2.1: General anatomy of the STN in the human brain. 
A: Schematic diagram of the human brain in sagittal view, showing the position from which the cross-section (B) was derived (black line). B: Schematic diagram of 
the basal ganglia in the coronal view. The STN resides ventral to the thalamus and dorsal to the SN. In the dorsolateral border lies the IC, this separates the 
thalamus/STN complex from the lenticular nucleus (GP & PUT). Derived from Atlas of the human brain, 3rd Edition (Mai et al., 2015). IC, internal capsule 
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2.3. Intrinsic	Organisation	of	the	Subthalamic	Nucleus		

The STN is one of the most neuronally dense structures of the entire brain. One of the earliest 

histology studies in the 1950s, using Golgi techniques, demonstrated that neurons in the STN are 

multipolar, spindle shaped or polygonal (Winkler, 1928). Two distinct groups of neurons were 

depicted, termed parvocellular and magnocellular. The magnocellular spindle-shaped neurons are 

on average 2-3 times larger in perikaryon diameter and are smaller in the medial part of the nucleus 

compared to the lateral part.  This neuronal population was later termed to be a collection of 

projection or principle neurons of the STN. These neurons have long projecting axons and sparsely 

spined dendrites which branch regularly (Rafols and Fox, 1976, Chang et al., 1983, Afsharpour, 

1985). The soma diameter ranges from 10-25um in rats, 35-40um in primates and approximately 

25um in human (Rafols and Fox, 1976, Kita et al., 1983, Hardman et al., 2002, Lévesque and 

Parent, 2005). Due to the tight cellular arrangement within the STN, the principle neurons tightly 

oppose one another without many intervening glial membranes. Appositions were found between 

soma and dendrites, dendrites and dendrites and dendrites and proximal axonal branches. However, 

no connections were found between these tightly apposing structures (Chang et al., 1983). The 

smaller parvocellular neurons were later characterised to be glutamate decarboxylase (GAD) 

containing interneurons (Lévesque and Parent, 2005). The pigment observed within neurons of the 

STN belongs to lipofuscin granules, which are distinct from the neuromelanin pigments contained 

within the dopaminergic neurons in the adjacent substantia nigra (Rafols and Fox, 1976, Marani et 

al., 2008).  

The average number of neurons within the STN varies across species and was estimated to be 

approximately 25,000 in rats, 35,000 in marmosets, 56,000 in pigs, 155,000 in macaques, 230,000 

in baboons and 560,000 in human (Oorschot, 1996, Hardman et al., 1997, Hardman et al., 2002, 

Larsen et al., 2004). The density and number of neurons per volume of tissue, appears to decrease 

from rat to marmosets to humans. This is because the overall volume of the STN increases through 

the species chain. In rats, neurons of the STN span the entire structure, whereas they only occupy 

one-fifth to one-ninth of the nucleus volume in primates. The volume of the STN are approximately 

0.8mm3 in rats, 2.7mm3 in marmosets, 6.9mm3 in pigs, 34mm3 in macaques, 50mm3 in baboons and 

240mm3 in humans. However, despite the striking increase in volume across the species range, the 

proportion of STN volumes to the volume of the entire brain remains similar (Hardman et al., 

2002).  
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The STN is also one of the most highly vascularised structures in the brain. The vascular supply of 

the STN arises from branches of the anterior choroidal artery, posterior communicating artery and 

posteromedial choroidal arteries (Parent, 1996, Hamani et al., 2004). The contribution of each 

vascular supply system varies, and the vascular systems often intermingle. The intrinsic STN 

capillary density is high compared to the putamen, the caudate nucleus and is twice as high as that 

of the substantia nigra (Parent, 1996). Ligation of the anterior choroidal artery was previously 

proposed to be an effective treatment of PD. This is at least in part associated with resultant 

infarction within the STN and nearby structures (Cooper, 1953). To date, vascular structural 

changes have not been investigated within the STN in either PD or HD.  

2.4. Neurochemistry	of	the	Subthalamic	Nucleus	

2.4.1. Calcium	Binding	Proteins	

The intracellular calcium level plays a crucial role in facilitating neuronal firing activities. The 

calcium binding proteins, as their names suggest, regulate intracellular calcium levels and facilitate 

fast spiking activities in neurons, amongst other functions. The main members of the family include 

parvalbumin (PV), calbindin D28k (CB), and calretinin (CR). They are distributed in a 

heterogeneous pattern amongst distinct populations of interneurons throughout structures of the 

basal ganglia (Hontanilla et al., 1998, Morel et al., 2002). Out of the three calcium binding proteins, 

PV is the most understood in its role of facilitating cellular activity. In muscle cells, PV is believed 

to act as part of the Ca2+ and Mg2+ ion exchange system to allow fast spiking activity (Gundersen et 

al., 1988). This peculiar role of PV is reflected in striatal PV-immunopositive neurons which are 

physiologically classified as fast-spiking neurons with short action potentials (Kawaguchi, 1993). 

Calbindin D28k, conversely, does not seem to correlate with any particular neuronal phenotype, and 

very little is known about CR and its functions. Since STN neurons had been shown in several 

studies to exhibit fast spiking or bursting activities, it is of no surprise that the entire nucleus shows 

very strong PV expression both at the protein and mRNA level (Augood et al., 1999). This 

observation was demonstrated in rats, primates and humans. In rats, PV-immunopositive neurons 

and fibres are concentrated in the lateral two-thirds of the nucleus. The rodent STN was completely 

devoid of CB and showed very low IR for CR, with no detection of CR positive neurons 

(Hontanilla et al., 1997, Hontanilla et al., 1998). In primate studies, a similar pattern of expression 

to rats was observed, with PV-immunopositive cells localising to one pole of the nucleus, no CB IR 

and very low CR expression on the other pole. However, unlike the rat STN, a small population of 

CR positive cells were found in the medial portion of the STN (Côté et al., 1991, Fortin, 1996). 
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However in humans, a striking species difference regarding calcium binding proteins is the clear 

zonation of PV and CR immunopositive neurons. Concordant with animal data, the human STN 

showed intense neuropil and perikaryon IR for PV in the dorsolateral pole and no IR for CB overall 

(Augood et al., 1999, Morel et al., 2002). However, numerous CR-immunopositive neurons are 

localised to the ventromedial pole of the human STN. Patterns of decreasing neuronal density were 

seen for both PV and CR populations in opposing directions along the dorsolateral to ventromedial 

axis (Lévesque and Parent, 2005). There was a significant degree of overlap between these two 

groups of neurons in the middle portion of the STN. Approximately half of the PV positive neurons 

were double labelled with CR, and about one quarter of CR positive neurons co-label with PV 

(Augood et al., 1999). This morphology suggests a topographical organisation within the STN, 

although no current anatomical boundaries can be defined.  

The GAD positive interneurons previously described in the human STN were found to show no 

expression of either PV or CR in the perikaryon or neuronal processes (Lévesque and Parent, 2005). 

This finding suggests that STN neurons expressing calcium binding proteins are functional 

projection neurons. Contradictory to previous findings from other basal ganglia structures, PV 

positive neurons were normally found to be associated with fast-spiking, intrinsically active 

GABAergic neurons (Braun et al., 1985, Braun et al., 1991). This unique feature segregates STN 

neurons to be the only group of tonically active, fast spiking excitatory projection neurons in the 

basal ganglia. 

2.4.2. Neurotransmitters	of	the	Subthalamic	Nucleus	

The two main neurotransmitters used to facilitate normal physiology in the basal ganglia circuitry 

are the excitatory glutamate and inhibitory GABA neurotransmitters. Together these two types of 

neurotransmitter and their respective receptors directly modulate neuronal activities in different 

signalling centres of the basal ganglia (Smith et al., 2001). The third type of neurotransmitter which 

further modulates neuronal signalling in the basal ganglia is dopamine. The dopaminergic system is 

of great importance to the circuitry, as dopamine can have either an excitatory or inhibitory effect, 

depending on the specific type of dopamine receptors expressed (Smith and Kieval, 2000). This 

allows additional fine-tuning of neuronal activities to control basal ganglia output.  

The STN holds a pivotal role in the basal ganglia circuitry by providing excitatory drive to the 

output centres. Since the STN is the only source of excitation within the system, it is of vital 

importance that neuronal activities within the nucleus are tightly regulated. This section reviews 
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current knowledge of GABA, glutamate, dopamine and other receptor systems known to be 

expressed within the STN, to highlight the diversity of control on STN neurons. 

2.4.2.1. GABA	Receptors	

The GABA receptors are classified into three groups based on their respective pharmacology. The 

GABAA receptors belong to the ionotropic receptor family which are ligand-gated chloride channels 

that mediate fast inhibitory neural transmission. Functional GABAA receptors are formed by the 

assembly of multiple subunits. A typical GABAA receptor is a pentameric glycoprotein consisting 5 

different subunits (Möhler et al., 1997). To date, seven groups of GABAA receptors subunits had 

been characterised based on sequence homology, which includes 6α, 4β, 4γ, 1δ, 1ε, 1π and 1θ 

(Macdonald and Olsen, 1994, Mehta and Ticku, 1999). The unique combination of these receptor 

subunits results in a diverse range of receptor subtypes. Fully functional GABAA receptors in the 

CNS generally consist of two α, two β and one γ subunits (Barnard et al., 1998). A particular 

pharmacological feature which has aided the mapping of GABAA receptors in the human CNS is 

the high sensitivity to benzodiazepines. The classical benzodiazepine binding sites are conveyed 

essentially by the γ2 subunit and are found in around 80% of all GABAA receptors in the CNS. 

Another feature of GABAA receptors is their high sensitivity to a specific agonist and a specific 

antagonist, muscimol and bicuculline respectively (Upton and Blackburn, 1997).  

The second type of GABA receptor is the GABAB receptor. The GABAB receptors belong to the 

metabotropic receptor family which utilise G proteins and second messenger systems to convey a 

delayed inhibitory post-synaptic response (Bowery, 1997, Deisz, 1997). The delayed responses are 

vital for the fine tuning of inhibitory neurotransmission. Two GABAB receptor subunits have been 

identified via cloning techniques, GABAB R1 (with isoforms R1a-R1c) and GABAB R2. These two 

subunits assemble into heterodimers to give a functional GABAB receptor (Kuner et al., 1999, 

Martin et al., 1999). Contrasting to fast-acting GABAA receptors, GABAB receptors are insensitive 

to bicuculline and are selectively activated by baclofen (Bettler et al., 1998).  

The final group of GABA receptors are the GABAC receptors. Like the GABAA receptors, these are 

members of the ligand-gated ion-channel superfamily that are permeable to chloride ions. However, 

GABAC receptors are classified differently due to their insensitivity to bicuculline, baclofen, 

benzodiazepine and barbiturates (Johnston, 1997). These receptors are activated by low 

concentrations of GABA and are less liable to desensitisation than GABAA receptors. The GABAC 

receptors consist of the ρ subunits of which three types have been characterised via cDNA in the 
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primate brain (Johnston, 1997). However, very little is known about the localisation or functionality 

of GABAC receptors in the CNS.  

With the exclusion of the STN, substantia nigra pars compacta (SNc) and striatal cholinergic 

interneurons, all intrinsic and output projections of the basal ganglia are GABAergic in nature. 

Hence, the STN receives massive GABAergic afferents from upstream signalling centres to tightly 

control neuronal activities. Both GABAA and GABAB receptors and subunits have been found in 

the rat and monkey STN. The rat STN was found to express α1, α2, β2/3 and γ2 subunits that intensely 

labelled individual STN neurons. Weak expression of the α3 receptor was also found whilst the α5 

and δ subunits showed no expression (Wisden et al., 1992, Fritschy and Mohler, 1995). In primates, 

an early in situ study showed high expression of α1, α3, β2, β3, γ2 and δ subunits on the STN neurons 

(Charara and Smith, 1998, Kultas-Ilinsky et al., 1998). However, contradictory to the rat STN, the 

α2 subunit was not detected in the monkey. Similarly, expression of the δ subunit was found in the 

monkey but not the rat STN (Smith et al., 2001). The significance of these species differences 

remains to be established. The sub-cellular and sub-synaptic distribution of the α1 subunit in 

primates was investigated in detail by Galvan and colleagues (2004). In general, the α1 subunit 

strongly labels neuropil elements and neuronal perikarya, and shows even distribution across the 

nucleus. The subunit was described to be ‘plasma membrane-bound’ and was categorized as either 

extrasynaptic, perisynaptic or synaptic with post-embedding immunogold techniques. To date, the 

detailed distribution of GABAA receptor subunits in the human STN has not been described. 

The GABAB receptor subunits R1 and R2 were found to display low IR in both monkey and human 

STN (Charara et al., 1999, Billinton et al., 2000). However, GABAB receptors were not detected in 

the rat STN at the mRNA level (Durkin et al., 1999). At the cellular level in monkeys, the STN 

exhibits prominent perikaryal staining and lightly stained neuropil with embedded thin punctate 

structures for the R1 receptor subunit (Charara et al., 1999). The R1 subunit displayed a strong 

localisation on the asymmetrical glutamatergic axonal terminals either pre-synaptically or post-

synaptically (Galvan et al., 2004).  A similar localisation was observed in the human STN, with 

intensely stained cell bodies and proximal dendrites (Billinton et al., 2000). On the other hand, the 

R2 subunit is far less intensely expressed and exhibits a similar anatomical distribution to the R1 

subunits (Charara et al., 1999). The peculiar presynaptic expression of GABAB receptors could 

indicate a presynaptic control of neurotransmitter release from external or internal glutamatergic 

terminals.  
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GABA transporters (GATs) constitute another crucial component of the GABAergic system. These 

transporters mediate the clearance of GABA released at synaptic clefts, terminating 

neurotransmission. To date, four GABA transporters have been identified; GAT-1, GAT-2, GAT-3 

and BGT-1 (Borden, 1996). In humans, the GAT-1 transporter has been identified at the mRNA 

level in STN neurons, which is intriguing for a region that utilises glutamate as the primary 

neurotransmitter (Augood et al., 1999). The significance of this GABA accumulation is yet to be 

determined. 

2.4.2.2. Glutamate	Receptors	

Similar to GABA receptors, the glutamate receptor family are also classified into two groups; the 

ionotropic group and the metabotropic group. The ionotropic receptor group are further classified 

into three subfamilies including the N-methyl-D-aspartate (NMDA) receptors, the alpha-amino-3-

hydroxy-5-methyl-4-isoxazole (AMPA) and the kainate receptors (Gasic and Hollmann, 1992). An 

abundant number of subunits and receptor variants have been identified and sequenced. The subunit 

composition and the relative abundance of specific subunits directly influence the physiological 

properties of varying receptor groups. The NMDA receptors are heterotetramers consisting of two 

main subunits; GluN1 and GluN2. The GluN1 subunit has eight identified variants (named a-h) and 

the GluN2 subunit has four different variants (GluN2A, GluN2B, GluN2C and GluN2D, Hollmann 

and Heinemann, 1994). The AMPA receptors are also heterotetramers, made from a combination of 

four subunits, GluA1-4 subunits. Finally the kainate receptors are formed by the combination of 

GluK1-3 subunits with the high-affinity kainate binding subunits (GluK4-5, Hollmann and 

Heinemann, 1994). Under normal physiology, activation of the AMPA and kainate receptors 

induces fast excitatory post-synaptic potentials via increased membrane permeability to Na+ and K+ 

ions. This fast depolarisation sequentially relieves the Mg2+ ion block on NMDA receptors and 

allows full activation of this receptor group to prolong post-synaptic depolarisation (Smith et al., 

2001).  

The metabotropic glutamate receptors are G-protein coupled receptors consisting of eight subtypes, 

and are classified into three major groups. The first group are the group I mGluRs which include the 

splice variants mGluR1 and mGluR5. This group of receptors are positively coupled via Gq to 

phospholipase C and PI hydrolysis (Nakanishi, 1994, Pin and Duvoisin, 1995). These receptors are 

found post-synaptically and convey a slow depolarisation when activated by glutamate. The group 

II mGluRs contain the mGluR2 and mGluR3 variants, which are negatively coupled via Gi/Go to 

adenylyl cyclase and inhibit the formation of cyclic AMP (Nakanishi, 1994). Group III mGluRs 
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consists of variants mGluR 4,6,7, and 8 and these receptors function in a similar way to group II 

receptors via inhibition of adenylyl, but with a pertussis toxin sensitive G-protein (Conn and Pin, 

1997). Group II and III mGluRs generally localise presynaptically and act as a control mechanism 

for the release of glutamate or other neurotransmitters.  

The expression and localisation of both ionotropic and metabotropic glutamate receptors have been 

studied in both the rat and primate STN. However, very little is known about the expression of the 

major glutamate receptor subunits in the human STN, although binding studies have shown a low to 

moderate level of expression (Lee and Choi, 1992). Data regarding the expression of various 

glutamate receptors were mainly conveyed via in situ hybridisation and immunohistochemistry 

studies. The rat STN was shown to express AMPA-GluA1, GluA2, GluA2/3 and GluA4. Rat STN 

neurons also showed intense IR for the GluN1 subunit of the NMDA receptor (Clarke and Bolam, 

1998). Subcellular analysis of these two receptor types found an even distribution of both NMDA 

and AMPA subunits within asymmetrical synapses. Multiple variants of the AMPA receptor 

subunits expressed co-localisation with GluN1 subunits within individual synapses. A recent 

functional study in the rat STN found the presence of GluN2B and GluN2D subunits along 

dendrites and axonal terminals (Swanger et al., 2015). Furthermore, the GluN2D receptor subunit 

was found to have primary control of the unique spike-firing patterns seen in STN neurons. The 

primate STN displayed expression of GluA1, GluA2/3 and the GluN1 receptor subunits (Wang et 

al., 2000). Intense labelling was observed for the GluA1 subunit in cell bodies and proximal 

dendrites of primate STN neurons. In comparison, expression of the GluA2/3 subunit was less 

intense but showed similar localisation. The GluN1 subunit densely labelled the perikarya and a 

large number of small diameter dendrites. The identified ionotropic glutamate receptor subunits 

were mainly found postsynaptically (Wang et al., 2000).  

Very few studies have investigated the localisation of metabotropic glutamate receptors in the STN. 

Only one study reported expression of the mGluR2 variant in neurons of the human STN, while the 

presence of any other variants is unknown (Phillips et al., 1999). The rat STN displayed expression 

of mGluR2 and mGluR3 at the mRNA level and mGluR5 IR in dendrites of STN neurons (Testa et 

al., 1994, Kearney and Albin, 1999). In monkeys, light IR was observed for the mGluR1a receptor 

on STN perikarya, whilst the mGluR5 receptor was mainly localised to the neuropil (Wang et al., 

2000).  
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2.4.2.3. Dopamine	Receptors		

Dopamine receptors belong to the G-protein coupled receptor superfamily that can be classified into 

two groups; the D1-like and D2-like receptor subfamilies. Five dopamine receptor subtypes have 

been discovered via cloning techniques, concluding that the D1 and D5 subtypes belong to the D1 

family, whist the D2-D4 subtypes belong to the D2 family (Missale et al., 1998). Dopamine has 

long been considered as a crucial neuromodulator within the basal ganglia as its post-synaptic 

effects are highly dependent on the type of receptors expressed. This is because both receptor 

families have opposing intracellular effects. The D1 receptors are positively linked to adenylate 

cyclase and the second messenger system, whereas the D2 receptors are negatively linked to the 

protein. Hence stimulation of D1 receptors gives an excitatory post-synaptic current and D2 

receptor stimulation produces an inhibitory post-synaptic current (Alexander and Crutcher, 1990, 

Surmeier et al., 2007). This allows the dopaminergic system to fine tune activities in specific 

neuronal populations. A classic example of this dual effect control occurs in the striatum with two 

distinct groups of medium spiny neurons (MSNs). According to the classical functional model of 

the basal ganglia, dopamine released from the SNc excites MSNs of the ‘direct’ pathway through 

the D1 receptors and inhibits neurons of the ‘indirect’ pathway through D2 receptors (Surmeier et 

al., 2007). This organisation gives two opposing signalling pathways within the circuitry that under 

normal physiology; work in perfect harmony to modulate the correct thalamic output.  

In addition to the main nigrostriatal projections, the SNc also projects to other basal ganglia 

structures including the GPe, GPi, SNr and the STN (Smith and Villalba, 2008). Various dopamine 

receptors have been identified in the STN. In rats, expression was found for the D1, D2, D3 and D5 

receptor subtypes in the mRNA level (Flores et al., 1999). In humans, an autoradiography study in 

2000 (Augood et al.) found no expression of the D2 receptors but showed a weak expression of D1 

receptors. However, a similar study conducted later in 2001 (Hurd et al.) found a moderate to high 

D2 mRNA expression but no D1 expression in the human STN. Although the results from human 

studies are controversial, there is general agreement that the human STN receives weak 

dopaminergic innervations from the SNc. 
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2.5. The	Functional	Organisation	of	the	Subthalamic	Nucleus	

The intrinsic domains of the STN were long thought to be functionally segregated based on 

evidence from a long history of tracing studies in primates. The findings suggest that neurons 

projecting to the putamen or GPe tend to reside in the dorsolateral two-thirds of the STN. The 

neurons projecting to the caudate nucleus, GPi and SNr are confined mostly to the ventromedial 

third of the STN. Finally, a small population of neurons that projects to the ventral pallidum is 

principally found in the medial tip of the STN (Alexander and Crutcher, 1990, Parent and Hazrati, 

1995b, a, Joel and Weiner, 1997).  Based on this topology, the dorsolateral portion of the STN is 

functionally defined as the sensorimotor sub-region, the ventromedial portion defined as the 

associative sub-region, and the medial tip defined as the limbic subdivision. This classification 

hence forms a tripartite compartmentalisation model (Figure 2.2, Parent and Hazrati, 1995b). To 

date, many studies exist which support as well as oppose this model (for review see Keuken et al., 

2012, Alkemade, 2013, Alkemade et al., 2015). The existence of three functional zones was also 

recently suggested in the human STN using in vivo imaging (Lambert et al., 2012). Overall, there is 

a general consensus that functional zones exist within the STN. However, recent evidence suggest a 

more gradual transition between functional zones and an overlap at zonal boundaries (Haynes and 

Haber, 2013).  
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Figure 2.2: Schematic diagram of the tripartite compartmentalisation model 

The tripartite model depicts 3 distinct functional zones in sub-regions of the STN, the sensorimotor, 
associative and limbic sub-regions. Based on evidence from tracing studies, neurons residing in the 
sensorimotor zone are responsible for processing incoming basal ganglia signals from the primary 
motor cortex, premotor and supplementary motor areas. The associative zone is responsible for 
processing information from prefrontal and orbitofrontal cortices. Finally, the limbic zone processes 
information from the limbic/paralimbic cortices, the hippocampus and the amygdala. Transition 
between each functional zone is gradual, with partial overlap occurring between the boundaries. To 
date, there are no histological or neurochemical markers that can distinguish the 3 functional zones. 
(modified from Parent and Hazrati, 1995b, Hamani et al., 2004, Temel et al., 2005). DL: 
dorsolateral, VM: ventromedial 
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2.6. The	 Place	 of	 the	 Subthalamic	 Nucleus	 in	 functional	 circuits	 of	 the	 Basal	

Ganglia	

Functional segregation within the STN suggests the existence of parallel sensorimotor, associative 

and limbic circuitries running through the cortical-basal ganglia-thalamocortical loop. Indeed, 

regional functional segregations are generally preserved throughout signal processing centres of the 

basal ganglia, which allows co-processing of signals from different cortical regions (Alexander et 

al., 1991, Joel and Weiner, 1994, Parent and Hazrati, 1995a, Yelnik, 2002).  

The basal ganglia are comprised of five interconnected subcortical structures. This includes the 

striatum, which is comprised of the caudate nucleus (CN) and putamen (PUT), the globus pallidus 

(GP), substantia nigra (SN) and the subthalamic nucleus (STN, Carpenter et al., 1976). 

Anatomically, the caudate nucleus and putamen are separated via the internal capsule. The GP is 

divided into the external (GPe) segment and internal (GPi) segment. The STN is located medial 

ventrally to the GPi whilst further ventrodorsally lies the SN on the border of the midbrain. The SN 

also consists of two parts, the substantia nigra pars reticulata (SNr) and the pigmented substantia 

nigra pars compacta (SNc). 

In general, signals from specific functional cortical regions enter the circuitry through synaptic 

contacts with striatal GABAergic medium spiny neurons (MSNs, McGeorge and Faull, 1989). 

These neurons comprise over 90% of the entire striatal neuronal population and are divided into two 

groups (Smith and Bolam, 1990). One group of MSNs gives rise to the direct pathway. These cells 

are enriched in substance P/dynorphin and express D1 receptors. The other group of MSNs gives 

rise to the indirect pathway, is enriched in enkephalin and express D2 receptors (Yung et al., 1995). 

The striatum receives massive dopaminergic innervation from dopaminergic neurons within the 

SNc (Smith et al., 1994). The rise in striatal dopamine levels concomitantly excite the direct 

pathway MSNs through the D1 receptors and inhibit indirect pathway MSNs through D2 receptors 

(Surmeier et al., 2007). The direct pathway MSNs send inhibitory projections directly to the GPi 

and SNr, which decreases downstream inhibition of the thalamus and thus increases thalamic output 

to the cerebral cortex. Conversely, the indirect pathway MSNs inhibits the GPe, which in turn 

causes disinhibition of the STN and downstream excitation to the GPi and SNr. In effect, this 

results in increased inhibition of the thalamus and decrease thalamic output to the cerebral cortex. 

Hence the direct and indirect pathways have opposing effects on the resultant thalamo-cortical 

activation, which are perfectly balanced in normal physiology to allow smooth voluntary 

movements (Albin et al., 1989, Alexander and Crutcher, 1990, DeLong, 1990, Parent and Hazrati, 
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1993, Yung et al., 1996, Smith et al., 1998, Graybiel, 2000). In addition to the direct and indirect 

pathways, a recent ‘hyperdirect’ pathway was also defined. This pathway consists of a direct 

excitatory link from the cerebral cortex to the STN, bypassing the striatum (Nambu et al., 2002) and 

allows direct excitation in indirect pathway (Figure 2.3). 
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Figure 2.3: General circuitry diagram of the basal ganglia 
Excitatory glutamatergic signals first enter the basal ganglia through the putamen and caudate 
nucleus (ie: striatum). The dopaminergic SNc-striatal projection then fine-tunes the incoming signal 
to facilitate striatal signal output. The inhibitory GABAergic striatal outputs are divided into the 
direct and indirect pathways. The direct pathway sends inhibitory signals into the GPi and SNr, 
decreasing neuronal activities within the two regions and disinhibiting (ie: excites) the thalamus, 
effectively increasing overall excitation of the cerebral cortex. On the other hand, the indirect 
striatal projection inhibits the GPe, which in turn disinhibits the STN and increases excitation of the 
SNr and GPi. This in turn increases thalamic inhibition and decreases cerebral activation. The 
hyperdirect pathway provides additional cortical excitatory control of the basal ganglia through the 
STN. In normal physiology the two circuits are in perfect balance to ensure fluent voluntary 
movement (Derived from Marchand, 2010).  
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Functional segregation within basal ganglia structures allows co-processing of different cortical 

signals through the direct and indirect pathways. The most well-known circuit running through the 

basal ganglia is the sensorimotor circuit. This circuit begins within the cortex, which includes the 

primary motor cortex, premotor areas, supplementary motor area, primary somatosensory cortex 

and somatosensory association cortex (Alexander et al., 1989). The topographical glutamatergic 

projections primarily target the PUT, specifically the entire caudal portion responsible for 

sensorimotor signal processing. From the PUT, the GABAergic direct pathway projects to the 

motor territories of the GPi and SNr; which mainly comprise the posterior and lateral sub-regions. 

Concurrently, indirect PUT projections target the motor-associated posterior GPe, which then forms 

massive GABAergic projection tracts to the dorsolateral STN. The dorsolateral STN then projects 

directly to motor territories of the GPi and SNr, which in turn projects to the nucleus ventralis 

lateralis (VL), the nucleus ventralis anterios (VA) and the centromedian nucleus (CM) of the 

thalamus (Temel et al., 2005). Finally, after processing through motor thalamic areas, the circuit is 

closed via a retrograde projection back towards the supplementary motor area, premotor areas and 

primary motor cortex.  

Cognition and other high-level processes are represented by two different associative circuits 

running through the basal ganglia-thalamocortical axis. The two associative circuits are known as 

the dorsolateral prefrontal circuit and lateral orbitofrontal circuit, named according to their 

respective cortical origin (Alexander et al., 1989). The two circuits originate from the dorsolateral 

prefrontal and lateral orbitofrontal cortices and form two distinct projections to the dorsolateral 

head CN and rostral PUT. From the striatum, the direct pathway projects to the dorsomedial part of 

the GPi and rostral region of the SNr (Temel et al., 2005). In contrary, the indirect striatal projection 

targets the anterior portion of the GPe, which, like the motor circuit forms reciprocal projections to 

the STN through the ventromedial associative sub-region. The circuit is closed via GPi/SNr 

projections back to the VA and CM nuclei of the thalamus and their cortical origins.  

The limbic circuit through the basal ganglia-thalamocortical axis facilitates emotional, motivational 

and affective processes. The limbic circuit originates from several cortical and non-cortical 

structures including the hippocampus, amygdala, limbic and paralimbic cortices (Nakano, 2000). 

Projections from the limbic regions terminate mainly in the ventral striatum which consists of the 

nucleus accumbens, the ventromedial part of the caudate-putamen complex and the medium-celled 

portion of the olfactory tubercle (Parent and Hazrati, 1995a, Nakano, 2000). The ventral striatum in 

turn projects to the ventral pallidum (VP) which is connected to the medial tip of the STN. The 

circuit exits the basal ganglia through the VP to the mediodorsal (MD) nucleus of the thalamus and 
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back to the anterior cingulate area and medial orbitofrontal cortex (Alexander et al., 1989). The 

STN forms reciprocal  connections with the VP and hence directly influence outputs of the limbic 

circuitry (Turner et al., 2001).  
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Figure 2.4: Functional circuits within the basal ganglia 
The three major functional circuits running through the basal ganglia are the motor, associative and limbic circuits, which process information from different cortical 
origins. The motor circuit originates from the primary motor cortex and supplementary motor areas, the associative circuit originates from the dorsolateral prefrontal 
and orbitofrontal cortices and the limbic circuit originates from limbic/paralimbic cortices, the hippocampus and amyglala. In general, the sensorimotor signals are 
processed in dorsolateral/caudal sub-regions, the associative signals are processed in medial sub-regions and the limbic signals are processed in ventral sub-region of 
the basal ganglia structures (modified from Rodriguez-Oroz et al., 2009, Jahanshahi et al., 2015).  
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2.7. Huntington’s	Disease	

Huntington’s disease (HD) is a genetically inherited neurodegenerative disorder clinically 

characterised by the progressive development of abnormal motor (choreatic), cognitive and 

psychiatric symptoms (Huntington, 1872). The genetic origin of HD was eventually elucidated in 

1993, from a population living near the edge of Lake Maracaibo in Venezuela where the prevalence 

of HD is as high as 700 per 100,000 (HDCRG et al., 1993). This crucial discovery immensely 

stimulated HD research worldwide, which currently focuses mainly on the neuropathology, 

pathophysiology and molecular mechanisms as a consequence of the peculiar genetic mutation.  

2.7.1. The	Genetic	Origin	of	Huntington’s	Disease	

Huntington’s disease is caused by mutations within the huntingtin gene (HTT). The gene lies on the 

short arm of chromosome 4 and codes for a large and complex protein called Huntingtin. The 

mutation was found in exon 1 of the HTT gene, where an elongation of CAG triplet repeats, coding 

for glutamine, was observed (HDCRG et al., 1993). The wild-type HTT gene comprises fewer than 

36 repeats. Individuals with CAG repeat lengths greater than 40 will eventually develop HD 

whereas those with CAG repeats ranging from 36-39 have reduced risks, but may develop some 

features of HD later in life or are completely spared (Snell et al., 1993, Rubinsztein et al., 1996). 

The mutant gene (mHTT) is inherited in an autosomal dominant fashion, which implies a 50% 

offspring inheritance if one parent carries the mutation (Killoran et al., 2013). However, sporadic 

without prior family history are genetically proven to represent at least 5-8% of diagnosed patients 

(Siesling et al., 2000, Almqvist et al., 2001).  

The average age of onset for HD ranges from 35-40 years of age (Kremer, 2002). Formal diagnoses 

of HD are based on the presence of definitive HD motor symptoms, however, it was postulated that 

psychiatric and cognitive symptoms can proceed years prior to development of motor symptoms 

(Ross and Tabrizi, 2011). The age of onset is different in every individual and has been shown to 

negatively correlate with the length of CAG repeat, although this may not be true for every 

individual (Wexler, 2004). This disassociation between CAG repeats and disease onset may be a 

result of genetic or environmental modifiers. Recent evidence from genome-wide association 

studies have discovered 2 new loci on chromosome 8 and 15 which can alter HD onset (Lee et al., 

2015). Identification and targeting of these genetic modifiers are crucial in prolonging the life 

expectancy of HD patients and are an important aspect of ongoing research. 
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Diagnoses of HD have been made as early as 2 years of age. In particular, if the onset of symptoms 

occurs at an age earlier than 20 years old, the individual is referred to have Juvenile HD (Kremer, 

2002). This groups accounts for 6-10% of the HD population and have faster progressing symptoms 

than the adult cases. Genetically, this particular group have CAG repeat lengths greater than 50 

(Shoulson and Chase, 1975, Andrew et al., 1993). The first cognitive signs observed in this group 

tend to be early learning difficulties or behavioural disturbances at school. The occurrence of 

seizures is also prevalent in approximately 30-50% of juvenile patients (Kremer, 2002).  

2.7.2. Epidemiology	and	Clinical	Manifestation	of	Huntington’s	Disease	

Given the genetic basis of HD, prevalence of the disease varies immensely depending on the 

population under study. Recent systematic reviews of prevalence studies showed that the 

epidemiology of HD varies across the globe (Rawlins et al., 2016). Overall, lower incidence was 

reported in Asian countries compared to the European population (Pringsheim et al., 2012). Very 

low prevalence was reported in South Africa and Zimbabwe which may be due to weak clinical 

diagnoses in communities with limited healthcare. A tendency of families to conceal the condition 

from the general public may also affect the incident rates reported in non-Caucasian populations 

(Wexler, 2010). 

In general, the triad of HD symptoms worsen progressively over a period of 15-20 years. Currently, 

there are no treatments available to terminate or defer the deterioration process. The clinical 

presentation of HD patients exhibits a mixture of motor, cognitive and psychiatric symptoms 

(Kremer, 2002). As previously mentioned, clinical diagnoses of HD are based on the pathological 

motor abnormalities. The iconic motor symptoms of HD are characterised in the form of chorea, 

which are defined as involuntary, excessive movements of the limbs and trunk of the body. Initially, 

symptoms begin with small, subtle twitches in the distal extremities and the face. These then spread 

to the proximal limbs and become larger in amplitude which can occur constantly during waking 

hours for the sufferer. As chorea progresses, it can begin to cause problems to daily living activities 

such as eating, writing and gait posture, leading to frequent falls in HD patients (Novak and Tabrizi, 

2011). During this phase, dystonia can also occur, which is defined as a series of slower movements 

caused by increased muscle tone and sustained contractions. As the disease progresses, the 

symptoms of chorea begin to subside and are replaced by bradykinesia, akinesia and rigidity. The 

most common secondary cause of death in HD patients is pneumonia, which may be a consequence 

of the inability to breathe. 
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As mentioned above, cognitive and psychiatric symptoms can occur prior to the formal diagnosis of 

HD. This period is defined as the prodromal phase (Harrington et al., 2012). These features can be 

subtle or prominent, and often affect carers and relatives more than patients. Some of the main 

cognitive changes include problems with planning and initiating actions, inability to adjust to social 

changes, impaired organisation and a general slowing of thought processes and impaired short-term 

memory. As the symptoms progress patients can develop severe frontal and subcortical dementia 

(Novak and Tabrizi, 2011). Psychiatric symptoms can affect up to 33-76% of patients and cause the 

most stress for both patients and families. The most common conditions that patients suffer from 

include depression, anxiety and suicidal ideation (E van Duijn et al., 2007). In a 2005 study of 4171 

patients, 10% admitted to have made previous suicidal attempts while 17.5% had suicidal thoughts 

(Paulsen et al., 2005). Other neurological conditions commonly experienced by HD patients include 

problems with communication, swallowing and sleep disturbances (Bates et al., 2014).  

Since HD is a genetic disorder, peripheral organs are also affected, in addition to the neurological 

symptoms that patients present. Profound weight loss is a common symptom experienced by the 

majority of HD patients (Kremer and Roos, 1992, Djousse et al., 2002, Aziz et al., 2008). The 

extents of the weight loss far exceed the effects of hyperkinetic movements or the difficulty in 

swallowing. The mechanism was thought to be mediated by an underlying catabolic state which the 

mutant Huntingtin protein (mHtt) conveys to all cells of the body (Myers et al., 1991). Other 

peripheral phenotypes include skeletal muscle atrophy, cardiac dysfunction, endocrine dysfunction 

and testicular atrophy in male patients as well as osteoporosis (Lanska et al., 1988, van der Burg et 

al., 2009).  

2.7.3. Neuropathology	of	Huntington’s	Disease	

Neuropathological changes both at the macroscopic and microscopic levels can occur for many 

years before the formal diagnosis of HD. All structures of the basal ganglia are affected with the 

brunt of the degeneration occurring in the caudate nucleus and putamen (Vonsattel et al., 2011). 

However, as the disease progresses, multiple cortical areas also experience degeneration, leading to 

cortical thinning and an overall decrease in brain mass. The pattern of degeneration occurs in a 

topographical order in the caudate nucleus and putamen which begins from the tail of the caudate 

nucleus and spreads rostrally as the disease progress (Vonsattel and DiFiglia, 1998). In the coronal 

plane, degeneration of both structures occurs in a dorsoventral and medio-lateral fashion. The 

volume of the striatum is massively reduced during HD which results in an alteration of the shape 

of both structures during the end stages. An average of 64% reduction in cross-sectional area occurs 
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in the putamen and a 57% volume reduction in the caudate nucleus (Suzanne et al., 1988). As the 

disease progresses, the caudate nucleus becomes progressively smaller and changes from the 

normal convex shape where it borders the lateral ventricle to a thinner concave shaped morphology, 

together with observed enlargement of the lateral ventricle. This loss of volume in the caudate 

nucleus is predominantly due to the loss of medium spiny neurons, their dendritic arborisations and 

axonal projections. Along with the severe degeneration of striatal projection neurons, gliosis by 

astrocytes and increase of oligodendrocytes also occurs simultaneously (Vonsattel et al., 1985). The 

degeneration of striatal interneuron populations also occurs during disease progression.  

A neuropathological grading system of HD was developed by Vonsattel in 1985 using 163 

postmortem HD brain specimens based on the severity of striatal degeneration. The grading system 

examines and assesses the extent of degeneration of the striatum by using conventional methods at 

3 levels; the level of the nucleus accumbens, the level of the caudal edge of the anterior commissure 

and GP, and the level of the lateral geniculate body. The final grade gives an indication of 

neuropathological severity from 0 to 4, in ascending order of severity based on striatal volume, 

neurodegeneration and the extent of gliosis. The 5 grades of severity are briefly summarised below 

from work conducted by Vonsattel and colleagues (1985, 2011).  

Grade 0: this group represents HD patients showing clinical evidence for symptoms of HD. No 

gross macroscopic abnormalities can be discerned between HD and control brains. However, a 30-

40% neurodegeneration was found in the head of the CN, with no visible signs of gliosis at this 

stage.   

Grade 1: in this group, no distinct macroscopic changes can be discerned. However, a slight 

reduction in volume in the body and tail of the caudate nucleus can sometimes be observed. 

Microscopically, gliosis occurs throughout the caudate with the tail being the most affected, along 

with the medial half of the head. Slight gliosis occurs throughout the putamen, affecting mainly the 

dorsal half of the structure. Cell counts in the head of the caudate showed a 50% or more reduction 

in neurons.  

Grade 2: clear atrophy can be discerned in the head of the CN and slight atrophy observed in the 

putamen. However the head of the caudate maintains the convex outline along its ventral surface. 

The lateral ventricle is slightly enlarged. Microscopy pathology shows prominent neuronal loss and 

gliosis in both the medial portion of the head of the caudate and the dorsal portion of the putamen. 

The lateral half of the caudate is also beginning to degenerate.  
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Grade 3: a more severe shrinkage can be observed macroscopically throughout the caudate nucleus 

and putamen. The lateral ventricle further enlarges and the medial outline of the head of the caudate 

forms a straight line. The tail of the caudate is reduced to a thin strip. Severe neurodegeneration and 

gliosis occurs throughout the caudate and putamen. However, the nucleus accumbens appears 

relatively normal.  

Grade 4: by this stage the caudate has shrunken substantially and displays a concave appearance in 

its medial outline, leading to further enlargement of the lateral ventricle. The putamen is also 

decreased substantially in volume. The nucleus accumbens also appears smaller compared to 

controls but is still more prominent than the rest of the striatum. Neurodegeneration and gliosis are 

severe across all aspects of the striatum. Neuronal loss can be as high as 95% or more.  

2.7.4. Pathophysiology	of	Huntington’s	Disease	

The pathology of HD affects all structures of the basal ganglia, which leads to changes in 

neurochemical characteristics of each region (for reviews see Vonsattel et al., 2011, Waldvogel et 

al., 2014a). The neurochemical changes ultimately lead to altered neuronal functions and 

pathological signalling within the basal ganglia circuitry. The resultant dysfunctional output from 

the basal ganglia to the cortex forms the basis of HD motor symptoms. The current understanding 

of pathophysiology within the basal ganglia during HD will be briefly summarised below.  

In early HD phases, there is preferential degeneration of indirect striatal GABAergic MSNs that 

express enkephalin and D2 receptors (Reiner et al., 1988, Albin et al., 1992, Richfield and 

Herkenham, 1994). The loss of inhibitory striatal-GPe projections hence increases neuronal 

activities within the GPe and causes enhanced inhibition of the STN. The STN thus becomes a 

hypoactive centre which decreases excitation of the GPi and SNr, which causes decreased thalamic 

inhibition from the indirect pathway. The disinhibition of the thalamus leads to the overexcitation of 

the cerebral cortex, which results in choreatic symptoms (Albin, 1995, Milnerwood and Raymond, 

2010, Ross and Tabrizi, 2011). During the late stages of HD, the motor symptoms revert from the 

choreatic form towards bradykinesia and rigidity. This relates to the degeneration of direct striatal 

MSNs which express substance P and D1 receptors. The loss of direct inhibitory striatal-GPi/SNr 

projections decreases the inhibition of both structures and an increase of downstream thalamus 

inhibition. This in turn decreases activation of the cerebral cortex and causes symptoms of rigidity 

(Berardelli et al., 1999, Roze et al., 2008, Raymond et al., 2011).  
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The hyperdirect pathway represents a direct connection between the cortex and the STN, which 

provides extra-excitatory stimulation in the nucleus. However, the significance of this pathway in 

HD has not been extensively studied. Two recent studies using the HD mouse model, YAC128, 

reported significant disturbances in the hyperdirect pathway as the disease progresses (Callahan and 

Abercrombie, 2015a, b). The STN was shown to have a reduced neuronal response to cortical 

activation as the mice age. Spontaneous neuronal activity with the STN was also shown to decrease. 

This demonstrates for the first time, a disconnection occurring between the cortex and STN, which 

when coupled with basal ganglia pathophysiology; result in the exacerbation of HD symptoms.  
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Figure 2.5: Pathophysiology of chorea in HD 

Selective early striatal degeneration of indirect MSNs in HD cause a decrease in inhibitory 
GABAergic striatal-GPe signals. This in turn causes massive downstream inhibition of the STN, 
turning it into a hypoactive centre. The subsequent minuscule excitation into the GPi and SNr 
severely hinders downstream inhibition of the thalamus. Lack of thalamic inhibition hence increases 
excitatory feedback into the cerebral cortex, causing choreatic symptoms of HD. In the later phases 
of HD, the MSNs of the direct pathway also degenerate, causing opposing effects on the thalamus 
by increasing inhibitory SNr/GPi output. This causes symptoms of bradykinesia and rigidity in 
advanced HD cases (derived from Raymond et al., 2011).  
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2.7.5. Neuropathological	 and	 Neurochemical	 Changes	 in	 the	 Subthalamic	 Nucleus	 in	

Huntington’s	Disease	

Despite the critical role of the STN in HD, the region has not been extensively studied. The region 

was shown to be the least affected in HD with only a 25% volume loss in Grade 3 and Grade 4 

cases (Lange et al., 1976a). Mild gliosis was observed in the region, along with mild 

neurodegeneration at 20-25% (Guo et al., 2012).  This suggests a robust resilience of STN neurons 

to neurodegeneration during the pathogenesis of HD. Neurochemical changes in this structure could 

hence very likely be a by-product of upstream pathophysiology. However, there are no current 

studies reporting neurochemical changes in the human STN in HD. 

2.7.6. Huntingtin	Aggregation	and	Toxicity	

Despite successful discovery of the HTT gene, the exact cellular functions of normal wild-type 

Huntingtin protein remain to be elucidated. Current knowledge in the field acknowledges the 

diverse functions of this protein. This include probable interactions with several intracellular 

organelles including the endoplasmic reticulum, Golgi apparatus and microtubules (Li and Li, 

2004). Cellular mechanisms of the Huntingtin protein include involvement with development, 

protein trafficking, anti-apoptotic processes and transcriptional regulation (MacDonald and Gusella, 

1996, Zuccato et al., 2003). The first evidence of mHtt aggregation was discovered in brains of HD 

transgenic mice (Davies et al., 1997), before it was identified in post-mortem human HD brains 

(DiFiglia et al., 1997b). The unique protein aggregation can appear in the nucleus, forming neuronal 

intranuclear inclusions (NIIs), or neuropil extranuclear inclusions in the cytoplasm (NEIs, DiFiglia 

et al., 1997b). The aggregates were described to be composed of both granular and filamentous 

material. The NIIs can be round, oval or rod shaped, and occurs more frequently in juvenile HD 

cases. The NEIs also tend to be round or oval and can arrange themselves into thin extensions in the 

neuropil (Roizin et al., 1979, Bates, 2003).  

Currently, it is still unclear whether mHtt aggregates convey cytotoxic effects. Some studies suggest 

that the mHtt aggregates have no adverse cellular effects, and can even hold neuroprotective 

properties (White et al., 1997, Arrasate et al., 2004). Others suggest that the soluble mHtt fragments 

are the culprit of cytotoxicity (Saudou et al., 1998, Kitamura et al., 2006, Ratovitski et al., 2009). 

Overall, there is consensus that the mHtt confers a toxic gain-of-function, and different neuronal 

populations have varying susceptibility. 
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2.7.7. Current	Treatments	of	Huntington’s	Disease	

Unfortunately, there is no treatment currently available that addresses the underlying etiology or 

slows the progression of symptoms in HD. Therefore treatment regimens mainly focus on 

minimising HD related symptoms to improve the daily activities of HD patient.  

However, a range of drugs are available to keep HD symptoms under control. Dopamine-depleting 

agents and certain neuroleptics can usually reduce HD related hyperkinetic movements. For 

psychiatric symptoms, antidepressants are commonly used to counter depression with good success. 

Overall, the medication used must be carefully monitored for each patient as a patient at advanced 

stages of HD needs a different drug paradigm compared to newly diagnosed patients (Group, 2006, 

Novak and Tabrizi, 2011). Non-drug treatments can be equally important for the management of 

HD. For example, physiotherapists can help to improve gait and balance, as well as provide 

assessments for walking aids or wheelchairs. Other health professionals that could improve the 

prognosis of HD include psychologists, dieticians and speech and language therapists (Novak and 

Tabrizi, 2011). Furthermore, a supportive family and community to provide a positive environment 

are vital in the management of HD. 
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2.8. Parkinson’s	Disease	

Parkinson’s disease (PD) is one of the most common age-related neurodegenerative diseases. The 

prevalence was estimated to be approximately 0.5-1% amongst a population of age 65-69 and 1-3% 

amongst a population of age 80 and over (Dorsey et al., 2007). The disease is clinically 

characterised by a triad of symptoms including bradykinesia, rigidity, and tremor, as well as gait 

and postural instability. The main brain region affected in PD is a small midbrain structure called 

the substantia nigra pars compacta (SNc) which contains pigmented dopaminergic (DA) neurons, 

giving it a black hue in appearance (Kordower et al., 2013). During PD, severe neurodegeneration 

of the pigmented neurons occur, leading to progressive paling of the SNc. Unlike HD, the cause of 

neurodegeneration and the reasons for the particular vulnerability of pigmented SNc neurons are 

unclear, but are likely due to both genetics and environmental factors (Sulzer, 2007). Pathology 

within the SNc hence confers basal ganglia related PD movement symptoms which have mirrored 

pathophysiology to HD. Similar to HD, there is currently no treatment that inhibits disease 

progression. Treatment regimens heavily involve drug interventions which focus on dopamine 

replacement or surgical silencing of specific basal ganglia structures during advanced stages.  

2.8.1. Neuropathology	and	Clinical	Presentation		

The first detailed clinical description of PD was conducted by British general practitioner James 

Parkinson in his 1817 monograph titled ‘An Essay on the Shaking Palsy’. The work provided a 

clear and succinct description of the motor features of 6 PD patients. Of particular significance is 

the tremulous involuntary shaking at rest, the slowed movement (bradykinesia), flexed posture and 

festinating gait (Parkinson, 2002). Since then, numerous reports have been published that further 

defined the motor features of PD. In particular, the tremor at rest was described in extensive detail 

to occur most severely between the thumb and index finger as a pill rolling motion. Tremor can also 

affect forearms, leg, head or jaw and typically occurs at a frequency of 4-6 Hz (Litvan et al., 2003). 

Parkinson’s disease patients can generally be categorised into 2 broad types based on motor 

symptoms, the akinetic-rigid and the tremor-dominant form (Selikhova et al., 2009). It was 

suggested that patients with the akinetic-rigid form have a greater risk to evolve towards dementia 

and other non-motor symptoms than the tremor-dominant form.  

Like HD, patients with PD also experience cognitive and psychiatric symptoms. It was estimated 

that 75-80% of PD patients will develop dementia (Svenningsson et al., 2012). Cognitive decline is 

progressive with symptoms of attention deficit and short-term memory impairment. Around 20-
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50% of PD patients suffer from depression and up to 60% also experience apathy (Aarsland et al., 

2012). Other non-neurological symptoms of PD include sleep disturbances, gastrointestinal 

dysfunction, decreased sense of taste and smell and urinary tract dysfunction (Schneider and Obeso, 

2014).  

The main neuropathological hallmark of PD is the appearance of large ubiquitinated intracellular 

inclusions known as Lewy bodies (LBs) in the soma or cellular processes (Schiller, 2000). The LB 

consists aggregations of a misfolded protein called α-synuclein, along with other associative 

proteins such as synphilin-1, phosphorylated neurofilaments and ubiquitin (Galvin et al., 2001, 

Goedert, 2001). This small, 140 amino acid long protein is soluble in the cytosol and is mostly 

located in the axon or the presynaptic boutons (Maroteaux et al., 1988). The formation of Lewy 

bodies hence begins with a malfunctioning of α-synuclein and subsequent dysfunction of its 

membrane-binding capacity under certain conditions, which remains unknown. The protein then 

undergoes a conformational change and takes on a β-sheet structure which tends to self-aggregate 

and clump together to form intraneuronal inclusions (Di Rosa et al., 2003). In 2003, Braak and 

colleagues categorised PD pathogenesis into 6 neuropathological stages based on the sequential 

appearance of LBs from the caudal brainstem upwards into the neocortex (Braak et al., 2003). 

Interestingly, the spread of LBs occurs in a specific pattern and only affects certain brain regions, 

while leaving others intact. The most severely affected area is the SNc, with up to 90% neuron loss 

at end stage PD and signs of significant LB pathology (Hirsch et al., 1988, German et al., 1989). 

Motor symptoms of PD emerge after approximately 50-70% loss of SNc dopaminergic neurons 

(Kordower et al., 2013).  

Overall, the Lewy body pathology affects brain regions involved in somatomotor, visceromotor and 

limb systems. At Braak stage 1-2, presymptomatic LB pathologies are found in brain stem areas of 

the vagus nerve, the medulla oblongata, the pontine tegmentum and the olfactory bulbs, leading to 

an early desensitisation of smell. In stage 3-4, LB pathologies begin to encroach on diencephalon 

structures including the SNc, the cholinergic tegmental pedunculopotine nucleus, the oralraphe 

nuclei, the magnocellular nuclei of the basal forebrain and the hypothalamic tuberomamillary 

nucleus. Mild degeneration begins to occur within the SNc, although morphologically, the SNc can 

remain pigmented up until stage 3. During late stage 4, the PD pathology begins to invade the 

forebrain, affecting mainly limbic cortical and subcortical structures such as the temporal 

mesocortex, the amygdala, and the entorhinal cortex and hippocampal formation. During these 

stages the patient gradually transits from the presymptomatic phase to clinical manifestations of PD. 

Memory dysfunction and cognitive decline also begin to occur due to the destruction of limbic 



35 
 

structures. In the final stages 5-6, the SNc begins to lose its pigmentation due to severe degeneration 

of the neuromelanin cells. The Lewy bodies gradually overrun the entire neocortex, including the 

prefrontal and high-order sensory association areas, the premotor and sensory association areas. 

During the final stages, patients experience the full spectrum of PD associated clinical symptoms 

(Braak et al., 2003, Braak et al., 2004). Although aggregation of Lewy bodies occurs widely 

throughout the brain in PD, the presence of these inclusion bodies poorly correlates with the 

severity of neurodegeneration (Tompkins and Hill, 1997). This lack of correlation hence contradicts 

the suggested pathogenic role of the proteinaceous inclusions. Moreover, data from cell culture 

models also showed improved viability in cells treated to enhance formation of α-synuclein 

aggregates (Engelender et al., 1999, Tanaka et al., 2004).  

2.8.2. Etiology	of	Parkinson’s	Disease		

Unlike HD, the etiology of PD does not have a clear genetic origin. Familial inheritance form of PD 

only account for 5% of the total PD population. So far, 18 genes (termed PARK1-18) have been 

identified to either directly cause familial PD or to increase disease penetrance (reviewed by Bekris 

et al., 2010, Klein and Westenberger, 2012). Hence PD cannot be considered as an inherited 

disorder. The large majority of patients suffer from sporadic, non-Mendelian forms of PD, which 

are likely to be caused by a combination of both genetic and environmental factors. The genetic 

architecture underlying PD susceptibility is complex. Over the past 20 years, more than 800 

genome-wide association studies have postulated loci of single nucleotide polymorphisms to be 

associated with increased PD risk. Specifically, these meta-analyses revealed 11 very statistically 

significant gene loci associated with PD risk, these include genes; BST1, CCDC62/HIP1R, 

DGKQ/GAK, GBA, LRRK2, MAPT, MCCC1/LAMP3, PARK16, SNCA, STK39, SYT11/RAB23 

(Lill et al., 2012). Environmental factors have also been showed in increase PD risks. Specifically, 

increased exposure to environmental toxins such as MPTP, rotenone and Paraquat can often result 

in symptoms of PD (Uversky et al., 2001, Manning-Bog et al., 2002, Gasser, 2009). Furthermore, 

rural residents exposed to chronic elevated levels of insecticides and herbicides are also at an 

increased risk of developing PD compared to urban residents (Tanner and Goldman, 1996).  

2.8.3. Pathophysiology	of	Parkinson’s	Disease	

The bradykinetic symptoms of PD greatly mirror that of HD choreatic symptoms in terms of 

pathophysiology within the basal ganglia. As mentioned before, dopamine excites MSNs of the 

direct pathway, which expresses the D1 receptor, and inhibits MSNs of indirect pathway, which 
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expresses the D2 receptor (Surmeier et al., 2007). With the onset of PD, neurodegeneration within 

the SNc severely decreases dopamine levels in the striatum. This leads to diminished activation of 

the direct pathway, which provides GABAergic projections to the SNr and GPi. The decreased 

inhibition of the SNr and GPi hence provides excessive inhibition of the thalamus and a decrease in 

thalamo-cortical excitation. In the indirect pathway, decreased striatal dopamine leads to an increase 

in downstream inhibition of the GPe, due to the elevated activation of the GABAergic striato-GPe 

pathway. This causes disinhibition within the STN, turning the region into a hyperactive centre and 

inducing massive excitation into the SNr and GPe. Activities within these structures are hence 

further elevated, imposing massive inhibition of the thalamus and further decreasing thalamo-

cortical activation. The pronounced reduction of thalamo-cortical excitation eventually results in 

bradykinetic symptoms of PD (Albin, 1995, Bergman and Deuschl, 2002, Wichmann and DeLong, 

2003, Galvan and Wichmann, 2008, DeLong and Wichmann, 2009).  

In accordance with this model, signalling changes in the striatum, GPi, GPe, SNc and STN have 

been measured experimentally in both human and monkey models of PD. With regards to the STN, 

both the neuronal firing frequency and patterns of firing were altered in PD patients. Several in vivo 

electrophysiological studies have demonstrated an increase in STN firing frequency from 20Hz in 

control to 35-42Hz in PD patients (Benazzouz et al., 2002). The pattern of firing was also changed 

to a more irregular pattern and a tendency to fire in bursts. The burst firing pattern was observed to 

be occurring occasionally or display periodic oscillation synchronous to resting tremor. In MPTP 

treated monkeys, the percentage of STN cells that discharged in bursts was found to have increased 

from 69% at baseline to 79% post-treatment (Bergman et al., 1994). 
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Figure 2.6: Pathophysiology of PD 

Severe degeneration of dopaminergic neurons in the SNc in PD decreases striatal dopamine levels 
and affects both the direct and indirect pathway. In the direct pathway, a decrease in dopamine 
inhibits activation of direct MSNs which in turn disinhibits (ie: excites) the GPi and SNr. This 
increases downstream inhibition of the thalamus and decreased cortical activation. In the indirect 
pathway, a decrease in dopamine increases activation of indirect MSNs, which inhibits the GPe and 
decreases downstream inhibition of the STN, turning it into a hyperactive centre. The subsequent 
increased excitation into the GPi and SNr contributes to the inhibitory effects on the thalamus. 
Therefore, the combined effects of the direct and indirect pathway substantially decrease thalamic 
activation of the cortex and result in bradykinetic symptoms of PD (derived from Obeso et al., 
2000).   
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2.8.4. Neuropathological	 and	 neurochemical	 changes	 in	 the	 Subthalamic	 Nucleus	 in	

Parkinson’s	Disease	

As in HD, the neuropathological and neurochemical changes in the STN have not been extensively 

studied in PD. In terms of neurodegeneration, the STN seems to remain relatively normal in PD. A 

stereological study was carried out by Hardman and colleagues in 1998 in both PD and progressive 

supranuclear palsy, showing that although a significant decrease in neurons was found in the post-

mortem STN in progressive supranuclear palsy patients, no significant changes were detected in PD 

patients (Hardman et al., 1997). A recent MRI study measured volume changes in the STN of stage 

2-3 PD patients compared to control and found no significant changes (Camlidag et al., 2014). 

Neurochemical changes in the human STN have not been investigated thus far.   

2.8.5. Treatment	of	Parkinson’s	disease	

2.8.5.1. Dopamine	Replacement	Therapy	

The drug regimen of PD patients primarily aims to increase striatal dopamine levels to regulate 

neuronal signalling within the basal ganglia. The discovery of Levodopa, a dopamine precursor that 

crosses the blood brain barrier, was made by Arvid Carlsson and colleagues in 1957 when working 

on a reserpine-induced dopamine depletion rabbit model of psychosis (Carlsson et al., 1957). It was 

found that the compound could reverse reserpine-induced akinesia. Since then, levodopa has 

provided great relief to PD patients. The replacement therapy acts on all motor symptoms of PD 

including tremor, akinesia and rigidity. The effect is immediate, reversible and titratable. To date, 

the replacement therapy is still regarded as the gold standard treatment for PD patients. 

However, levodopa has late onset side effects which plague patients 5-7 years after chronic usage. 

The levodopa induced motor disturbances occur due to decreased drug efficacy and enhanced 

cellular clearance of levodopa after prolonged use (Luquin et al., 1992). The motor fluctuations 

synchronise with oscillating plasma dopamine levels which puts patients in a fluctuating sequence 

of severe akinesia followed by acute recovery of motor abilities when the next dose of levodopa is 

administered. This On/Off motor fluctuation poses a serious problem for advanced PD patients, 

who are then often referred to the next stage of treatments involving the surgical procedure of deep 

brain stimulation (DBS). 
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2.8.5.2. Deep	Brain	Stimulation	

The surgical procedure of DBS is currently the most effective neurosurgical procedure in the 

treatment of PD based on methods of electrical stimulation in a small targeted area of the basal 

ganglia. This miraculous impromptu discovery was made in 1987 by Benabid and colleagues during 

a thalamotomy surgery to treat a patient with essential tremor (Benabid et al., 1988). Electrical 

stimulation was used to probe the area where a lesion was intended and to avoid destruction of other 

functional sites. It was observed that stimulation frequencies higher than 100Hz reduced tremor 

symptoms of the patient. The stimulation protocols were later tested in MPTP-treated monkeys and 

finally applied to advanced PD patients in 1993 (Benazzouz et al., 1993). The stimulation protocols 

of DBS involve a high-frequency electrical stimulation with amplitudes ranging from 1-5V and 

pulse durations of 60-200µs. Continuous delivery of such electrical pulses to deep brain structures 

via a surgically implanted electrode alleviates all motor symptoms of PD. The obvious advantages 

of DBS to surgical lesions include its low morbidity, reversibility and adaptability. In term of 

targeted structures of DBS, the motor thalamus, GP and the STN have all been tested in PD 

patients. To date, the STN is the most favourable target as due to its efficiency on the symptom triad 

of PD, ranging from akinesia, rigidity and tremor. These therapeutic benefits allow a decrease in 

levodopa drug dosage of approx. 50% which in effect also reduces drug induced dyskinesias 

(Hamani et al., 2005, Benabid et al., 2009a). However, every invasive surgical procedure has its 

complications. In DBS, the most notable side-effects are the neurocognitive complications, as 

mentioned previously. The array of behavioural side effects ultimately reflects the lack of 

understanding of the mechanisms underlying DBS (Temel et al., 2005).   

Currently the mechanism of DBS is unknown and may involve several complex cellular processes. 

However, the resultant effect of all involved processes must mimic that of a lesion. The neuronal 

population, as well as the cellular location that are primary affected by DBS is also an area of 

intense research in the field. Current theories propose several potential mechanisms including a 

direct inhibition of neuronal firing during stimulation, an excitation of fibers from neighbouring 

neuronal bundles, excitation blockage of the projecting axons (producing an inhibitory effect), 

retrograde activation of incoming axons and a global resetting of the entire basal ganglia system 

(Benabid et al., 2005). Overall there is no consensual agreement regarding the explanation of DBS. 
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2.9. Aims	of	this	Thesis	

This literature review portrays current understanding of cellular and neurochemical processes 

occurring in the STN in PD and HD. Despite the crucial role played by this structure in the basal 

ganglia circuitry, very little is known about molecular changes occurring within the STN in human 

patients. An aspect that is particularly interesting is the massive GABAergic projection from the 

GPe into the STN to tightly control excitation within the basal ganglia. During the onset of PD and 

HD, changes to signalling centres upstream immensely alter this projection pathway, causing 

pathological neuronal activities within the STN. Furthermore, pathological mechanisms occurring 

within the STN during disease progression in human have seldom been studied, leading to an 

incomplete understanding of therapeutic efficacies gained in DBS.   

This project aims to bridge this gap in the literature by investigating cellular, neurochemical and 

genetic changes occurring within the human STN in both PD and HD and intends to elucidate 

critical cellular mechanisms that are affected by both diseases. In particular, the GABAergic 

receptor system within the STN will be extensively studied to understand changes occurring within 

the GPe-STN connection in both PD and HD.  

The specific aims of this thesis are as follows: 

1) To define cytoarchitecture within the STN of neurologically normal human donors. The 

cellular organisations within the STN will be defined using common histological and 

neuronal markers identified previously in the literature. A complete characterisation of 

GABA receptor subunit localisation within the normal STN will be conducted.   

2) To compare cellular and GABA receptor changes in the STN between the control and of HD 

patients. A detailed expression of pathological aggregates within STN neurons will also be 

investigated. 

3) To compare cellular and GABA receptor changes in the STN between the control PD 

patients. α-synuclein pathology will also be described in PD STN. 

4) To identify genetic changes using RNA sequencing technology within the normal and PD 

STN in the hope of elucidating critical cellular pathways altered during disease progression, 

which may identify processes altered during DBS.   
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Chapter	3. Methods	

3.1. Human	Brain	Tissue	Processing	

The human brain tissues used for experimentation in this thesis were obtained from the 

Neurological Foundation Douglas Human Brain Bank of New Zealand. All experiments were 

conducted in approved lab facilities adjacent to the brain bank, located in the Centre for Brain 

Research, Department of Anatomy with Radiology at the Faculty of Medical and Health Sciences, 

The University of Auckland. Acquisition and experimentation of human brains were approved by 

the University of Auckland Human Participants Ethics Committee (reference no.: 011654). Human 

brains were acquired through a well-organised donor program where full consent was granted by 

the patient and respective family members after death. 

Upon receiving brains kindly donated by patients and families, the Human Brain Bank team utilises 

a well-established protocol for dissection and fixation of human brains to allow long term storage 

for research purposes. Full protocols can be found in Waldvogel et al (2006, 2008b). The procedure 

will be briefly summarised here. 

After death of prospective donors, the entire brain was removed from the cranium and delivered to 

the human brain bank without prior processing. On receipt, the brain was first weighted and 

transferred onto fresh dissection platforms. The brainstem was then separated from the cerebral 

hemispheres by performing a dissection through the cerebral peduncles. Next, the left and right 

hemispheres were separated through the corpus callosum. One hemisphere (usually the left) was 

blocked into a series of approximately 60 regional areas of the brain and immediately frozen with 

powdered dry ice on metal dishes. Once frozen, the brain blocks were doubled wrapped in 

aluminium foil and stored at -80 °C. Brain blocks processed in this manner are known as fresh-

frozen blocks and were used in this study for RNA extraction, sequencing and nanostring 

technologies (Chapter 8).  

The other hemisphere (the right) was fixed by perfusion protocols. Briefly, perfusion catheters were 

inserted into the major arteries, including the internal carotid arteries, basilar artery or vertebral 

arteries. The tissue was first perfused with 1% sodium nitrite diluted in phosphate buffered saline 

(PBS) for 15 minutes. Immediately afterwards, the tissue was perfused in the same manner with 

15% formalin in 0.1M phosphate buffer for 40 minutes. The entire brain was then immersed in 15% 
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formalin solution overnight to enable further fixation. The hemisphere was blocked the next day in 

a similar manner to the fresh-frozen dissections. The dissected blocks were further immersed in 

15% formalin solution overnight. Occasionally, the entire brain was perfusion fixed in this manner. 

The dissected brain blocks were then further processed for cryoprotection. First the brain blocks 

were taken out of formalin and immersed in 20% sucrose solution for 1-2 week or until they sank. 

The solution was then changed into a 30% sucrose solution and immersed for another 1-2 weeks. 

Finally, the blocks are frozen with powdered dry ice, double wrapped in aluminium foil and 

transferred to -80°C freezers for long term storage. Brain tissues processed in this way are called 

fixed-frozen brain blocks. Brain blocks of this nature were used for all histological and 

immunohistochemical experiments conducted in this thesis. 

3.2. Tissue	preparation	for	immunohistochemistry	

The tables below specify all human brain cases used for immunohistochemical experiments 

described in chapter 4-7 (Table 3.1-3.3). Due to the limited tissue availability, precise matching of 

age and gender between control and diseased groups were not possible. However, the best possible 

match was made to ensure that both the control and diseased groups are of a similar age group, sex 

and post mortem delay (PM delay).  

For all immunohistochemical experiments, free-floating tissue sections were prepared from fixed-

frozen brain blocks. The basal ganglia blocks were first obtained from -80°C storage freezers in the 

Human Brain Bank and sectioned at 70µm in the coronal plane on a freezing microtome (Microm 

HM450). All free-floating basal ganglia section containing the STN were then collected and stored 

at 4°C in 48-well plates (NUNC) submerged in PBS containing 1% sodium azide. For all 

quantitative experiments described in chapter 4, 6 and 7, three representative sections containing the 

complete STN were selected from rostral, middle and dorsal portions of the structure (Figure 3.1). 

For every case, the total number of sections containing the STN, including missing sections 

possibly used by other studies, were counted and divided into 3 portions defined as rostral, middle 

and caudal. Serial sections were taken from the middle section of each respective portion for 

experimental use. Sections not used for quantitative studies were utilised for optimisation purposes 

and qualitative observations.  
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Case Sex Age PM delay (hrs) Pathology Cause of death 
H229 F 88 17 Control oesophageal cancer 

H204 M 66 9 Control Ischaemic heart disease 

H202 M 83 14 Control 
Ruptured abdominal aortic 

aneurysm 

H227 F 78 4 Control 
Cerebrovascular accident (basal 

ganglia unaffected) 
H198 F 67 27 Control Ischaemic heart disease 

Average 76.40 14.20 

Table 3.1: List of Control cases chosen from the Neurological foundation Douglas human 
brain bank used for work conducted on the normal STN in Chapter 4 and 5. 

 

Case Sex Age PM delay (hrs) Pathology Cause of death 
H189 M 41 16 Control Asphyxia 

H204 M 66 9 Control Ischaemic Heart Disease 

H242 M 61 19.5 Control Coronary atherosclerosis 

H239 M 64 15.5 Control Ischaemic Heart Disease 

H198 F 67 27 Control 
Acute pyelonephritis; Ischaemic 

Heart Disease 
H230 F 57 32 Control Carcinomatosis (renal) 

Average 59.33 19.83 

HC92  M 72 5 Grade 1 Pneumonia 

HC101  M 35 24 Grade 1 Carbon monoxide poisoning 

HC80  F 45 15 Grade 2 Asphyxia 

HC120  M 51 15 Grade 2 Pneumonia 

HC70  M 38 15 Grade 3 Pneumonia 

HC104 M 40 15 Grade 3 Coma 

HC140 M 62 22 Grade 3 Chronic renal failure 

HC143 F 45 16 Grade 4 Respiratory arrest 

Average 48.50 15.88 

Table 3.2: Control and HD cases chosen from the Neurological foundation Douglas human 
brain bank used for work conducted in Chapter 6. 

The cohort consists of 6 control and 8 HD cases of comparable age and PM delays. The HD group 
consist of a range of pathologies from Grade 1-4 according to the Vonsattel system. 
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Case Sex Age PM delay (hrs) Pathology Cause of death 

H202 M 83 14 Control 
Rupture abdominal aortic 

aneurysm 
H198 F 67 27 Control Ischaemic heart disease 

H204 M 66 9 Control Ischaemic Heart Disease 

H239 M 64 15.5 Control Ischaemic Heart Disease 

H242 M 61 19.5 Control Coronary atherosclerosis 

H227 F 78 4 Control 
Cerebrovascular accident (basal 

ganglia unaffected) 

Average 69.83 14.83 

PD31 M 67 25 PD Respiratory failure 

PD32 M 71 8 PD/CLBD Ischaemic Heart Disease 

PD50 M 88 6 PD/CLBD Ischaemic Heart Disease 

PD52 M 84 5 PD/CLBD Acute myocardial infarction 

PD56 M 74 10.5 PD/CLBD End stage LBD 

Average 76.80 10.90 

Table 3.3: Control and PD cases chosen from the Neurological Foundation Douglas human 
brain bank used for work conducted in Chapter 7. 

The cohort consists of 6 controls and 5 PD cases with similar age and PM delays. PD: Parkinson’s 
disease, CLBD: Cerebral lewy body disease 

 

Figure 3.1: Schematic representation of the STN in the sagittal plane for tissue selection. 
The total number of basal ganglia sections containing the STN was divided equally into rostral, 
middle and caudal portions. Serial sections from the middle of each portion were taken for each 
quantitative experiment. 
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3.3. Immunohistochemistry	

3.3.1. Immunoperoxidase	histochemistry	(DAB	staining)	

Free-floating immunoperoxidase labelling based on the avidin-biotin complex method was applied 

to basal ganglia sections containing the STN. For each experiment, the sections were first taken 

from storage and transferred into 6-well (Grenier Bio-One) or 12-well (NUNC) plates containing 

PBS with 0.2% Triton X-100 (PBST). The plates were then incubated overnight at 4°C. The main 

procedures of a typical immunoperoxidase experiment then took place over the next 7 days. 

Primary Antibody Incubation (Day 1-3) 

After overnight incubation at 4°C, the plates were brought to room temperature and washed 1x for 

10min in PBST. The sections were then incubated in a solution containing 50% methanol and 1% 

H2O2 for 20min at room temperature. This peroxidase blocking step eliminates non-specific 

endogenous H2O2 reaction with avidin and 3,3'-diaminobenzidine(DAB) in the later stages. The 

sections were then washed 3x for 10min in PBST on a plate rocker at room temperature. Primary 

antibodies of interest diluted in 1% non-immune serum from host species of the secondary antibody 

were then added to the sections. For the protocol derived in our laboratory, both primary and 

secondary antibodies were diluted in 1% non-immune serum. The procedure eliminates non-specific 

binding of the secondary antibody in human tissues. Primary antibody incubation was typically 72 

hours before secondary antibody incubation. The list of primary and secondary antibodies used in 

this thesis can be found in Table 3.4-3.8. 

Secondary Antibody Incubation (Day 4) 

The sections were first washed 3x for 10min in PBST, during which the secondary antibody 

solution was prepared in 1% non-immune serum. Biotinylated anti-IgG secondary antibodies raised 

against the host of the primary antibody were used. The sections were then left overnight in room 

temperature rockers. 

Tertiary Incubation (Day 5) 

Secondary antibody solution was removed and sections washed 3x for 10min in PBST. The avidin-

HRP complex solution was then prepared by diluting the compound in 1% non-immune serum. 

Then, the sections were incubated in the mixture for 4 hours at room temperature and   washed 

again with PBST 3x for 10min. During the wash steps, the DAB solution was prepared with 0.1M 
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PO4 buffer, 0.01% H2O2 and 1x DAB. Promptly after the last wash step, approx. 2ml of the DAB 

solution were added to each section in the fume hood. The sections were then incubated at room 

temperature for approx. 20min. However, this incubation time varied depending on the specific 

antibody used. For disease to control comparative studies, the exact same incubation time was 

applied to each plate. Finally, the sections were washed 3x for 10min in PBST and mounted onto 

glass slides using 0.5% gelatine solution. The mounted sections were left to dry overnight at room 

temperature. 

Dehydration and Coverslip (Day 6) 

Once the sections had completely dried, they were loaded onto small metal trays for dehydration. 

The procedure occurred through incubation of the sections in a graded series of alcohol at 75%, 

85%, 95% and 100% ethanol. For the 75%, 85% and 95% ethanol series, the sections were 

incubated for 5min each. For the 100% ethanol series, the sections were incubated 3x for 10min 

each. After the last 100% ethanol solution, sections were cleared in xylene with 3x 20min 

incubations. The sections were then covered with DPX and No.1 coverslips (Lomb Scientific). 

3.3.2. Immunofluorescent	histochemistry	

The procedure of a free-floating fluorescent immunohistochenmistry (IHC) experiment followed 

closely that of the immunoperoxidase staining. As with immunoperoxidase procedures, the brain 

tissues were prepped via incubation with PBST at 4°C the night prior to primary antibody 

incubation.  

Primary antibody incubation (Day 1-3) 

The sections were washed 3x for 10min in PBST the next day. However, unlike immunoperoxidase 

experiments, incubation with the H2O2/methanol solution was not necessary as the avidin-biotin 

amplification process was not applied. Instead, the sections were directly incubated in primary 

antibodies diluted in 1% non-immune serum. For double and triple labelling experiments, 

antibodies of different species were incubated at the same time. The sections were incubated for 72 

hours at 4°C. 
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Secondary antibody incubation (Day 4) 

The sections were washed 3x for 10min with PBST. Secondary antibody solutions were made by 

diluting respective secondary antibodies in 1% non-immune serum. Sections were then incubated 

for 24 hours at room temperature. Secondary antibodies consisted of IgG molecules labelled with a 

specific fluorophore against the host animal of the respective primary antibody. For double and 

triple labelled sections, multiple secondary antibodies against different hosts were incubated 

simultaneously. All immunofluorescent sections were kept in low light conditions by covering all 

immune-plates in tinfoil or black plastic. 

Hoechst, Sudan black and Coverslip (Day 5) 

After secondary incubation, the sections were washed 3x for 10min with 1x PBS. The Hoechst 

(molecular probes) solution, diluted in 1x PBS, was prepared during the wash steps as a nuclear 

stain. The Hoechst solution was then incubated with the sections for 20min at room temperature. 

Section were then washed again 3x for 10min with 1x PBS. Since the STN is one of the brain 

regions known consist very high expression of intracellular lipofuscin granules, a solution of 0.1% 

Sudan black was used to reduce autofluorescence cause by these granules. However, prolonged 

incubation with Sudan black could diminish the true fluorescent staining signals for some 

antibodies. Therefore, Sudan black was only applied for a short period of time (approx. 2-5min). 

For some antibodies, such as the neurochemical markers described in chapter 4, application of 

Sudan black did not compromise staining intensities and cellular details. However, for many fine 

detailed neurotransmitter receptors, Sudan black was not used to prevent diminishing of original 

signals, which resulted in observations of lipofuscin in some images presented in this thesis. The 

sections were then washed further with 1x PBS 3x for 10min and mounted onto glass slides using 

1x PBS. The sections were allowed to dry in dim light conditions before being coverslipped using 

No. 1.5 coverslips (Lomb Scientific) with Prolong Gold as mounting medium. Finally, sections 

were left overnight in 4°C and sealed around the edges of the coverslip by applying small amounts 

of nail polish. The slides were stored for long term use at 4°C. 

3.3.3. Nissl	staining	

Nissl stain is an aniline based stain which labels extranuclear RNA granules, also known as the 

Nissl bodies as well as DNA in the nucleus. The stain was useful for the visualisation of cell bodies 

as the granules were especially abundant within the soma and dendrites of neurons. For staining of 

the mHtt protein (Chapter 6), it was necessary to perform the Nissl stain in order to visualise 

intranucleic and cytoplasmic aggregates. Sections to be Nissl stained were first dehydrated through 
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the graded alcohol series and the first xylene for 20min. The sections were then rehydrated by 

reverse incubation down the alcohol series and into water. After incubating for 5min in water, the 

sections were submerged in Nissl staining solution until an optimal level of staining was achieved 

(approx. 5-20min). Sections were then washed vigorously in water for 5min before being 

dehydrated again and cleared as described in section 3.3.1. 

3.3.4. Heat‐mediated	antigen	retrieval	

The mSMI32 antibody required heat-mediated antigen retrieval of brain tissues in order to expose 

the antigen sequence. For both immunoperoxidase and immunofluorescence procedures, antigen 

retrieval procedures was done prior to methanol/H2O2 block or incubation of primary antibodies. 

Directly after overnight incubation of sections with PBST at 4°C, the sections were incubated a 

further night in sodium citrate buffer of pH 4.6 at 4°C. The next day sections were moved into 6-

well plates and 10ml of fresh room temperature sodium citrate buffer added to each well, including 

wells without a brain section. The sections were then microwaved for 30s at 1000W till the fluid 

began to boil. The plates were then cooled at room temperature for 30min. Standard IHC protocols 

were followed from this point onwards. 

3.3.5. Formic	acid	treatment	

The detection of mHtt aggregates was particularly difficult in post-mortem human brains. For this 

study, we adopted the formic acid tissue treatment protocol by Osmand et al (2006) to visualise 

mHtt aggregates. Similar to heat-mediated antigen retrieval, the procedure was conducted prior to 

the main IHC protocol. After incubation of sections in PBST overnight at 4°C, sections were 

washed 2x for 10min in PBS and then 2x for 10min in deionised water (dH2O). The sections were 

then incubated in 98% formic acid 2x for 10min with 2 quick washes in dH2O in between each 

incubation. The sections were then washed 2x for 10min in PBS and proceed to be used in IHC 

experiments as described in section 3.3.1 and 3.3.2. 

3.3.6. No	Primary	Controls	

For all IHC experiments conducted in this thesis, a no primary control section containing the STN 

was included for each case. For immunoperoxidase experiments, the primary antibody was replaced 

with the non-immune serum for the control section. For immunofluorescence experiments, a control 

section was included for all secondary antibodies used.  
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3.4. Antibodies	used	for	immunohistochemistry	

3.4.1. Primary	Antibodies	

All primary antibodies used were produced prior to this study, either custom made, donated by 

putative labs or commercially-produced. The majority of the antibodies have been rigorously 

validated and used in multiple peer-reviewed studies involving both human and animal work. A 

summary of all primary antibodies and relevant references are shown below (Tables 3.4-3.8). For 

new antibodies that were not used previously in peer-reviewed articles, the specificity was 

referenced from the manufacturer’s datasheet. These antibodies will need to be validated further in 

future control experiments. 

Antibodies against neurochemical markers 

Antibody Source Host Dilution References, Tissue & Techniques 

Parvalbumin 
SWANT 

(235) 
Mouse 

1:10,000 (DAB) 
1:1000 (Fluorescence) 

(Bunce et al., 2013): monkey: IHC, EM 
(García‐Marín et al., 2010): human: IHC 
(Lowe et al., 2015): human: IHC 
(Lowe et al., 2013): human: IHC 
(Blazquez‐Llorca et al., 2010): human: IHC 
(Arellano et al., 2012): mouse: IHC 
(Timbie and Barbas, 2014): monkey: IHC 
(Olucha‐Bordonau et al., 2012): rat: IHC 

Parvalbumin 
Synaptic 
Systems 
(195004) 

Guinea Pig 1:1000 (Fluorescence) 

(Antonucci et al., 2012): mouse: IHC 
(Reichel et al., 2015): mouse: IHC 
(Massi et al., 2012): rat: IHC 
(Huang et al., 2013): rat: IHC 
(Lowe et al., 2013): human: IHC 

Calretinin 
SWANT 
(7699/4) 

Rabbit 
1:5000 (DAB) 

1:1000 (Fluorescence) 

(García‐Moreno et al., 2007): mouse: IHC 
(González-Gómez and Meyer, 2016): 
human: IHC 
(Lu et al., 2009): mouse: IHC 
(Cox and Racca, 2013): rat: ICC 
(Waldvogel et al., 2007): human: IHC 

SMI32* 
Covance 

(SMI32R) 
Mouse 

1:5000 (DAB) 
1:1000 (Fluorescence) 

(Saunders et al., 2012): monkey: IHC 
(Belmalih et al., 2009): monkey: IHC 
(Stillman et al., 2009): mouse, monkey, 
human: IHC, WB, EM 
(Louis et al., 2012): human: WB, IHC 

GAD65/67 
Sigma-Aldrich 

(G5163) 
Rabbit 

1:10,000 (DAB) 
1:1000 (Fluorescence) 

(Lévesque and Parent, 2005): human: IHC 
(Neumann and Haverkamp, 2013): monkey: 
IHC, WB 
(Liu and Martin, 2006): mouse: IHC, WB 
(Dixon and Harper, 2004): human: IHC 
(Dixon and Harper, 2001): human: IHC 
(Brückner et al., 2008): human: IHC 
(Podrygajlo et al., 2009): human: ICC 
(Inoue et al., 2008): monkey: WB 
(Hamada et al., 2005): rat: IHC 

Table 3.4: Antibodies targeted against calcium-binding proteins, SMI32.and glutamate 
decarboxylase (GAD) 
*, antibody requires heat-mediated antigen retrieval. IHC: immunohistochemistry, ICC: immunocytochemistry, WB: 
western blots, EM: electron microscopy, IP: immunoprecipitation, NA: references not available yet 
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Antibodies against the GABAergic, Dopaminegic and Glutamatergic Systems  

Antibody Source Host Dilution 
References, Tissue & 

Techniques 
GABAA receptor subunits 

α1 
Abcam 

(ab151573) 
Rabbit 

1:10,000 (DAB) 
1:1000 (Fluorescence) 

NA, 
WB identified a 52 kDA band in human 
fetal brain and cerevellum lysate 
(manufacturer’s technical information) 

mbd24 (α1) 

Gift from H.Mohler 
and J.-M. Fritschy 
(University of Zurich, 
Switzerland) 

Mouse 
1:15,000 (DAB) 

1:5000 (Fluorescence) 

(Schoch et al., 1985): rat, bovine, 
human: WB, IHC, IP 
(Benke et al., 1991b):rat, bovine: WB 
(Benke et al., 1991a): rat: IHC 
(Fritschy et al., 1992): rat: IHC 
(Gao et al., 1993): rat: WB, IHC 
(Mohler et al., 1994): rat: WB 
(Fritschy and Mohler, 1995): rat: IHC 
(Houser et al., 1988): human: IHC 
(Loup et al., 1998): human: IHC 
(Rudolph et al., 1999): rat: WB, IHC 
(Waldvogel et al., 1999): human: IHC 
(Waldvogel et al., 2004), human, IHC 
(Waldvogel et al., 2007), human, IHC 
(Waldvogel et al., 2008a), human, IHC 
(Waldvogel et al., 2010), human, IHC 
(Allen et al., 2009), human, IHC 

mbd17 (β2/3) 

Gift from H.Mohler 
and J.-M. Fritschy 
(University of Zurich, 
Switzerland) 

Mouse 
1:5000 (DAB) 

1:1000 (Fluorescence) 

(Schoch et al., 1985): rat, bovine, 
human: WB, IHC, IP 
(Benke et al., 1991b):rat, bovine: WB 
(Fritschy et al., 1992): rat: IHC 
(Mohler et al., 1994): rat: WB 
(Fritschy and Mohler, 1995): rat: IHC 
(Houser et al., 1988): human: IHC 
(Rudolph et al., 1999): rat: WB, IHC 
(Waldvogel et al., 1999): human: IHC 
(Waldvogel et al., 2004), human, IHC 
(Waldvogel et al., 2007), human, IHC 
(Waldvogel et al., 2008a), human, IHC 
(Waldvogel et al., 2010), human, IHC 
(Allen et al., 2009), human, IHC 

α3 

Gift from H.Mohler 
and J.-M. Fritschy 
(University of Zurich, 
Switzerland) 

Guinea 
Pig 

1:10,000 (DAB) 
1:1000 (Fluorescence) 

(Benke et al., 1991b):rat, bovine: WB 
(Benke et al., 1991a): rat: IHC 
(Fritschy et al., 1992): rat: IHC 
(Fritschy and Mohler, 1995): rat: IHC 
(Mohler et al., 1994): rat: WB 
(Gao et al., 1993): rat: WB, IHC 
(Loup et al., 1998): human: IHC 
(Loup et al., 2000): human: IHC 
(Waldvogel et al., 1999): human: IHC 
(Waldvogel et al., 2004), human, IHC 
(Waldvogel et al., 2007), human, IHC 
(Waldvogel et al., 2008a), human, IHC 
(Waldvogel et al., 2010), human, IHC 
(Allen et al., 2009), human, IHC 

γ2 
Synaptic Systems 

(224003) 
Rabbit 

1:1000 (DAB) 
1:100 (Fluorescence) 

(Dobie and Craig, 2011): rat: IHC 
(Fan et al., 2012): rat: IHC 
(Eyre et al., 2012):rat: IHC 
(Mendu et al., 2012): rat, human: WB, 
IHC: ICC 
(Fish et al., 2013): monkey: IHC 
(Matsuki et al., 2015): mice: IHC 
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GABAB receptor subunits 

R1 
Merck Millipore 

(AB1531) 
Guinea 

Pig 
1:10,000 (DAB) 

1:1000 (Fluorescence) 

(Rekik et al., 2011): rat: IHC 
(Díaz et al., 2011):human: IHC 
(Yung et al., 1999): rat: ICC, WB 
(Waldvogel et al., 2004): human: IHC, 
WB 
(Allen et al., 2009): human, IHC 

R2 
Merck Millipore 

(AB5394) 
Guinea 

Pig 
1:5000 (DAB) 

(Rekik et al., 2011): rat: IHC 
(Jamal et al., 2012): rat: IHC, WB 
(Metz et al., 2011): mouse: WB, IHC 
(Waldvogel et al., 2004): human: IHC, 
WB 
(Allen et al., 2009): human: IHC 

Table 3.5: Antibodies targeted against receptors of the GABAergic system. 

IHC: immunohistochemistry, ICC: immunocytochemistry, WB: western blots, EM: electron microscopy, IP: 
immunoprecipitation, NA: references not available yet 

 

Antibody Source Host Dilution 
References, Tissue & 

Techniques 
Dopamine Receptors 

D1 
Frontier Institute 
(D1R-GP-AF500) 

Guinea Pig 1:500 (DAB) 

(Dominguez-Meijide et al., 2014):rat: 
WB 
(Eisenhardt et al., 2015):mouse: IHC  
(Narushima et al., 2006): mouse: IHC 
(Uchigashima et al., 2007): mouse: IHC 

D2 
Frontier Institute 
(D2R-GP-AF500) 

Guinea Pig 1:250 (DAB) 
(Narushima et al., 2006): mouse: IHC 
(Uchigashima et al., 2007): mouse: IHC 

D4 
Abcam 
(ab93398) 

Rabbit 1:500 (DAB) 

NA, 
WB identified a 48kDa band in mouse 
heart tissue lysate (manufacturer’s 
technical information) 

D5 
Abcam 
(ab40656) 

Rabbit 1:1000 (DAB) 
NA, 
WB identified a 49kDa band in rat brain 
lysate 

Glutamate receptors 

GluA2 
Neuromab 
(75-002) 

Mouse 1:1000 (DAB) 
(Harraz et al., 2012): mouse: IHC 
(Henderson et al., 2012): rat: WB  
(Ardiles et al., 2012): mouse: WB, IHC 

mGluR1/5 
Neuromab 
(75-116) 

Mouse 1:500 (DAB) 
(Pretto et al., 2014): human: WB, IHC 
(Valero et al., 2015): rat: WB, IHC 
(Harraz et al., 2012): mouse: IHC 

Table 3.6: Antibodies targeted against dopaminergic and glutamatergic receptors. 

IHC: immunohistochemistry, WB: western blots, NA: references not available yet 
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Antibodies against mHtt and α-synuclein aggregates  

Antibody Source Host Dilution References, Tissue & Techniques 
Mutant Htt Aggregates 

1C2° 
Merck 
Millipore 
(MAB1574) 

Mouse 1:50,000 (DAB) 

(Trottier et al., 1995): human: WB 
(Gourfinkel‐An et al., 1997): human: IHC 
(Dyer and McMurray, 2001): human: WB, 
IHC 

B4-S829° 

Gift from A. 
Osmand 
(University of 
Tennessee, 
Knoxville) 

Sheep 1:5000 (DAB) 

(Bobrowska et al., 2012):mouse: WB  
(Kakkar et al., 2016): mouse: WB, IHC 
(Jansen et al., 2017): mouse: IHC 
(Sathasivam et al., 2001): mouse, human: 
IHC, WB 

α-Synuclein 

α-Synuclein 
(phospho S129) 

Abcam 
(ab184674) 

Mouse 
1:1000 (DAB) 
1:500 (Fluorescence) 

NA 
IHC identified Lewy bodies in formalin-
fixed, paraffin-embedded diseased human 
brain tissue (manufacturer’s technical 
information) 

α-Synuclein 
(phospho S129) 

Abcam 
(ab51253) 

Rabbit 
1:2000 (DAB) 
1:500 (Fluorescence) 

(Sasaki et al., 2015): human: WB 
(Gispert et al., 2015): mouse: IHC, WB 
(Chu et al., 2012): human, rat: IHC 

α-Synuclein 
[4D6] 

Abcam 
(ab1903) 

Mouse 1:5000 (DAB) 
(Ren et al., 2015): mouse: WB 
(Su et al., 2009): human: IHC 
(Yanamandra et al., 2011): human: WB 

Table 3.7: Antibodies targeted against mutant protein aggregates in HD and PD. 

°, antibody requires formic acid treatment. IHC: immunohistochemistry, WB: western blots, NA: references not 
available yet 

 

Other Antibodies 

Antibody Source Host Dilution References, Tissue & Techniques 

collagen IV 
Novocastra 
(NCL-COLL-IV) 

Rabbit 1:1000 (Fluorescence) 
(Duaso et al., 2010): monkey, human: 
IHC 
(Marinković et al., 2013): human: IHC 

GFAP 
Abcam 
(ab4674) 

Chicken 1:1500 (Fluorescence) 
(Kirwan et al., 2015): human: IHC 
(Chou et al., 2014): human: ICC 
(Shi et al., 2012): human: IHC 

Table 3.8: Antibodies targeted against other proteins. 

IHC: immunohistochemistry, WB: western blots 
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3.4.2. Secondary	antibodies	

As described in section 3.3.1, biotinylated secondary antibodies and Avidin-HRP complexes were 

used for immunoperoxidase experiments to detect localisation of respective primary antibodies 

(Table 3.9). For fluorescent IHC experiments, secondary antibodies attached to a variety of Alexa 

fluorophores were used (Table 3.10). Furthermore, a Hoechst stain was used in all fluorescence 

experiments to stain for cellular nucleus. In double labelled tissue sections, secondary antibodies 

conjugated to Alexa 488 and Alexa 594 fluorophores were used. However in triple labelled 

sections, the Alexa 488, Alexa 594 and Alexa 633 antibodies were used.   

Antibody Source Host Dilution 
Biotinylated Secondary Antibodies 

Biotinylated anti-mouse IgG 
Sigma Aldrich 

(B7264) 
Goat 1:1000 

Biotinylated anti-rabbit IgG 
Sigma Aldrich 

(B7389) 
Goat 1:1000 

Biotinylated anti-guinea pig IgG 
Vector Labs 
(BA-7000) 

Goat 1:1000 

Avidin-HRP Complexes 

ExtrAvidin 
Sigma Aldrich 

(E2886) 
NA 1:1000 

Table 3.9: Biotinylated secondary antibodies and avidin-HRP complexes used for 
immunoperoxidase experiments. 

 

Antibody Fluorophore Source Host Dilution 

Anti-Mouse IgG 
(H+L) 

Alexa 488 
Invitrogen 
(A11029) 

Goat 1:500 

Alexa 594 
Invitrogen 
(A11032) 

Goat 1:500 

Alexa 633 
Invitrogen 
(A21052) 

Goat 1:500 

Anti-Rabbit IgG 
(H+L) 

Alexa 488 
Invitrogen 
(A11034) 

Goat 1:500 

 
Alexa 594 

Invitrogen 
(A11037) 

Goat 1:500 

 
Alexa 633 

Invitrogen 
(A21071) 

Goat 1:500 

Anti-Guinea Pig IgG 
(H+L) 

Alexa 488 
Invitrogen 
(A11073) 

Goat 1:500 

 
Alexa 594 

Invitrogen 
(A11076) 

Goat 1:500 

 
Alexa 633 

Invitrogen 
(A21105) 

Goat 1:500 

Anti-Chicken IgG 
(H+L) 

Alexa 647 
Invitrogen 
(A21449) 

Goat 1:500 

Hoechst NA 
Molecular Probes 

(H-3570) 
NA 1:10,000 

Table 3.10: Fluorophore conjugated antibodies and Hoechst used for single, double and triple 
label immunofluorescence experiment. 
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3.5. Imaging	and	data	analysis	

3.5.1. Qualitative	Image	Analysis	

Low and high power images of immunoperoxidase or Nissl stained sections were acquired from an 

up-right light microscope (Nikon Eclipse, Ni E) with a digital camera (Nikon DS-RI1) attached. 

The 4x, 10x, 20x and 60x objectives were used to capture both low and high power images. The 

NIS-Elements software (Nikon Instruments) was used for image acquisition. A 1mm ocular 

micrometer was used to calibrate the images. Finally, the images were adjusted for contrast and 

intensity in the Fiji/ImageJ (Schindelin et al., 2012) analysis software for visualisation. 

Macrographs shown in this thesis were obtained from a MetaSystems Vslide (Metasystems) slide 

scanner. The slide scanner is equipped with a Zeiss Axio Imager Z2 fully motorised microscope and 

MetaCyte acquisition software (Metasystems) to automate image acquisition and stitching. The 

entire basal ganglia section was first scanned at low power (4x) to obtain a macroscopic view of all 

structures. The STN was then defined as the region of interest in the Metafer 4 acquisition software 

(Metasystems). The entire STN was then scanned at 20x with image acquisition at every single field 

of view. Focal points were automatically adjusted at every image. The Metafer software 

(Metasystems) then stitched all images into a tiled mosaic which could be viewed in the 

MetaViewer software (Metasystems). The mosaics of the STN were then exported and scaled in 

ImageJ. 

Single plane and Z-projection fluorescent confocal images were obtained either from the Olympus 

FV1000 or Zeiss LSM 710 inverted Confocal Microscope. Images were either acquired by the 

FV10-ASW 3.0 Viewer software (Olympus FV1000) or the ZEN imaging software (Zeiss). Alexa 

fluorophores were excited by appropriate laser lines and collected in independent channels. The 

channels were then merged, pseudo-coloured and a maximum intensity Z-projection produced. The 

images were then adjusted for intensity and contrast in respective imaging software before 

exportation for scaling in ImageJ.  

For qualitative description of double or triple-labelled fluorescent sections, typically those labelled 

with different receptor subunits, the term co-expression was used to describe simultaneous 

expression of receptor subunits on the same neuron. However, the term co-localisation describes the 

simultaneous expression of 2 or more receptor subunits at the same cellular location within a 
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neuron. All immunoperoxidase and fluorescence images were then organised into suitable 

presentation formats using Adobe Photoshop CS6 (Adobe Systems incorporated).  

3.5.2. Quantification	of	PV,	CR	and	SMI32	positive	STN	neurons		

3.5.2.1. Tiling	of	the	entire	human	STN	using	fluorescence	confocal	microscopy	

The different neuronal populations within the normal human STN were quantified in 3 

representative sections from the rostral to caudal axis. The sections were triple-labelled with PV, 

CR, SMI32 and Hoechst, for clear identification of single, double and triple labelled neurons. The 

entire STN from 4 control cases were tiled on the Zeiss LSM 710 inverted confocal microscope. 

Similar to the Vslide scanner, a low power fast global scan of the entire tissue was first achieved 

with the motorised microscope. The boundaries of the STN were then defined using the convex hull 

tiling option in the ZEN software. A Z-stack of 5 planes was optimised at 3 locations along the 

dorsolateral to ventromedial axis using the 20x objective. Overall, the upper and lower limits of the 

Z-stack were loosely defined to accompany the uneven tissue surface so the entire Z plane could be 

captured in every tile. The digital gain, offset, pinhole, filter settings and the number of averaging 

for all 4 laser channels (PV, CR, SMI32 and Hoechst) were optimised prior to tiling. The tiling 

procedure was then automated where the microscope imaged a Z-stack projection in every field of 

view within the pre-defined boundaries. The large tiled files were then stitched and a maximum 

intensity projection produced within the Zen software (Figure 3.2). 

3.5.2.2. Quantification	of	different	neuronal	populations	in	the	human	STN	

The final maximum intensity projection image was imported into ImageJ for quantification. Each 

channel was contrast adjusted to improve visualisation of neuronal cell bodies. The Hoechst 

staining was used as a mask to define viable neurons. The multipoint system in ImageJ was used to 

quantify each neuronal population. This system allowed the identified immunopositive neurons to 

be marked, counted and saved into the region of interest (ROI) manager. The immunopositive PV, 

CR and SMI32 neurons was counted independently for each channel and saved into the manager. 

The PV positive neurons were marked by magenta coloured crosshair markers. The CR positive 

neurons were marked by cyan coloured crosshair markers. Finally, the SMI32 positive neurons 

were marked by yellow coloured crosshair markers. A composite was then made by merging all 3 

channels and all 3 groups of saved markers combined (Figure 3.3, B). If all 3 markers were present 

on the same neuron, that neuron was identified as a triple labelled neuron. If only 2 markers were 
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present, the neuron was identified as a double labelled neuron. Finally, single labelled neurons 

would have only one marker. The number of single, double and triple labelled neurons was then 

marked and counted in a similar fashion with round markers of different colours. The total number 

of immunopositive neurons, regardless of whether it was single, double or triple labelled were also 

counted. Thereby, the proportion of single, double and triple labelled neurons could be calculated 

and represented as a pie chart plotted from GraphPad Prism V6. 

The study then focused on the changing distribution and the degree of co-localisation for each 

single PV, CR or SMI32 neuronal populations. Firstly, the percentage of PV, CR or SMI32 neurons 

that co-localised with another neurochemical marker was calculated to determine the degree of co-

localisation between the 3 markers (Table 4.2, Chapter 4). Then, the changing density of PV, CR or 

SMI32 neurons along the dorsolateral to ventromedial axis was also quantified. Four dorsal to 

ventral sub-regions were defined, termed dorsolateral region 1 (DL1), dorsolateral region 2 (DL2), 

ventromedial region 1 (VM1) and ventromedial region 2 (VM2), by equally dividing the longest 

dorsolatereal axis within the STN boundaries into 4 quarters. The boarders of the STN were defined 

by the flanking white matter bundles (Figure 3.3, A). The number of neurons expressing PV, CR or 

SMI32 can therefore be counted within each defined sub-region using the previously saved marker 

masks. In addition, the total number of immunopositive neurons (regardless of co-localisation 

profiles) was also counted within each sub-region to allow quantification of changes in total 

neuronal density. The final counts were then graphed in GraphPad Prism V6.  
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Figure 3.2: Maximum intensity projection of the human STN tiled at 20x on the Zeiss LSM 
710 inverted confocal microscope.  
The section was triple labelled with Parvalbumin (green), Calretinin (red) and SMI32 (magenta). 
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Figure 3.3



59 
 

Figure 3.3: Sub-regions of the human STN and multipoint neuronal quantification 

A. Maximum intensity projection of the tiled STN divided into respective sub-regions. The longest 
dorsolateral to ventromedial axis, from the tip border of the dorsal pole to the border of the 
ventral pole, was used to divide the coronal plane of the STN into 4 sub-regions.  

B. Printscreen of the multipoint system used to count single, double or triple labelled neurons in 
the human STN. Neurons positive for PV, CR and SMI32 were labelled with magenta, cyan and 
yellow crosshair markers, respectively. Single (yellow arrow), double (red arrow) and triple 
(blue arrow) labelled neurons were then identified with different colour dot markers as shown 
and counted separately.  

DL1: dorsolateral region 1, DL2: dorsolateral region 2, VM1: ventromedial region 1, VM2: 
ventromedial region 2 
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3.5.3. Quantification	of	GABAA	receptor	subunits	in	control,	PD	and	HD	brains	

The expression of 4 GABAA receptor subunits, α1, β2/3, α3 and γ2, were quantified in the human 

STN of control, PD and HD patients in terms of optical intensity. Three representative sections 

from the rostral, middle and caudal STN of each case were stained for each receptor subunit via 

immunoperoxidase histochemistry. For each receptor subunit, all cases were stained in a single 

experiment. The amount of DAB reaction time was precisely controlled to be the same for every 

single case to eliminate experimental variability. Stain brain sections were imaged on the 

MetaSystems Vslide slide scanner as described in section 3.5.1. All cases were imaged under the 

same light exposure and intensity. The resultant images were then sorted manually into the 4 sub-

regions, defined in the same way as described in section 3.5.2.2. If an image borders between 2 sub-

regions, it was omitted from the study.  

Once all images were sorted into the 4 respective sub-regions, the images were imported into 

ImageJ. The batch/macro function was used to semi-automate measurements of optical intensity for 

a large amount of images. Briefly, raw images from the Vslide scanner was first batch changed into 

8-bit monochromatic images. A threshold was then applied to each image based on the average grey 

value detected in the no-primary controls from each case (Figure 3.4). The Raw Integrated Density 

(RawIntDen), which is defined as the sum of all pixel values (ie: a measure of greyness) within a 

selected region of interest (ROI) was then measured for each image. The RawIntDen values were 

then normalised to the stained area within each image and averaged within each sub-region. Finally, 

the average RawIntDen/µm2 for each sub-region was statistically compared between control/HD 

and control/PD groups. However, for graphical presentations in this thesis, the average 

RawIntDen/µm2 values were converted into percentage changes from control. Averages of the 

controls were defined as 100%. This analysis methodology was adapted from Allen et al (2009). 

3.5.4. Expression	of	GABAA	 receptor	 subunits	 along	 the	dorsolateral	 to	 ventromedial	

axis	in	the	normal	human	STN	

Staining intensity changes for the four GABAA receptor subunits along the dorsolateral to 

ventromedial extremities of the normal human STN was measured by the Greyscale in chapter 5. 

The Greyscale ranges from 0-250 and are a measure of ‘greyness’ or ‘darkness’ of monochromatic 

images. The higher the Greyscale values, the lighter the shade of ‘greyness’, with 250 representing 

white and 0 representing black. Therefore, the higher the Grey values, the lower the staining 

intensities and vice versa. The macrographs of the GABAA receptor subunits from the middle STN 
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section of each normal case were first obtained from the Vslide scanner (see section 3.5.1) and 

imported into Image J. The entire macrograph was then transformed into 8-bit monochromatic 

images and the Grey value readings then taken along the longest dorsolateral to ventromedial axis 

in the coronal plane. The dorsolateral tip for each case was referenced as 0 µm. The Grey values 

along this axis was then averaged across all normal cases and plotted in GraphPad Prism V6 as a 

line profile to represent the changing intensities. A schematic representation of the changing 

GABAA subunit intensities were also overlaid on top the Grey value profiles.  
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Figure 3.4: Screenshot of ImageJ system used to quantify optical intensity of GABAA receptor subunits in control, HD and PD STN. 

The batch processing function was used to process the vast amount of images. The function is a loop which allows multiple images to be thresholded 
and measured automatically. In this way, a list of results can be quickly generated (left). All images where thresholded in the same manner (right). As 
observed, the thresholding minimised measurements of background staining. 
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3.6. Statistical	analysis	for	the	equality	of	two	means	

All statistical analysis was conducted in GraphPad Prism V6. The average changes in the 

RawIntDen/µm2 values of each sub-region were compared between control to HD and control to 

PD groups. The difference between 2 means was assessed using the non-parametric 2-sided Mann-

Whitney test. Differences between 2 means with a p-value <0.05 were considered statistically 

significant. Non-parametric tests were used for statistical analysis because not all cohorts met the 

assumptions required for parametric tests, which include normality and homogeneity of variance. 

Normality was assessed using the D’Agostino-Person omnibus normality test which determines 

how far the sample distribution differs from that of normal in terms of asymmetry and shape. If the 

result was not significant (p-value>0.05), the cohort would be deemed to come from a normal 

distribution. However, normality test is known to be unreliable on samples with low n number and 

cohorts with N numbers lower than 6 cannot be assessed by the normality test. Therefore the 

cohorts were further assessed graphically using a dot plot; where if 95% of the data points fell 

within 2 SD of the mean, the data was considered to be from a normally distributed population. The 

F-test of equality of variances in GraphPad Prism was used to determine whether 2 cohorts have the 

same variance. A non-significant p-value (>0.05) would represent equal variances between 2 

cohorts. Since not all cohorts met those assumptions, the non-parametric test was used for statistical 

comparison. However, differences in GABAA receptor subunit expression between HD cases of 

varying striatal pathological grades could not be statistically assessed due to the very small sample 

size for each HD grade. 
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3.7. RNA‐Sequencing	and	Nanostring	

3.7.1. Sampling	of	post‐mortem	human	brains	for	RNA‐sequencing		

In total, 18 post mortem human brains, 9 controls and 9 PD cases, were selected from the 

Neurological Foundation Douglas Human Brain Bank of New Zealand (Table 3.11). Fresh-frozen 

basal ganglia tissue blocks were located for each case and the STN carefully dissected from 

surrounding structures (Figure 3.5). Immediately after isolation, the STN tissue was weighed and 

submerged in RNA-later ice to preserve the integrity of the RNA molecules. Typically, around 50-

100mg of frozen STN tissue pellets was dissected from each brain block to allow sufficient input 

material for subsequent RNA extraction. The submerged STN tissues were stored in -20°C freezer 

overnight according to the RNA-later protocol and then moved to -80°C freezers for permanent 

storage. 

Table 3.11: List of control and PD cases selected for RNA-sequencing experiment. 

PD: Parkinson’s disease, CLBD: Cerebral lewy body disease 

  

Case Sex Age 
PM delay 

(hrs) 
Weight of STN 
extracted (mg) 

Patholog
y 

Cause of death 

H204 M 66 9 90.9 Control Ischaemic Heart Disease 

H123 M 78 7.5 121.3 Control Ruptured aortic aneurysm 

H109 M 81 8 54.6 Control Coronal atherosclerosis 

H131 M 73 13 51 Control Ischaemic Heart Disease 

H120 M 62 11 62 Control Ischaemic Heart Disease 

H168 M 63 9 62.3 Control Ischaemic Heart Disease 

H122 F 72 9 66 Control Emphysema 

H121 F 64 5 74 Control Pulmonary embolism 

H137 F 77 12 103.7 Control Coronary atherosclerosis 

Average 70.67 9.28 76.20 

PD50 M 88 6 107.1 PD/CLBD Ischaemic Heart Disease 

PD54 M 78 6 100.3 PD/CLBD Aspiration pneumonia 

PD16 M 79 8.5 91.9 PD Pneumonia 

PD33 M 91 12 74.9 PD/CLBD Pneumonia 

PD20 M 73 14 54.5 
PD with 
bilateral 

Pallidotomy 
Congestive Heart Failure 

PD15 M 76 11 106.7 PD Bronchopneumonia 

PD5 F 62 21 117.3 PD Pneumonia 

PD8 F 55 4 109..8 PD Aspiration pneumonia 

PD58 F 82 18 63.9 PD/CLBD unknown 

Average 76.00 11.17 91.82 
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Figure 3.5: Coronal basal ganglia section labelled with GABAA α1 subunit.  
The respective orientation of all structures represents that of the frozen tissue blocks. STN was 
carefully dissected from the surrounding white matter. 

3.7.2. RNA	extraction	and	quality	control	

The RNeasy Lipid Tissue Mini Kit from Qiagen was used to extract RNA from the fresh frozen 

STN tissue. The manufactures’ protocols were closely followed to ensure efficient elution of all 

RNA molecules longer than 200 nucleotides. Briefly, the STN tissue was homogenized in 1ml 

QIAzol Lysis Reagent (Qiagen, 74804) and mechanically disrupted using TissueLyser for a total of 

four minutes at 25Hz in tubes containing steel beads (Qiagen, 69989). After transfer to new 

microcentrifuge tubes, the homogenates were incubated for 5min at room temperature before 200µl 

of chloroform was added and shaken vigorously for 15s. The samples were then further incubated at 

room temperature for 2-3min and centrifuged at 12,000g for 15min at 4°C. The upper aqueous 

phase was then transferred to the RNeasy binding columns (Qiagen, 74804). The manufacturer’s 

protocol was then followed for the binding, washing and elution of total RNA. Samples were eluted 

in 20µl RNA-free water.  
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The quality of the extracted RNA from each sample was then assessed using the Aglient 2100 

Bioanalyser RNA nanochip (Agilent Technologies, G2947CA), following manufactures’ protocols. 

The RNA integrity number (RIN) was obtained for each case from respective bioanalyser traces. 

The DV200 metric values (the percentage of RNA fragments > 200 nucleotides) for each sample 

were subsequently calculated from the same Bioanalyser traces by performing the smear analysis 

function within the Agilent 2100 Expert Software (Agilent Technologies, Santa Clara, California, 

United States). The DV200 values were used to evaluate RNA quality for library preparation, using 

the Truseq RNA Access Kit (Illumina, RS-301-2001) for RNA-seq. The RNA quantity for all 

samples was measured with the Qubit 2.0 Fluorometer (ThermoFisher Scientific, Q33216) using the 

Quant-iT Qubit RNA BR Assay kit (ThermoFisher Scientific, Q10210), following manufactures’ 

protocols. 

3.7.3. cDNA	Library	Preparation	and	RNA	Sequencing		

The total RNA extracted from all 18 STN samples were sent to New Zealand Genomics Limited 

(NZGL) for sequencing library preparation and Next Generation Sequencing on the Illumina 

platform (HiSeq 2500 Ultra-High-Throughput Sequencing System, Illumina). Due to the less than 

ideal RNA quality, the DV200 values were used to assess the RNA integrity as well as RIN values. 

The Truseq RNA Access Library Prep Kit (Illumina, RS-301-2001), a kit specifically designed for 

poor quality or formalin-fixed paraffin-embedded tissue samples, was used to capture specific exon-

coding regions of our RNA samples (Penland et al., 2007, Von Ahlfen et al., 2007). The kit offers 

superior coverage of coding regions targeting as many as 214,126 exonic regions and 21,415 genes, 

whilst allowing a low sample input as little as 10ng total RNA. Samples with DV200 smaller than 

30% were not considered for downstream sequencing. Briefly, RNA-seq libraries were constructed 

using, Truseq chemistry (Illumina, RS-301-2001) which uniquely tagged all 18 samples with 

adapters to allow downstream multi-sample pooling. After the libraries were pooled, they undergo a 

capture procedure in which the pooled libraries are hybridized to biotin-labelled probes specific for 

coding regions. The targeted molecules are then captured by adding streptavidin beads which bind 

to the biotinylated probes. Magnets then pull the bound fragments from the solution. The captured 

fragments are eluted from the beads and hybridized for a second enrichment reaction. This produces 

targeted libraries that deplete the starting RNA of ribosomal RNA, intronic and intergenic regions. 

After amplification, the targeted libraries are subjected to cluster generation and subsequent 

sequencing cycles on the Hiseq 2500 Ultra-High Throughput Sequencing System (Illumina). This 

experimental design was aimed at collecting at least 25 million 125bp reads per sample.  
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3.7.4. Differential	gene	expression	analysis	

Data containing gene expression information obtained through targeted RNA sequencing from all 

samples were returned in the form of short pair-end reads contained in fastq file format.  Analysis of 

this data was performed by the PhD candidate and took place in an external Unix operating system 

with 16 processing CPU cores, 1TB SSD storage and 32GB RAM memory. The analysis pipeline 

followed that developed by Trapnell and colleagues (Trapnell et al., 2010, Trapnell et al., 2012), 

which uses sequence aligner programmes, Tophat and Bowtie, along with a reference genome to 

detect differential gene expression from RNA-seq experiments. All software used are open source 

projects, and can be obtained from the developer’s website: http://cole-trapnell-

lab.github.io/cufflinks/.  

The raw paired-end 125bp reads contained in the fastq files from each sample were first pre-

processed with Trimmomatic v0.33 (Bolger et al., 2014). Specifically, universal illumina adapter 

sequences used for library preparation and polyA sequences that were overrepresented in the 

original fastq files were removed via the ILLUMINACLIP function. Furthermore, the fastq files 

were also trimmed for quality using the SLIDINGWINDOW function. Surviving reads shorter than 

36 bases were removed and the remainder underwent further analysis.  

Software required to perform differential gene expression analysis was obtained from the 

aforementioned cufflinks website. The reference human genome was obtained from the iGenomes 

database (Illumina support). The Homo sapiens reference genome build hg19 provided by UCSC 

were used as a guide for read alignment. Briefly, the surviving reads from each sample were aligned 

to the reference genome using Bowtie2 v2.2.6 and Tophat2 v2.1.0 to produce mapped paired-end 

reads contained in .bam files formats. Since each sample was sequenced across 2 flow-cell lanes, 

the .bam files from each lane of the same sample were merged with Picard v1.140. Transcripts from 

the mapped reads were then assembled by passing all .bam files through Cufflinks v2.2.1. The 

assembled transcripts from each sample were then pooled with Cuffmerge v2.2.1 to produce the 

final assembled transcript .gtf file. The final .gtf file, together with the reference hg19 human 

genome and the mapped reads from each sample, are then passed through Cuffdiff v2.2.1 to 

quantify and detect differentially expressed genes between the control and PD samples from the 

entire human genome. The output files from cuffdiff were then analysed and graphed using the R 

package cummeRbund v2.14.0 and Rstudio v0.99.903 with R v3.3.1 (Figure 3.6, software codes 

can be found in appendix 10.2).  
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Figure 3.6: Analysis pipeline used to detect differentially expressed genes within the STN in PD. 
Paired-end reads from PD and from control samples, in parallel, were first trimmed for quality, adapters and polyQ tails using Trimmomatics software. The 
reference human genome was then used in Bowtie and Tophat to map surviving paired-end reads. The mapped paired-end reads are then assembled using Cuffmerge 
to produce the final transcriptome assembly. The final transcriptome assembly are them combined with the mapped reads and reference genome for differential gene 
expression analysis in Cuffdiff. The output files from Cuffdiff were then processed through CummeRbund and R to produce gene expression plots. 
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The output files from cuffdiff quantify the expression of each gene by FPKM (Fragments per 

Kilobase of transcript per Million mapped reads) values. This normalised value was calculated by 

counting the total number of fragments mapped to the reference gene (Trapnell et al., 2012). For 

pair-ended RNA-seq experiments there are 2 reads per fragment (left and right reads). Gene 

expression differences were calculated based on the FPKM values between control and PD for 

every gene in the human genome. The Cuffdiff algorithms hence performed a statistical t-test, based 

on respective FPKM values for every gene. The q-value, false-discovery rate (FDR) adjusted p-

value of the test statistic, was used to determine statistical significant differences in expression 

between control and PD. Gene expression differences with a q-value <0.05 were considered 

significant. 

However, the intrinsic algorithms of the Cuffdiff software are known to be prone to false positives 

when screened through a large database (Rapaport et al., 2013, Soneson and Delorenzi, 2013, 

Rajkumar et al., 2015). Hence, FPKM count data from genes detected to be significant in the 

Cuffdiff program were further analysed in GraphPad Prism version 6.00 for windows (Graphpad 

Software, La Jolla California, USA). For every gene detected as significant by Cuffdiff, data from 

both groups were tested for normality and homoscedasticity (homogeneity of variance). Normality 

of the data of both control and PD were tested with the D’Agostino and Pearson omnibus normality 

test within PRISM along with visual inspection of respective stripcharts. The variance of both group 

were accessed with the F-test. The parametric student’s t-test was used if the data for a specific gene 

passed both the normality and variance test. The Welch’s t-test was used if the data does not pass 

the variance test and the Mann-Whitney’s non-parametric test was used if the data does not pass the 

test of normality. The final list of p-values was then corrected for multiple comparison in R with 

false discovery rate (FDR)-controlling procedures (Benjamini and Hochberg, 1995). Genes that 

achieved an adjusted p-value < 0.05 were considered significant. 

3.7.5. Nanostring	validation	

The subset of differentially expressed genes discovered through the RNA-seq experiment were 

quantified using nCounter gene expression (Nanostring Technologies, NCT-SYS-120) to validate 

our observations. The nCounter system is superb for this purpose as it allows absolute 

quantification of targeted RNA molecules within a given sample without pre-amplification through 

the fluorescent barcoding system. In total, 26 genes were selected based on their respective p-

values, strip-chart analysis and biology of interest. Two new controls and 1 PD cases additional to 

those sent for RNAseq, were added to the Nanostring RNA sample groups (Table 3.12). The 

addition of the new cases did not significantly alter the average age, PM-delay, RIN and DV200 
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between the control and PD groups. Four housekeeping genes were chosen along with the 26 genes 

of interest for normalisation purposes. The housekeeping genes were selected based on their stable 

expression observed in RNA-seq experiments based on multiple human tissue source as well as 

having expression levels in the same range as the 26 genes sent for validation (Eisenberg and 

Levanon, 2013). All RNA samples were sent to NZGL together with the Ensembl annotation for all 

genes in order to allow specific probes to be designed, targeting all transcripts of the genes of 

interest. The raw data files were then returned and analysed in the nSolver Analysis Software 

v3.0.22 (Nanostring Technologies, Seattle, Washington, USA) 

Case Sex Age 
PM delay 

(hrs) 
Weight of STN 
extracted (mg) 

Pathology Cause of death 

H118 M 57 10 68.5 Coronary artery disease 

H155 M 61 7 74.8 Ischaemic heart disease 

Average 68.55 9.14 75.37 

PD 18 F 98 14 89.6 PD Bronchopneumonia 

Average 78.20 11.45 90.12 

Table 3.12: New cases added for Nanostring validation and respective averages. 
PD: Parkinson’s disease, CLBD: Cerebral lewy body disease 

The normalised count values obtained from nSolver, which represents gene expression in all 

respective samples, were then compared between the controls and PD. The Welch’s t-test was used 

to test for significance between the controls and PD and p-values corrected for multiple 

comparisons, based on FDR (Benjamini and Hochberg, 1995), within the nSolver analysis software. 

Genes were regarded as significant with a FDR ≤ 0.05. Furthermore, a multivariant correlation 

analysis, based on Spearman’s rank correlation, was performed in the JMP software version 10 

(SAS, Medmenham, United Kingdom) in an attempt to detect any correlations between normalised 

counts of the significant genes and age, gender, PM delay, RIN, DV200 and weight of the extracted 

STN tissue pallets. 



71 
 

Chapter	4. Neurochemical	Organisations	within	 the	 Subthalamic	

Nucleus	in	neurologically	normal	post‐mortem	human	brains	

4.1. 	Introduction	

Early animal and human anatomical studies of the subthalamic nucleus (STN) described the nucleus 

as a homogeneous structure with the highest neuronal and blood vessel densities compared to the 

rest of the brain (Forel, 1877, Ramon y Cajal and Azoulay, 1955). Neuronal populations within the 

nucleus were primarily defined based on size and morphology. In general, 2 types of neurons can be 

discerned from old studies; a larger, phenotypically complex neuronal population and a smaller, 

more phenotypically simple group (Rafols and Fox, 1976, Kita et al., 1983). A trend of increasing 

neuronal density from the dorsolateral pole to the ventromedial extremities of the STN had been 

qualitatively observed in early animal studies (Winkler, 1928, Afsharpour, 1985). These 

observations were later quantified in post-mortem human brains, where the distribution of STN 

neurons were counted in sub-regions from the rostral to caudal and dorsolateral to ventromedial axis 

(Lévesque and Parent, 2005). However, the distribution of STN neurons based on their distinct 

neurochemical properties had not been previously investigated. Defining the distribution of 

neurochemically distinct STN neuronal populations is of vital importance because the STN had 

previously shown zonal expression of well-recognised neurochemical markers, such as the calcium-

binding proteins (Augood et al., 1999, Morel et al., 2002). This distinct zonation of cellular proteins 

may govern vital functional properties of neurons within each zone. Therefore this chapter aims to 

define, quantitatively, the cellular organisation of previously characterised STN neurons based on 

neurochemical markers, which includes the calcium binding proteins (Parvalbumin, PV, and 

Calretinin, CR) and non-phosphorylated neurofilaments (SMI32). Furthermore, this chapter also 

aims to investigate the relative localisation of these neurochemical markers within the human STN, 

in order to discover novel neurochemically distinct neuronal populations and gain better 

understanding of these neurochemically diverse STN neurons. 

Calcium ions are crucial in transmembrane signalling and intracellular transmission of signals. For 

this reason, most neurons of the CNS express cytosolic calcium-binding proteins which can 

modulate or mediate the actions of calcium. The 3 most abundant calcium-binding proteins found in 

neurons are parvalbumin (PV), calbindin-D28K (CB) and calretinin (CR, Baimbridge et al., 1992). 

These proteins belong to the so-called ‘EF hand’ family of calcium-binding proteins and functions 
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via formation of a helix-loop-helix conformation, known as the EF hand, the hydrophilic side chains 

bind one calcium atom (Moews and Kretsinger, 1975, Heizmann and Hunzlker, 1991). Although 

the full functions of these calcium-binding proteins in neurons are unknown, antibodies for these 

proteins had been previously used as neuroanatomical markers due to the restricted expression of 

these protein in distinct subpopulations of neurons (Andressen et al., 1993). This unique property 

allowed these markers to be used for the purpose of defining functional zones, segregate anatomical 

boundaries and isolate functional distinct neuronal populations. Furthermore, due to their high 

solubility, the calcium-binding proteins are usually present throughout the cytosol and thin neuronal 

processes. This makes them excellent neuroanatomical markers, allowing visualisation of a Golgi-

like morphology in the immunopositive neurons (Celio, 1990, DeFelipe and Jones, 1991). In some 

cases, entire pathways or whole functional systems can be labelled. An example of this includes the 

PV abundant pathway of epicritic sensibility and the whole taste pathway in rats (Celio, 1990).  

The 3 calcium-binding proteins label distinct neuronal population in multiple brain regions. Two of 

the most studied areas include the neocortex and the hippocampal formation. In the cerebral cortex, 

PV, CB and CR mainly labelled distinct populations of interneurons that utilise GABA as their 

main neurotransmitter. Cortical pyramidal neurons on the other hand, lacked expression of these 

calcium-binding proteins. The pattern of expression between cortical layers varies for each calcium-

binding protein and overall showed minimal overlap (Baimbridge et al., 1992, DeFelipe, 1997). In 

the hippocampus, the 3 calcium-binding proteins also revealed distinct distribution of 

immunopositive neurons in all areas of the formation. Parvalbumin selectively labelled 

interneurons, such as the GABAergic basket cells and axoaxonic chandelier cells within regions of 

the hippocampus and dentate gyrus (Kosaka et al., 1987, Soriano et al., 1990). CB on the other hand 

stained both pyramidal cells and interneurons of CA1 and CA2 area of the hippocampus whilst CR 

stained a small number of non-pyramidal neurons in all subfields of the hippocampal CA1-CA4 

regions (Holm et al., 1990, Jacobowitz and Winsky, 1991, Résibois and Rogers, 1992).  

Neurofilaments are neuron specific intermediate filament proteins comprised of 3 subunits; the 

neurofilament heavy (NFH), medium (NFM) and light (NFL) subunits (Campbell and Morrison, 

1989). This cytoskeleton protein is primarily expressed in neurons and forms the major structural 

component in large myelinated axons. Abnormal accumulation of neurofilaments had been 

implicated in several human neurodegenerative diseases (Liu et al., 2011). Neurofilametopathy in 

neurodegenerative diseases include neurofibrillary tangles, one of the hallmarks of Alzheimer’s 

disease, which are composed of abnormally modified tau proteins, along with neurofilaments, 

ubiquitin and other cytoskeleton proteins (Perry et al., 1985, Perry et al., 1987). Another well-
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known neuropathology is involved with the formation of Lewy bodies in Parkinson’s disease, 

where the intracellular inclusions are composed of mutated α-synuclein, all 3 neurofilament 

subunits, ubiquitin and proteasome subunits (Galloway et al., 1992, Trimmer et al., 2004). The 

major pathological hallmark of Amyotrophic Lateral Sclerosis (ALS) also involves neurofilaments 

as the phosphorylated form of the protein are typically found to accumulate as intraneuronal 

inclusions in degenerating motor neurons (Leigh et al., 1989, Murayama et al., 1992).  

The monoclonal antibody (SMI32) used in this study, recognises a non-phosphorylated epitope on 

the on the human NFM and NFH subunits (Sternberger et al., 1985, Lee et al., 1988). The non-

phosphorylated form of neurofilaments had been shown to primarily label the cell body and 

dendrite of pyramidal neurons in both monkey and human neocortex. However, only a certain 

subpopulation of pyramidal neurons showed immunoreactivity (IR) to SMI32 and the proportion of 

IR neurons varied between primate and humans (Campbell and Morrison, 1989, Hayes and Lewis, 

1992). These observations suggested that the cytoskeletal systems can differ across entire neuronal 

populations, making this protein an excellent identifier of novel neurochemically distinct neurons. 

To date, there were 3 studies published investigating the expression of the calcium-binding proteins 

and non-phosphorylated neurofilament in neurologically normal human STN (Augood et al., 1999, 

Morel et al., 2002, Lévesque and Parent, 2005). Out of the 3 calcium-binding proteins, only PV and 

CR showed immunoreactivity in the human STN. A contrasting, overlap of immunoreactive zones 

were observed for PV and CR. Overall, all 3 studies agreed that the dorsolateral pole of the nucleus 

showed heavy expression of PV as opposed to the ventromedial pole where CR expression 

predominates. However, the neuronal density of PV and CR positive neurons were not quantified 

across the region of varying IR. Furthermore, only one study investigated the expression of SMI32 

in the human STN and showed the detection of a distinct group of SMI32 positive neurons (Morel 

et al., 2002). However, information regarding the relationship between the calcium-binding proteins 

and non-phosphorylated neurofilament are lacking in the current literature. Therefore, the objectives 

of this study are to enhance the current understanding of neuronal diversity within this important 

nucleus and further classify neurochemical morphologies in functionally defined sub-regions of the 

STN. 
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4.2. Methods	

Refer to Chapter 3, sections 3.1-3.5 for detailed IHC protocols, image acquisition and neuronal 

quantification methods used in this chapter. 

4.3. Results	

4.3.1. 	Regional	neurochemical	organisation	in	neurologically	normal	human	STN		

The bi-convex shape of the normal human STN can be clearly delineated by surrounding bundles of 

thick myelinated fibres in adjacent sections stained with Nissl, Parvalbumin (PV), Calretinin (CR) 

and SMI32 (Figure 4.1). The anatomical boundaries of the STN are particularly pronounced in PV 

stained sections as the entire nucleus exhibits high immunoreactivity (IR) for this calcium-binding 

protein. In general, Nissl and SMI32 stained sections showed light IR across the entire STN in the 

coronal plane. The PV and CR stained sections on the other hand showed very high and moderate 

IR across the nucleus (Table 4.1). The differential pattern of PV and CR staining can be detected 

even at the macroscopic level (Figure 4.1). In general, PV stained sections showed high IR in the 

dorsolateral portion of the nucleus bordering the internal capsule laterally and the thalamus dorsally. 

The CR stained sections on the other hand showed high IR in the ventromedial portions compared 

to the dorsolateral.   
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Figure 4.1 
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Figure 4.1: Macrographs showing normal human STN immuno-labelled with Nissl, 
Parvalbumin, Calretinin and SMI32. 

A. Nissl stained section of normal human STN in the coronal plane. The bi-convex structure of the 
nucleus can be clearly delineated from the surrounding white matter bundles. Changes in 
staining texture between surrounding white matter and nucleus interior reflect high cell densities 
within the nucleus. 

B. Macrograph showing Parvalbumin (PV) immunoreactivity (IR) within the normal human STN. 
The nucleus showed very high IR for PV which clearly delineated the structure from 
surrounding white matter bundles. Staining intensity of PV tends to be higher in the dorsolateral 
portion of the nucleus compared to the ventromedial. 

C. Macrograph showing Calretinin (CR) IR within the normal human STN. The STN showed 
moderate IR for CR, and a thin strip of intense CR staining delineated the nucleus from 
surrounding structures. Overall the nucleus showed lighter IR towards the dorsolateral portion 
of the nucleus compared to the ventromedial. 

D. Macrograph showing SMI32 IR within the normal human STN. The nucleus showed very light 
IR for SMI32 compared to the surrounding white matter bundles. Labelling of neuronal cell 
bodies can be detected in the macroscopic image. Staining intensity of SMI32 remained 
relatively constant between dorsolateral and ventromedial regions in the nucleus.  

Thal, Thalamus; IC, Internal Capsule; STN, Subthalamic Nucleus; SN, Substantia Nigra, DL, 
dorsolateral, VM, ventromedial 
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4.3.2. 	Cellular	organisation	revealed	via	Nissl	within	the	normal	human	STN		

Nissl stained sections from the rostral, middle and caudal levels of the STN showed a relatively 

uniform cytoarchitecture throughout the entire structure (Figure 4.2 and 4.3).  The major cellular 

components detected in the human STN are the principle neurons, depicted by their light blue, Nissl 

stained cell bodies. The principle neurons scatter throughout all 3 levels of the STN and have soma 

diameters of approx. 24 µm. Brown, intensely labelled intracellular granular lipofuscin was 

observed in all principle neurons which often localised to one pole of the cytoplasm (circle, D & H, 

Figure 4.4). Although detailed cellular morphology could not be observed with Nissl stained 

sections, 2 types of principle neurons can be detected that are either oval or pyramidal in shape. 

Most pyramidal neurons detected displayed a multipolar morphology (arrows, E, Figure 4.4). These 

complex neurons with multiple emerging processes tend to localise to the dorsolateral pole of the 

nucleus whilst the ventromedial regions tend to display neurons that are oval in shape (F, Figure 

4.4).  

An increase in neuronal density from the pre-defined DL1 to VM1 sub-regions can be observed in 

all 3 levels of STN sampled. The larger, morphologically complex neurons seemed to localise 

mainly in the dorsolateral portion of the STN and the more numerous, smaller principle neurons 

mainly reside in the ventromedial portion.  

Nissl stained sections also showed dense nuclei of neuroglia throughout the 3 levels of the nucleus 

(Figure 4.4). Strings of nuclei outlining the vascular organisation of the STN can also be 

occasionally detected (arrowhead, H, Figure 4.4). 
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Figure 4.2: Macrographs of Nissl stained sections of normal human STN at the rostral (A), middle (B) and caudal (C) levels. 
The bi-convex structure of the STN remained consistent throughout the rostral caudal axis and can be clearly delineated from surrounding fibre 
sheaths. The neuromelanin intense neurons residing in the substantia nigra that borders the ventromedial aspects of the STN can be clearly identified in 
the middle and caudal levels. Dense neuronal cell bodies within the boundaries of the nucleus can be vaguely identified across all 3 levels in these 
macrographs. SN: Substantia Nigra, DL: Dorsolateral, VM: Ventromedial 

NISSL
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Figure 4.3: Macrograph of a Nissl stained normal human STN section at the middle level. 
Four equally divided sub-regions from the dorsolateral (DL) to ventromedial (VM) extremities were 
defined to present cellular organisation changes detected in the coronal plane. The first 2 equally 
divided sub-regions from the dorsolateral pole represents the dorsolateral portion of the STN and 
were termed as dorsolateral region 1 (DL1) and dorsolateral region 2 (DL2). The next 2 regions 
represents the ventromedial portion of the STN and were termed as ventromedial region 1 (VM1) 
and ventromedial region 2 (VM2). Representative microscopy images were taken from each sub-
region for comparison in Figure 4.4, A-D (black boxes).  

NISSL 
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Figure 4.4  

NISSL
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Figure 4.4: Light microscopy images showing neuronal distribution within each of the pre-
defined sub-regions and general STN neuron morphology. 

A-D: High power light microscopy images taken from the pre-defined DL1 (A), DL (B), VM1 (C) 
and VM2 (D) sub-regions. Large, Nissl stained neurons with lightly brown intracellular lipofuscin 
granules can be depicted in each sub-region. A high amount of neuroglia were also observed in each 
of the sub-regions and remained relatively constant throughout the entire nucleus. The neuronal 
density tends to increase gradually from DL1 to VM2. The size of the neurons seemed to remain 
fairly constant throughout each sub-region.  

E-H: High power light microscopy images showing morphology of Nissl stained STN neurons. 
Nissl stained STN neurons can be multipolar (E and G), pyramidal shaped (E) or oval (F) in shape. 
Representation of large, multipolar neurons tends to reside in the dorsolateral regions (E and G) 
whilst the ventromedial regions comprised of more oval shaped neurons. The brown intracellular 
lipofuscin can be detected in every Nissl labelled cell body and tends to reside on one pole of the 
cytoplasm (circle, G and H). Traces of blood vessels can often be depicted throughout the entire 
nucleus (arrowhead, H).  
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4.3.3. Regional	and	cellular	distribution	of	the	calcium‐binding	protein	Parvalbumin	in	

neurologically	normal	human	STN		

The STN showed high IR for the calcium binding protein PV throughout the entire structure at the 

rostral, middle and caudal levels (Figure 4.5). The entire nucleus is clearly delineated from the 

surrounding white matter bundles in all 3 levels sampled. On the regional level, staining intensity 

varies across the dorsolateral to ventromedial axis. A gradient of decreasing intensity was observed 

from DL1 to VM2 sub-regions. This gradient of decreasing staining intensity was especially 

prominent in middle and caudal sections of the STN (Figure 4.5 and 4.6). Sections taken at the 

rostral level however, showed the highest staining intensities throughout.   

In terms of regional cellular distribution, numerous PV positive neurons were detected in the DL1 

and DL2 sub-regions. In contrast, not many PV positive neurons can be detected in the 

ventromedial sub-regions. The staining intensity remained very high in VM1 with very darkly 

stained neurons surrounded PV dense fibres. By VM2, PV positive neurons were seldom detected. 

Parvalbumin IR also decreased in the VM2 sub-region. Overall, a decrease in both neuronal and 

neuropil IR can be observed from the dorsolateral to ventromedial axis in the coronal plane of 

normal human STN (Figure 4.7).  

At the cellular level, PV intensely labelled both perikarya and neuropil within the STN (Table 4.1). 

In fact, the high neuropil IR can sometimes occlude the weaker IR of the STN perikarya, especially 

in the ventromedial sub-regions (Figure 4.7). At high magnification, neuropil labelling exhibits a 

web-like pattern of PV positive fibres with distinct puncta structures interspersed throughout the 

cellular network. STN neurons showed high IR for PV which labelled the entire perikaryon and 1-3 

proximal dendrites. The neuronal PV IR was equivalent between the soma and protruding 

processes. The PV positive neurons can be either multipolar, show a spindle-like morphology or 

oval with a single protruding process (Figure 4.7). Somatic staining seemed to localise to one pole 

of the perikaryon in all labelled cells. In addition, densely labelled punctate structures resembling 

axon terminals can be found in close proximity to PV positive neuronal membranes. 
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Figure 4.5: Macrographs showing IR of the calcium-binding protein parvalbumin (PV) at rostral (A), middle (B) and caudal (C) levels of 
normal human STN. 
In each of the 3 levels, the STN showed very high IR for PV along the dorsolateral to ventromedial axis in the coronal plane. The high PV IR clearly defined 
boundaries of the nucleus from surrounding structures at all levels. A gradient of decreasing IR from the dorsolateral to ventromedial axis can be observed in middle 
and caudal STN. The rostral STN overall showed higher IR for PV compared to the other 2 levels. DL: Dorsolateral, VM: Ventromedial 

Parvalbumin 
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Figure 4.6: Macrograph of a PV stained normal human STN section at the middle level. 
The same pre-defined sub-regions were used to show cellular changes from the dorsolateral to 
ventromedial axis. Representative images were taken from each sub-region similar to that of the 
Nissl stained sections (Figure 4.7, A-D).  

  

Parvalbumin
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Figure 4.7 

  

Parvalbumin
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Figure 4.7: High power microscopy images showing cellular distribution of Parvalbumin (PV) 
positive neurons in the dorsolateral to ventromedial sub-regions. 

A-D: High power microscopy images taken at DL1 (A), DL2 (B), VM1 (C) and VM2 (D) as 
defined in the Figure 4.6. Numerous PV positive cell bodies can be detected in DL1 and DL2. The 
ventromedial regions on the other hand showed an abrupt decline in PV positive cell bodies. A few 
PV positive cell bodies can be detected in VM1 whilst hardly any PV neurons can be detected in 
VM2.  The overall PV IR also decreased along the dorsolateral to ventromedial axis. Highest IR for 
PV was detected in DL2 and VM1. Staining intensity in DL1 was slightly lower than the other 2 
sub-regions but still relatively high compared to VM2. 

E-G: High power microscopy images of PV positive neurons detected in dorsolateral regions of the 
normal human STN. The PV positive neurons showed very high IR in the perikarya and 1-3 
labelled proximal processes which can be traced for approx. 5-10 µm. Staining intensities remained 
constant for both cell soma and emerging processes. The neurons are mainly multipolar (arrows, E) 
or spindle shaped (arrow, F). Occasional unipolar PV positive neurons (G) can also be detected. 
Small, punctate structures can be detected in the neuropil along with thin PV positive processes 
(arrowheads, G). 
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4.3.4. Regional	 and	 cellular	 distribution	 of	 the	 calcium	 binding	 protein	 Calretinin	 in	

neurologically	normal	human	STN		

The human STN showed moderate IR for the calcium-binding protein calretinin at the rostral, 

middle and caudal levels. Macroscopically, the rostral sections showed higher IR in each of the 

respective sub-regions than both the middle and caudal sections (Figure 4.8 and 4.9). All 3 levels 

exhibit an increasing gradient of CR immunoreactivity from the dorsolateral to ventromedial axis. 

The highest intensity of CR staining was found in the VM2 sub-region of rostral STN whilst the 

lowest CR intensity was detected in DL2 of caudal STN. Hence, the expression of CR in the human 

STN exhibited a decreasing gradient of IR from the rostral to caudal axis and an increasing gradient 

of IR in the dorsolateral to ventromedial axis. 

In terms of regional distribution, CR positive neurons were detected in all pre-defined sub-regions 

in the coronal plane. The ventromedial regions exhibit the highest neuronal densities of CR positive 

neurons whilst the dorsolateral regions showed lower neuronal densities. Hence, an increasing trend 

of neuronal densities can be observed from representative images taken from each sub-region. In 

addition to the differential cellular distribution, the neuropil staining also followed a similar pattern 

in which the dorsolateral regions exhibit lighter CR IR compared to the ventromedial regions 

(Figure 4.10).   

At the cellular level, neurons of the STN exhibit high levels of CR immunoreactivity in the 

perikarya and thin proximal processes. In general, CR positive cells can either be multipolar with 2-

3 protruding neuronal process or bipolar with 2 distinct processes extending from opposite poles of 

the soma (Figure 4.10). Not every CR positive cell exhibits neuronal processes; some CR positive 

somas were lightly labelled with no proximal processes observed. Secondary neuronal process 

bifurcations can be seen in a few densely labelled neurons. In contrast, the neuropil showed a lighter 

staining intensity for CR compared to the perikarya. The general neuropil labelling are specific, 

depicting sharp, clear neuronal processes through the entire nucleus. However, the overall neuropil 

intensity increases drastically from the dorsolateral to ventromedial axis whereas neuronal IR 

appears to remain constant throughout the 4 sub-regions. Small punctate structures were also 

detected throughout all sub-regions of the STN. 
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Figure 4.8: Macrographs showing IR of the calcium-binding protein Calretinin (CR) at the rostral (A), middle (B) and caudal (C) levels in 
normal human STN. 
In all 3 levels, the STN showed moderate IR for CR along the dorsolateral to ventromedial axis. A slightly higher IR in the ventromedial regions was observed 
compared to the dorsolateral in the middle and caudal STN. The rostral STN however, showed higher IR compared to the other 2 levels albeit similar changes in CR 
staining intensity can still be observed from the dorsolateral to ventromedial axis. Clear CR positive neurons can be depicted within the STN at all levels and tends to 
reside in the ventromedial regions. DL: Dorsolateral, VM: Ventromedial 

Calretinin
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Figure 4.9: Macrograph of a CR stained normal human STN section at the middle level. 
The four pre-defined sub-regions were used to show cellular changes of CR positive neurons from 
the dorsolateral to ventromedial axis in Figure 4.10, A-D. Representative images were taken from 
each sub-region similar to that of the Nissl and PV stained sections.  

  

Calretinin 



90 
 

 

Figure 4.10 

  

Calretinin



91 
 

Figure 4.10: High microscopy images showing cellular distribution of CR positive neurons 
from the dorsolateral to ventromedial axis and cellular morphology of CR positive neurons in 
normal human STN. 

A-D: High power microscopy images taken in DL1 (A), DL2 (B), VM1 (C) and VM2 (D) sub-
regions. Intensely labelled CR cell bodies can be detected in each respective sub-region. Density of 
CR positive neurons can be observed to increase gradually from DL1 to VM2 sub-regions. Several 
light to moderately stained neurons can be detected in DL1, whilst an increasing number of more 
darkly stained CR positive neurons were observed in DL2 and VM1. In the ventromedial extremity, 
the VM2 sub-region, almost all CR positive neurons showed moderate to dark CR IR. The neuropil 
staining intensity also increased gradually from DL1 to VM2.  

E-G: High microscopy images showing general morphology of CR positive neurons in normal 
human STN. The CR positive neurons are mostly multipolar (arrows, E & G), with 3-4 proximal 
processes or are oval in shape. Spindle-shaped bipolar CR positive neurons can also be detected 
throughout the coronal sub-regions (F). Thin CR positive processes can also be detected in 
surrounding neuropil with small punctate structures scattered amongst the fibres (arrowheads, E). 
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4.3.5. No	calbindin	expression	was	found	in	neurologically	normal	human	STN	

No significant IR of the calcium binding protein calbindin was detected in sections of normal 

human STN (data not shown).  

4.3.6. Regional	and	cellular	organisation	of	non‐phosphorylated	neurofilament	protein	

(SMI32)	in	neurologically	normal	human	STN		

A very light IR for the structural protein SMI32 was detected across all 3 levels of the STN (Figure 

4.11). Macroscopically, all 3 levels of the STN exhibit similar IR for the antibody and no distinct 

staining gradient was detected across the 4 sub-regions from the dorsolateral to ventromedial axis. 

In comparison to the STN, the adjacent white matter fibre bundles of the internal capsule seemed to 

exhibit higher IR for SMI32.  

Unlike the calcium-binding proteins, no apparent changes in cellular distribution were detected 

across each of the respective sub-regions. The neuronal densities of SMI32 positive neurons seemed 

to remain constant from DL1 to VM2. Very light neuropil SMI32 IR were detected in all sub-

regions and mainly consist of protruding processes from SMI32 positive neurons (Figure 4.13).  

At the cellular level, the STN exhibits very high IR for SMI32 in the perikarya and proximal 

processes. Almost every cell positive for SMI32 showed 2-4 protruding dendrites that can be 

tracked as long as ~500um (Figure 4.13). Secondary and tertiary bifurcations were often observed 

from these extensions. In contrast, the neuropil showed very little IR for SMI32 throughout the 

entire STN. No specific structures were depicted in the neuropil.  
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Figure 4.11: Macrographs showing IR of the structural protein SMI32 in the rostral (A), middle (B) and caudal (C) normal human STN. 
In all 3 levels, the STN showed light IR to SMI32 across the dorsolateral to ventromedial axis. No change in intensity of SMI32 IR was observed in all 
3 levels and remained relatively constant through the entire nucleus. SMI32 positive neurons can be detected within the boundaries of the nucleus. DL: 
Dorsolateral, VM: Ventromedial 

SMI32
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Figure 4.12: Macrograph of a SMI32 stained normal human STN section at the middle level.  
The four pre-defined sub-regions were used to show cellular changes of SMI32 positive neurons 
from the dorsolateral to ventromedial axis in Figure 4.13, A-D. Representative images were taken 
from each sub-region similar to that of the Nissl, PV and CR stained sections.   

SMI32
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Figure 4.13 

  

SMI32
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Figure 4.13: High power microscopy images showing cellular organisation of SMI32 positive 
neurons in each of the pre-defined sub-regions and SMI32 positive neuron morphology in 
normal human STN. 

A-D: High microscopy images taken in DL1 (A), DL2 (B), VM1 (C) and VM2 (D) sub-regions. In 
general all sub-regions showed light IR for SMI32. The IR detected in the perikarya was higher 
than that of the neuropil, which show no specific cellular structures. The neuronal densities in each 
of the 4 sub-regions remained fairly constant, although a slight higher density can be detected in 
DL2 and VM1 compared to the other 2 sub-regions.  

E-G: High microscopy images showing morphology of SMI32 positive STN neurons. Most of the 
SMI32 positive neurons are multipolar with approximately 4-6 cellular processes protruding from 
the perikaryon (E and G). Secondary and tertiary bifurcations can be detected in several SMI32 
positive neurons (F). These neuronal processes can be traced up to approx. 500 µm or longer. In 
general the stain is very cell specific with minimal neuropil IR observed.  
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4.3.7. Detection	of	GAD	positive	interneurons	in	neurologically	normal	human	STN	

Normal STN sections stained for GAD64/67 showed light IR through the entire nucleus. Regional 

changes in staining intensities were not observed for GAD stained sections. Light puncta staining 

was observed in the neuropil through the entire nucleus from the dorsolateral to ventromedial axis. 

Scattered amongst the puncta neuropil staining were a few darkly stained neurons. These neurons 

are small and multipolar, with 3-4 short processes protruding from the soma (Figure 4.14). No 

secondary or tertiary bifurcations were observed.  

Neurochemical 
marker 

Rostral Middle Caudal Perikarya Neuropil 

Parvalbumin ++++ ++++ +++ ++++ ++++ 

Calretinin +++ ++ ++ +++ + 

Calbindin 0 0 0 0 0 

SMI32 + + + ++ 0 

GAD64/67 + + + +++ + 

Table 4.1: A summary of relative staining intensities for neurochemical markers in the 
normal human STN. 
An intensity score is given to each neurochemical marker used to stain the STN. The intensity score 
is made qualitatively based on comparison with surrounding basal ganglia structures. 0 = no 
staining, + = light staining, ++ = moderate staining, +++ = strong staining and ++++ = very strong 
staining. 
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Figure 4.14: High power microscopy images showing GAD positive neurons within the normal 
human STN. 
Small GAD positive neurons can be depicted in low densities across the dorsolateral (A) and 
ventromedial (B) regions. GAD positive neurons typically contain 2-3 proximal processes (C-D) 
and are oval in shape. Faintly labelled GAD positive processes can be detected in the neuropil (C, 
black box) along with faintly labelled punctate structures scattered through the neuropil. 

 

  

GAD65/67 
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4.3.8. Neurochemical	organisation	within	neurologically	normal	human	STN	

Triple labelled fluorescence sections of the normal human STN showed that the structure comprised 

of several neurochemically distinct populations of neuron. Brightly labelled cell bodies of PV, CR 

and SMI32 neurons can be clearly detected in the triple labelled STN sections (Figure 4.15, 4.16 & 

4.17). The intensity and distribution of these respective neuronal populations closely correlate with 

the adjacent immunoperoxidase stained sections. Merging all 3 fluorescence channels revealed 4 

new neurochemically distinct populations; the PV/CR co-labelled neurons, the PV/SMI32 co-

labelled neurons, the CR/SMI32 co-labelled neurons and PV/CR/SMI32 triple labelled neurons 

(Figure 4.15, 4.16 & 4.17).  

The neurochemical organisation varied across the dorsolateral to ventromedial sub-regions. The 

dorsolateral extremity (DL1) of the STN showed a mixture of several types of neurochemically 

distinct neuron (Figure 4.15). Here, numerous triple and double labelled neurons can be found, 

along with a small population of single labelled PV and CR neurons. Moving into the middle 

portion (DL2 & VM1), the number of triple labelled neurons increased drastically (Figure 4.16) 

with nearly every neuron expressing all 3 markers. The small numbers of double and single labelled 

neurons scattered amongst the vast triple labelled population. Towards the ventromedial extremity 

(VM2), neuronal expression of PV decreased whilst that of CR increased considerably. This lead to 

gradual decreased numbers of triple labelled neurons and increased numbers of single labelled CR 

and CR/SMI32 labelled neurons (Figure 4.17). Overall, the numbers of single labelled PV and 

SMI32 neurons are low across the STN and showed a high degree of co-localisation with each other 

or CR. Therefore the dorsolateral extremity, although exhibiting the highest level of neuronal PV 

expression, showed a mixture of double and triple-labelled neurons. The expression of CR however, 

was very prominent in the ventromedial extremity with the majority of neurons expressing only CR 

or co-labelled with SMI32. Only a few single labelled PV neurons reside in the ventromedial sub-

regions.  

In total, 7 neurochemically distinct neuronal populations were detected in the STN (Figure 4.18). 

Manual counting of each population revealed that largest triple (PV/CR/SMI32) labelled neuronal 

population comprised around a quarter of total labelled STN neurons. This large population pertain 

to the triple labelled neurons residing within the middle portion of the STN. The next largest 

neuronal populations detected were the double-labelled CR/SMI32 and single-labelled CR neurons, 

both comprising around 20% of the total labelled neuronal population. These 2 populations 

primarily represent neurons residing in the ventromedial extremities. The remaining 4 smaller 
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neuronal populations comprised the double labelled PV/CR neurons, the PV/SMI32, and the single 

labelled PV and SMI32 positive STN neurons, which resided mainly in the dorsolateral extremity as 

well as scattered across the nucleus (See Figure 4.18 for percentages).  

The degrees of co-localisation between each neurochemical marker were also investigated in the 

normal human STN. Across the entire STN, the PV positive neuronal population showed a very 

high degree of co-localisation with both CR and SMI32. Overall the PV neurons showed 

approximately 70% co-localisation with CR and SMI32 (Table 4.2). Concurrently, the CR neurons 

also showed very high degree of co-localisation with SMI32 (approximately 70%), but a low degree 

of co-localisation with PV (approximately 40%). Finally, the SMI32 neurons showed very high 

degrees of co-localisation with CR and around 40% co-localisation with PV. Hence, numerous 

single-labelled CR and SMI32 neurons can be detected in triple labelled sections, especially within 

the ventromedial sub-regions, whilst single-labelled PV neurons were only occasionally detected in 

dorsolateral sub-regions (Table 4.2). 

In summary, the normal STN showed a complex neurochemical organisation comprising a variety 

of single, double and triple labelled neurons. The triple labelled neurons comprised the largest 

neurochemically distinct population, followed by the CR positive and CR/SMI32 double labelled 

neuronal groups (Figure 4.18 and 4.19). The remaining 4 neuronal groups, the single-labelled PV, 

SMI32, double labelled PV/SMI32 and PV/CR neurons comprised the smaller neurochemically 

distinct populations. The dorsolateral regions showed a more complex neurochemistry with heavy 

representation of several neurochemically distinct neuronal populations. The ventromedial regions 

on the other hand, comprised primarily of CR/SMI32 doubled labelled and CR single labelled 

neurons. The triple labelled neurons primarily occupied DL2 and VM1 sub-regions and represent 

one of the largest neuronal populations within the human STN. 
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Figure 4.15: High power fluorescence microscopy image showing the neurochemical 
organisation within the dorsolateral (DL1) sub-region in normal human STN. 

Numerous PV (A), SMI32 (B) and CR (C) positive neurons were detected in the dorsolateral 
portion of the normal human STN. Several neurochemically distinct population of neurons were 
detected in this region including triple labelled neurons (white arrows), CR/PV double-labelled 
neurons (yellow arrows) as well as single labelled CR (orange arrow) and PV (pink arrow) neurons 
(D). 
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Figure 4.16: High power fluorescence microscopy image showing the neurochemical 
organisation within the middle (DL2 & VM1) sub-regions in normal human STN. 

Like the dorsolateral sub-region, the middle portion of the STN showed expression of numerous PV 
(A), SMI32 (B) and CR (C) neurons. Merging all 3 fluorescent channels showed a high degree of 
co-localisation between the 3 neurochemical markers and that the middle STN are predominantly 
occupied by triple labelled neurons (white arrows, D). Occasional double labelled neurons (PV/CR 
in this case, yellow arrow, D) can be detected. 
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Figure 4.17: High power fluorescence microscopy image showing the neurochemical 
organisation within ventromedial (VM2) sub-region in normal human STN.  

The ventromedial portion of the STN showed numerous CR (C) and SMI32 (B) positive neurons, 
but very few PV (A) positive neurons were detected. Single-labelled CR positive (orange arrows) 
neurons pre-dominate this sub-region and showed high co-expression with SMI-32 (green arrow) 
positive neurons.  
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Figure 4.18: Pie graph showing proportion of each distinct neuronal population detected in 
normal human STN. 

In total 7 distinct populations of neurons were detected in the human STN based on the 3 neuronal 
markers. The largest population is the triple labelled neurons consisting 25.24 ± 1.84% of total 
labelled STN neurons. The second largest population detected within the STN are the single-
labelled CR neurons consisting 21.21 ± 2.03% of total STN neurons and the double-labelled 
CR/SMI32 neurons at 21.19 ± 1.90% of total STN neurons. The remaining 4 populations make up 
the remaining quarter of STN neurons. The double labelled PV/CR neurons comprised 7.70 ± 
1.01% of total STN neurons. The double labelled PV/SMI32 neurons comprised 7.68 ± 1.22% of 
total STN neurons. Finally, the remaining single-labelled PV and SMI32 neurons comprised 7.61 ± 
1.81% and 9.37 ± 1.10%, respectively of total STN neurons. 
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Table 4.2: Total counts of the 7 neurochemically distinct populations detected within the normal human STN. 
The percentage of co-expression between each neurochemical marker (either PV, VR or SMI32) and the other two were calculated. ros, rostral; mid, 
middle; cau, caudal; PV, parvalbumin; CR, calretinin; SMI32, marker of non-phosphorylated neurofilament protein.  

 

Case & level 
SMI32

+ 
PV+ 

CR
+ 

PV/CR
+ 

PV/SMI32
+ 

CR/SMI3
2+ 

tripl
e 

PV+ co-
labelled 
with CR 

(%) 

PV+ co-
labelled 

with SMI32 
(%) 

CR+ co-
labelled 
with PV 

(%) 

CR+ co-
labelled 

with 
SMI32 (%) 

SMI32+ co-
labelled 
with PV 

(%) 

SMI32+ co-
labelled 
with CR 

(%) 
H204 (ros) 528 246 677 176 173 433 156  72% 70% 26% 64% 33% 82% 

H277 (ros) 425 215 385 153 123 326 135  71% 57% 40% 85% 29% 77% 

H202 (ros) 632 286 586 215 215 456 231  75% 75% 37% 78% 34% 72% 

H198 (ros) 354 153 465 105 135 321 135  69% 88% 23% 69% 38% 91% 

Average (ros)   72% 73% 32% 74% 34% 81% 

H229 (mid) 360 243 403 223 198 232 145  92% 81% 55% 58% 55% 64% 

H204 (mid) 455 325 609 250 210 359 184  77% 65% 41% 59% 46% 79% 

H202 (mid) 686 472 809 425 368 543 400  90% 78% 53% 67% 54% 79% 

H277 (mid) 583 386 470 259 353 382 251  67% 91% 55% 81% 61% 66% 

H198 (mid) 508 355 709 294 273 439 241  83% 77% 41% 62% 54% 86% 
Average 

(mid)         82% 78% 49% 65% 54% 75% 

H277 (cau) 396 254 386 156 143 286 135  61% 56% 40% 74% 36% 72% 

H202 (cau) 623 352 536 231 223 452 235  66% 63% 43% 84% 36% 73% 

H198 (cau) 356 198 352 126 123 265 98  64% 62% 36% 75% 35% 74% 

H204 (cau) 387 229 366 134 135 277 120  59% 59% 37% 76% 35% 72% 

Average (cau)   63% 60% 39% 77% 36% 73% 
Average 

Total         73% 71% 41% 72% 42% 76% 
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Figure 4.19: Venn diagram representation of neurochemical organisation within normal 
human STN.  

(a schematic representation of Figure 4.18) 

A large degree of co-localisation between the calcium binding proteins and the non-phosphorylated 
neurofilament was detected. The triple labelled neurons comprised the largest neuronal population 
within the nucleus. Contrastingly, the single-labelled neurons comprised the smaller neuronal 
populations, with the exception of CR positive neurons. The largest population of double-labelled 
neurons are the CR/SMI32 neurons whilst the other 2 double labelled populations comprised the 
same proportion of total labelled STN neurons as the PV and SMI32 single-labelled neurons. Red = 
CR positive neurons, Green = PV positive neurons, Blue = SMI32 positive neurons. 
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4.3.9. Cellular	distribution	of	total	labelled,	Parvalbumin,	Calretinin	and	SMI32	positive	

neurons	in	the	coronal	plane	of	normal	human	STN	sections	

Analysis of peroxidase immunohistochemical STN sections showed zonation of PV and CR 

staining across the dorsolateral to ventromedial sub-regions in the coronal plan and no change in 

intensity of SMI32 stained section. Manual cell count in triple labelled sections was used to 

quantify localisations of total labelled, PV, CR and SMI32 neurons in each of the pre-defined sub-

regions. The total number of labelled STN neurons was counted from the dorsolateral to 

ventromedial sub-regions across all 3 levels of STN sampled. The total labelled neuron densities 

across each of the sub-regions showed an increasing pattern from DL1 to VM1. However, a slight 

reduction in the total labelled neuron density was measured in VM2. Similar localisation patterns 

were observed for all 3 levels of STN sampled (see Figure4.20 and Table 4.3 for respective 

densities).  

Distribution of PV positive neurons showed a dense representation in the dorsolateral portion of the 

nucleus and close to no expression in the ventromedial extremities. Counting of PV positive 

neurons across each of the predefined sub-regions revealed decreasing PV positive neuronal 

densities from the dorsolateral to ventromedial sub-regions. An increase in PV positive neuronal 

density was measured from DL1 to DL2, where the highest number of the PV positive neurons was 

detected per µm2. From DL2, the PV neuronal density slightly decreased in VM1 and continued to 

decrease until reaching the lowest Limit in VM2, where virtually no PV positive cell bodies can be 

detected. Similar patterns of PV positive neuron distribution were detected in all 3 levels of STN 

sampled (see Figure 4.21 and Table 4.3 for respective densities).  

Distribution of CR positive neurons showed opposing distribution to that of PV positive neurons 

with the highest neuronal representation found within the ventromedial sub-regions of the STN. A 

clear, gradual increasing trend of CR positive neuron density was measured across the 4 pre-defined 

sub-regions in dorsolateral to ventromedial axis. The highest CR positive neuronal density were 

detected in the VM sub-regions, whilst considerably lower densities were detected in the DL sub-

regions (see Figure 4.22 and Table 4.3 for respective densities). 

As opposed to the calcium-binding proteins, the SMI32 neurons showed no zonation of IR in the 

coronal plane in all 3 levels sampled. Hence, neuronal distribution of SMI32 positive neurons 

showed similar patterns to that of total labelled STN neurons. A slight increasing trend in densities 

of SMI32 positive neurons were measured from the DL1 to VM1 sub-regions, where most of the 
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SMI32 positive neurons reside. However, traversing into the VM2 sub-region, a slight decrease in 

the respective neuronal density was measured. Similar patterns of distribution were measured for all 

3 levels of STN sampled (see Figure 4.23 and Table 4.3 for respective densities). 

 

Figure 4.20: Graph showing neuronal densities of the total STN neurons labelled for PV, CR 
or SMI32 from the dorsolateral to ventromedial axis at rostral, middle and caudal levels in 
normal human STN. 

Manual cell counting revealed a trend of increasing neuronal densities from DL1 to VM2 in all 3 
levels sampled. Ventromedial region 1 was measured to have the highest neuronal density whilst 
DL1 had the lowest neuronal density. All 3 levels of STN sampled followed the same pattern of 
increasing neuronal densities in the coronal plane with the exception of the caudal STN where no 
difference in neuronal density was detected between VM1 and VM2. The respective cell densities 
from DL1 to VM22 in the rostral STN was found to be 40.71 ± 3.54, 52.37 ± 1.95, 70.22 ± 6.75 and 
64.47 ± 5.80 neurons per mm2. The middle STN have respective values of 39.04 ± 2.56, 48.78 ± 
1.88, 58.74 ± 2.55 and 52.06 ± 2.40 neurons per mm2. Finally the caudal STN have respective 
density values of 47.40 ± 7.73, 56.29 ± 2.60, 71.49 ± 2.54 and 72.22 ± 10.98 neurons per mm2. 
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Figure 4.21: Graph showing PV positive neuron densities from the dorsolateral to 
ventromedial axis in the rostral, middle and caudal in the normal human STN. 

Cell counting analysis revealed that the human STN showed differential distribution of PV positive 
neurons across the entire nucleus. In all 3 levels sampled, the DL2 sub-region showed the highest 
neuronal density for PV positive neurons and VM2 showed the lowest.  In general, neuronal 
densities of PV positive neurons increased to a peak from DL1 to DL2, the number of neurons per 
area then decreased slightly in VM1 and finally tappers off drastically in VM2. Similar trends were 
observed for all 3 levels of STN sampled.  

The respective PV neuron densities found in each of the pre-defined sub-regions are as followed. In 
the rostral STN, the PV neuron densities were found to be 25.35 ± 2.66, 35.55 ± 3.83. 29.73 ± 2.66 
and 12.24 ± 4.23 neurons per mm2 from DL1 to VM2. In the middle STN, the PV neuron densities 
were found to be 27.63 ± 3.96, 32.27 ± 1.97, 25.52 ± 3.30 and 11.12 ± 4.80 neurons per mm2. In the 
caudal STN, the respective PV positive neuronal densities were found to be 24.87 ± 3.80, 36.97 ± 
3.05, 34.55 ± 2.11 and 17.72 ± 3.40. 
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Figure 4.22: Graph showing CR positive neuron densities from the dorsolateral to 
ventromedial axis in the rostral, middle and caudal STN.  

Cell counting showed that the human STN showed increasing density of CR positive neurons from 
the dorsolateral to ventromedial axis. In general, the dorsolateral regions showed the lowest CR 
neuron densities whilst the ventromedial regions showed the highest. The same pattern was 
observed from all 3 levels of the STN sampled.  

The respective densities of CR positive neurons in each of the pre-defined sub-regions are as 
follows. In the rostral STN, the respective CR positive neuron densities were measured to be 33.98 
± 2.87, 41.53 ± 3.47, 63.19 ± 6.16 and 61.50 ± 4.94 neurons per mm2 in each of the 4 sub-regions. 
In the middle STN, the respective CR positive neuron densities were 28.74 ± 2.91, 34.97 ± 2.33, 
43.22 ± 2.71 and 46.05 ± 1.40 neurons per mm2. In the rostral STN, the respective CR positive 
neuron densities were 38.88 ± 5.74, 40.03 ± 3.28, 60.13 ± 1.43 and 58.11 ± 5.98 neurons per mm2.  
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Figure 4.23: Graph showing SMI32 positive neuron densities from the dorsolateral to 
ventromedial axis in the rostral, middle and caudal STN.  

Cell counting analysis showed that SMI32 positive neurons showed the highest neuronal densities 
in VM1 regions compared to the other 3 sub-regions. The general pattern is the same across all 3 
levels of STN sampled. 

The respective SMI32 positive neuronal densities in each of the 4 sub-regions detected across all 3 
levels of the STN are as follows. In the rostral STN, the respective densities was found to be 32.38 
± 3.22, 40.87 ± 4.86, 56.76 ± 2.29 and 40.93 ± 3.79 neurons per mm2. In the middle STN, the 
respective densities found was 30.63 ± 2.84, 37.16 ± 1.56, 41.11 ± 3.95 and 27.54 ± 4.60 neurons 
per mm2. In the caudal STN, the respective densities found was 37.36 ± 5.54, 33.58 ± 2.52, 50.31 ± 
2.57 and 45.71 ± 2.62 neurons per mm2. 
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Table 4.3: Average densities of total labelled neurons, PV positive neurons, CR positive 
neurons and SMI32 positive neurons in each of the pre-defined sub-regions in all 3 levels of 
the STN sampled. 

 
DL1 

(neurons/µm2) 
DL2 

(neurons/µm2) 
VM1 

(neurons/µm2) 
VM2 

(neurons/µm2) 

Total Labelled Neurons 

rostral  40.71 ± 3.54  52.37 ± 1.95  70.22 ± 6.75  64.47 ± 5.80 

middle  39.04 ± 2.56  48.78 ± 1.88  58.74 ± 2.55  52.06 ± 2.40 

caudal  47.40 ± 7.73  56.29 ± 2.60  71.49 ± 2.54  72.22 ± 10.98 

PV Positive Neurons 

rostral  25.35 ± 2.66  35.55 ± 3.83  29.73 ± 2.66  12.24 ± 4.23 

middle  27.63 ± 3.96  32.27 ± 1.97  25.52 ± 3.30  11.12 ± 4.80 

caudal  24.87 ± 3.80  36.97 ± 3.05  34.55 ± 2.11  17.72 ± 3.40 

CR Positive Neurons 

rostral  33.98 ± 2.87  41.53 ± 3.47  63.19 ± 6.16  61.50 ± 4.94 

middle  28.74 ± 2.91  34.97 ± 2.33  43.22 ± 2.71  46.05 ± 1.40 

caudal  38.88 ± 5.74  40.03 ± 3.28  60.13 ± 1.43  58.11 ± 5.98 

SMI32 Positive Neurons 

rostral  32.38 ± 3.22  40.87 ± 4.86  56.76 ± 2.29  40.93 ± 3.79 

middle  30.63 ± 2.84  37.16 ± 1.56  41.11 ± 3.95  27.54 ± 4.60 

caudal  37.36 ± 5.54  33.58 ± 2.52  50.31 ± 2.57  45.71 ± 2.62 
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4.4. Discussion	

4.4.1. Summary	of	results	

This chapter characterised the sub-regional distribution of PV, CR, SMI32 and total labelled STN 

neurons in the dorsolateral to ventromedial axis across 3 levels of the human STN. Furthermore, 

this is the first study to quantify the degree of co-localisation between calcium-binding proteins and 

intermediate neurofilaments, elucidating the previously unappreciated neurochemical heterogeneity 

in the human STN. In summary, the calcium-binding proteins showed contrasting sub-regional 

distribution between the dorsolateral and ventromedial regions. Cellular distribution of PV and CR 

immunoreactive neurons closely followed the differential regional immunoreactivity (IR) of the 2 

markers. The non-phosphorylated neurofilament (SMI32) protein has high IR in the vast majority of 

STN neurons but minimal IR detected within the neuropil. Cellular distribution of SMI32 positive 

neurons showed the highest neuronal densities in the ventromedial sub-regions, especially VM1, for 

all 3 levels of STN sampled. This closely followed the pattern of distribution observed for the total 

neuronal population labelled with any of the 3 neurochemical markers. Other qualitative 

observations include the detection of GAD positive interneurons and no IR of the calcium-binding 

protein calbindin (CB). 

The major findings of this study are the demonstration of complex neurochemical heterogeneity 

within neuronal populations of the human STN. In total, 7 populations of neurons were 

distinguished via distinct neurochemical phenotypes. The 7 populations include the previously 

known single-labelled PV, CR and SMI32 and PV/CR double-labelled neurons; along with the 

newly discovered double labelled PV/SMI32, CR/SMI32 and the triple labelled neurons from the 3 

neurochemical markers. Surprisingly, out of all STN neurons detected via the neurochemical 

markers used, around a quarter comprised of triple-labelled neurons. This made the triple-labelled 

neurons one of the biggest neuronal population depicted in the STN whist the single-labelled PV, 

SMI32 and double-labelled PV/SMI32 and PV/CR neuronal population all comprised only around a 

tenth of total labelled neurons. Lastly, the single-labelled CR positive neurons and double-labelled 

CR/SMI32 neurons both made up around a quarter of total neurons labelled. Qualitatively, the 

CR/SMI32 and CR neuronal populations primarily reside in the ventromedial regions of the nucleus 

whilst all the other populations detected were represented in the dorsolateral regions.  
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4.4.2. 	Comparison	to	previous	human	STN	anatomical	studies	

In general our data are in good agreement with previous anatomical studies of the STN. The entire 

nucleus was seemingly homogenous in terms of neuronal morphology and cell size with a gradual 

increase in neuronal density from the dorsolateral to ventromedial sub-regions. The neurochemical 

staining of both calcium-binding proteins and non-phosphorylated neurofilament showed 

concordance with previous studies. However, a few subtle differences prevail in our data. 

According to Morel et al (2002), the medial tip of the STN is completely devoid of PV positive 

neurons whilst CR neurons prevail in this sub-region. Leveque and Parent (2005) also found CR 

positive neurons to be located in the medial part of the nucleus, delineated from the dorsolaterally 

located PV positive neurons. These observations differed slightly from our observations in that 

although the medial tip, or the VM2 sub-region, showed limited expression of PV, neurons 

immunolabelled with PV were still detected in low densities. Similarly, low numbers of 

immunopositive CR neurons could still be detected in the dorsolateral extremities. The spreading 

pattern of both neuronal populations in opposing directions from the 2 respective poles observed in 

our data most closely resembled the distribution described by Augood et al (1999). However, 

instead of a dorsolateral PV and ventromedial CR representation, the Augood study (1999) 

described more of a dorsal to ventral opposing neuronal zonation.  

In terms of cellular and neuropil staining patterns, our results reported here closely followed those 

previously described for the calcium-binding proteins in both intensity and neuronal morphology. 

One interesting observation which slightly differed from previous studies is that staining of PV 

within human STN always showed very high IR across the entire nucleus in previous publications 

(Augood et al., 1999, Morel et al., 2002). Our results however, depicted a gradient of decreasing 

intensity from the dorsolateral to ventromedial axis that correlated closely with the decreasing 

densities of PV positive neurons. Morel et al (2002) was the only study that investigated SMI32 

staining in the human STN. The SMI32 antibody was reported to stain STN neurons in a Golgi-like 

fashion, revealing extensive morphology of the dendritic network. Staining patterns of SMI32 was 

reported to show moderate IR across the entire nucleus with no regional changes in staining 

intensities. These observations closely resembled the SMI32 staining reported in this study.  

Furthermore, the GAD positive interneurons detected and the respective staining patterns concord 

with those reported from Leveque and Parent (2005). The absence of CB IR within the human STN 

also agreed with all previous anatomical studies. 
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4.4.3. Relationship	between	PV	and	CR	positive	STN	neurons	

The relationship between PV and CR positive neurons and the degree of co-localisation had only 

been investigated by one study to date (Augood et al., 1999). Unlike the cortex where minimal 

overlap exist between the subpopulations of interneurons positive for PV, CB or CR, the STN 

showed a substantial degree of co-localisation of the PV and CR positive neurons. Overall, Augood 

and colleagues (1999) detected an average of 18% double-labelled PV/CR neurons out of all 

immunolabelled STN neurons. Approximately half of total labelled PV neurons co-labelled with 

CR and one third of total CR neurons co-labelled with PV. Our results also showed a high degree of 

overlap between PV and CR, however, a higher degree of co-localisation was observed. This higher 

degree of co-localisation resulted mainly from the higher proportion of PV positive neurons that co-

localised with CR positive neurons. Around 2 thirds of PV positive neurons were shown to co-

localise with CR in our study compared to only a half detected in the Augood study (1999). This 

resulted in a higher proportion of PV/CR double labelled neurons detected. A reason for this higher 

degree of co-localisation could be due to the increased sensitivity of respective antibodies 

developed throughout the years, making detection of immunopositive neurons easier to accomplish.  

4.4.4. 	Relationship	 between	 the	 calcium‐binding	 proteins	 and	 non‐phosphorylated	

neurofilament	

To date, no study investigated the co-localisation relationship between calcium-binding proteins and 

neurofilaments in the human STN. Since the neurofilaments comprise the fundamental cytoskeleton 

of neurons, we would hypothesize that the entire STN neuronal population to be labelled with this 

antibody, including all of the single and double-labelled CR and PV positive neurons. However, the 

results indicated that not all neurons expressing calcium-binding proteins co-express with SMI32. 

Therefore it can be concluded that non-phosphorylated neurofilaments detect a subpopulation of 

STN principle neurons, in a similar fashion to the neocortex where SMI32 labelled a certain 

subpopulation of pyramidal neurons (Campbell and Morrison, 1989, Hayes and Lewis, 1992). A 

high degree of co-localisation was detected between SMI32 positive neurons with both PV and CR. 

Comparatively, the degree of co-localisation was higher between SMI32 and CR positive neurons, 

where around two thirds of neurons from each respective population co-localised. The double-

labelled SMI32/CR neurons mainly reside in the ventromedial portion of the nucleus. On the other 

hand, around half of PV positive neurons co-localised with SMI32 positive neurons. The high 

degree of co-localisation with both neuronal populations hence implied the importance of this 

neurofilament in acting as fundamental cytostructure to support functioning STN neurons. There 



116 
 

was only one study to date that investigated the relationship between the expression of non-

phosphorylated neurofilaments and calcium-binding proteins in the central nervous system. The 

distribution of cortical SMI32 positive subpopulation of pyramidal neurons were investigated in a 

1992 study with the expression of the CB positive cortical interneurons (Hayes and Lewis, 1992). 

Overall, the degree of co-expression between the 2 neurochemical markers was very low in all 

cortical layers with the exception of area 20 in layer 3 where approx. 30% of co-localisation was 

detected. This was not surprising as cortical neurons are more functionally distinct to allow specific 

targeting of various brain regions. In comparison, the STN is a relatively small structure compared 

to the cortex which means every STN neuron is required to simultaneously process incoming 

neuronal signals from a vast array of brain regions (Parent and Hazrati, 1995b). This may have 

resulted in the more complex neurochemistry observed.  

4.4.5. 	Neurochemical	organisation	within	the	STN	and	functional	diversity	

Results from this study detected a rather complex neurochemical organisation amongst neurons of 

the human STN. Out of the 3 fundamental neuronal populations detected, the PV population 

showed the greatest degree of co-localisation with CR and SMI32. The CR and SMI32 population 

on the other hand showed very high co-localisation with each other and slight lower co-localisation 

with PV. The calcium-binding proteins had been shown to predominately label GABAergic 

interneurons in other brain regions studied, including the caudate, neocortex and hippocampus 

(Baimbridge et al., 1992, Andressen et al., 1993). The detection of the heavy representation of PV 

and CR in principle projecting STN neurons that utilise glutamate as their prime neurotransmitter 

had puzzled investigators in the field. However, PV expression was previously characterised to be 

expressed in fast-firing GABA interneurons within the hippocampus, striatum and the neocotex 

with similar electrophysiology properties measured within STN neurons (Kawaguchi et al., 1987, 

Braun et al., 1991, Kawaguchi, 1993). Therefore the heavy representation of this protein could be 

mandatory for normal STN neuron physiology. The function of CR was less well investigated and 

to date the exact role this protein remains to be elucidated. However, unlike PV, the presence of this 

protein did not show obvious correlation with neuronal physiology and have been found to be 

expressed in a wide variety of neurons both excitatory and inhibitory, fast and slow responding 

(Baimbridge et al., 1992). Therefore, CR may merely play a modulatory role in the STN neurons 

which are not essential for basic neuronal properties.  

The more complex neurochemical representation found in the dorsolateral portion compared to the 

ventromedial reflects the functional complexity within the dorsolateral sub-regions of the STN. 
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Previous tracing studies have elucidated extensive connectivity of the dorsolateral STN regions to 

motor related functional regions of other basal ganglia nuclei (Alkemade et al., 2015). Cortical to 

STN projections also predominately terminate in the dorsolateral portions. Therefore the complex 

neurochemistry may reflect a more diverse functionality within the dorsolateral STN.  

Hence, a few ramifications could be inferred from the neurochemical organisation observed in this 

study. The first of which concludes that the calcium-binding protein PV are vital to the functionality 

of motor related STN neurons in order to facilitate basal ganglia output signals to the cortex. The 

non-phosphorylated neurofilaments are the fundamental cytoskeletal structure found in the majority 

of STN neurons to maintain normal physiological and have an even representation throughout the 

nucleus. Finally, expression of CR was not essential in neurons of the motor STN but may play a 

supporting role in the limbic/associative sub-regions. 
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Chapter	5. Expression	 of	 GABAergic,	 Glutamatergic	 and	

Dopaminergic	 receptors	 in	 the	 normal	 human	 subthalamic	

nucleus	

5.1. Introduction		

The subthalamic nucleus (STN) plays a pivotal role in the basal ganglia network. It is the only 

glutamatergic structure that provides excitatory afferents to the output nuclei of the basal ganglia 

(Alexander and Crutcher, 1990). Therefore it is a key component of the basal ganglia involved in 

the control of movement. According to the classic model of the basal ganglia organisation, it was 

hypothesized that dysfunction in the GABAergic GPe-STN connection underlies the major 

pathophysiology in movement disorders such as Parkinson’s or Huntington’s disease (Albin et al., 

1989, DeLong, 1990). However, increasing functional evidence points toward the fact that a sole 

change in GABAergic neurotransmission in the STN is not the only factor contributing to the 

activity changes seen in patients and animal studies of PD and HD (change ref) (Chesselet and 

Delfs, 1996, Hashimoto et al., 2003, Tang et al., 2005). Furthermore, in addition to an increasing 

firing rate, a change in pattern of firing as well as altered bursting of STN neurons has been found 

in  Parkinson’s disease patients and animal models (Benazzouz et al., 2002, Galvan and Wichmann, 

2008, Weinberger et al., 2009, Zaidel et al., 2009). These data hence point towards a more complex 

extrinsic control of normal STN activity which most likely involves all major neurotransmission 

systems including the GABAergic, dopaminergic and glutamatergic systems.  

Neurons of the STN exhibit an intrinsic autonomous pacemaker activity in the absence of extrinsic 

synaptic inputs. Slice preparations of the rat STN showed a rhythmic discharge of action potentials 

at ~5-15Hz (Bevan and Wilson, 1999, Beurrier et al., 2000). Both the pattern and rate of this 

intrinsic dynamic could be changed via extrinsic control of the nucleus. The STN has connections 

with several structures within and outside of the basal ganglia. The main GABAergic innervation of 

the STN arises from the GP, especially the external segment GPe, and is very selective and 

topological within the STN (Parent and Hazrati, 1995b, Baufreton et al., 2009). The STN has 

reciprocal projections of equal selectivity with the GPe. The GPe-STN afferents affect the STN 

through activation of GABAA receptors. The recruitment of GABAB receptors could also happen 

under certain conditions, prolonging the postsynaptic hyperpolarisation (Hallworth and Bevan, 

2005).  
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The main glutamatergic afferents in the STN arise from multiple areas of the cerebral cortex, the 

pedunculopotine tegmental nucleus and the parafascicular nucleus of the thalamus (Nambu et al., 

1996). These projections form putative asymmetrical synapses at distal dendritic branches of STN 

neurons and provide excitation of neuronal activity. A third important projection arises from the 

SNc which is dopaminergic in nature (Hassani et al., 1997, Cragg et al., 2004). This connection, 

until recently, was generally overlooked due to its modest nature compared to that of the SNc-

striatal projection. However, several studies implied important functional roles of SNc-STN 

innervation. A direct stimulation of postsynaptic dopamine receptors can directly depolarise STN 

neurons, increasing the overall excitability state (Zhu et al., 2002b). An activation of presynaptic 

dopamine receptors could reduce the probability of transmitter release at putative GABAergic and 

glutamatergic terminals, implying a regulatory role for neurotransmission (Baufreton and Bevan, 

2008). Increasing evidence is suggesting an integrative control of innate STN firing from all 

transmission systems. An infusion of NMDA into the STN mimicking glutamatergic transmission 

can evoke an increase in extracellular dopamine, GABA and glutamate. Additionally, a complex 

interaction exists between GABAergic and glutamatergic innervation where inhibitory transmission 

preceding excitatory transmission could enhance the overall excitatory response (Baufreton et al., 

2005). Together with the regulatory role of dopamine, these functional studies suggest a complex 

network of neurotransmission controlling STN activity. 

To date, very few studies have investigated the expression of neurotransmitter receptor systems 

within the human STN. Studies in large and small animals have identified an array of receptor 

subtypes and subunits from each of the respective systems (Smith et al., 2001, Boyes and Bolam, 

2007, Smith and Villalba, 2008). Hence identifying and characterising receptor organisation within 

the human STN would provide the ultimate reference to validate functional studies done previously 

in other species. This chapter presents anatomical results regarding expression of specific 

GABAergic, dopaminergic and glutamatergic receptors within the normal human STN. In total, 5 

GABAA receptor subunits were investigated in neurologically normal individuals. Two of the main 

GABAB receptor subunits were also investigated. The study then extended to the investigation of 

receptor co-localisation of the identified GABAergic receptor subunits, as well as the expression of 

the most abundant subunit, the GABAA α1 subunit, on neurochemically distinct neurons described 

from the previous chapter. Expression of different dopaminergic receptor subtypes were then 

investigated using 4 dopaminergic receptors markers from both the D1 and D2 family. Furthermore, 

the study then characterised the co-expression of the D1 receptor subtype and the GABAA α1 

subunit. Finally, the study investigated expression of the glutamatergic receptors where the 
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expression profile of 1 receptor subunit from each of the ionotropic and metabotropic family were 

characterised. 

5.2. Methods	

Refer to Chapter 3, sections 3.1-3.5 for detailed IHC protocols, image acquisition and neuronal 

quantification methods used in this chapter. 

5.3. Results	

5.3.1. The	expression	of	GABAA	receptor	subunits	within	the	normal	human	STN	

The expression 5 GABA receptor subunits, α1, α2, α3, β2/3, and γ2, were investigated in the normal 

human STN. Macroscopic pictures showed that the STN was immunopositive for 4 (α1, α3, β2/3, and 

γ2) out of the 5 GABA receptor subunits investigated (Figure 5.1, 5.5, 5.6 and 5.11). In general, the 

STN showed moderate IR for the α1 and β2/3 receptor subunits, light IR for α3, high IR for the γ2 

subunits and no IR for the α2 subunit. 

5.3.2. 	Expression	of	the	GABAA	α1	receptor	subunit	in	normal	human	STN	

The human STN showed high levels of IR for the GABAA α1 receptor subunit at the rostral, middle 

and caudal levels (Figure 5.1). An increasing gradient of intensity for the GABAA α1 receptor 

subunit can be detected from the dorsolateral to ventromedial axis in the mid-level of the STN. 

Overall, the ventromedial sub-regions showed the most intense IR for the α1 subunit at the 

macroscopic level. The intensity profile measuring gray values from the dorsolateral to 

ventromedial extremities clearly illustrated the increasing IR gradient observed for the GABAA α1 

receptor subunit in the middle section of normal human STN (Figure 5.2, B). 

At the cellular level, the GABAA α1 receptor subunit showed intense IR on both perikarya and in 

the neuropil (Figure 5.3). The subunit appeared to tightly adhere to the membrane of STN neurons 

and proximal processes, forming a dotted line of fine reaction puncta intricately outlining the 

dendritic arborisations. The α1 subunit immunopositive processes can be traced up to 100µm from 

the perikarya (Figure 5.3, E). The neuropil showed multiple intensely labelled processes for the α1 

subunit. The density of these processes appeared to be higher in the ventromedial sub-regions 

(Figure 5.3, A-D). These immunopositive fibres traverse in a random fashion throughout the 

nucleus, forming intertwining web-like patterns with occasional intense IR punctas. (white arrows, 
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Figure 5.3, F-H). The immunopositive neurons displayed typical features of principle neurons 

described in chapter 3, including a soma size of approx. 25µm and are either oval or pyramidal in 

shape. Approx. 2-4 protruding α1 positive proximal aspiny dendrites protrude from the 

immunopositive neurons.  
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Figure 5.1: Macrographs showing GABAA α1 receptor subunit immunostained sections in the rostral (A), middle (B) and caudal (C) levels of 
normal human STN. 
Similar to the neurochemical IR sections shown in the previous chapter, the bi-convex shape of the STN can be clearly delineated from surrounding 
white matter sheaths in all 3 levels examined. The human STN showed moderate IR for this receptor subunit and fibrous structures can be seem clearly 
along the boundaries of the nucleus especially in the rostral (A) and caudal (C) levels. The staining varies in intensity, with alternating light and dark 
patches observed throughout all 3 levels. However, in the middle STN (B), a clear gradient of increasing staining intensity can be seen from the 
dorsolateral to ventromedial axis. DL: dorsolateral, VM: ventromedial 

GABAA α1 
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Figure 5.2  

GABAA α1 
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Figure 5.2: Intensity profile of the GABAA α1 receptor subunit along the dorsolateral to 
ventromedial axis in the middle normal human STN. 

A: Macrograph of normal human STN at the middle level stained with the GABAA α1 receptor 
subunit. Intensity readings measured in Grey values were taken from the dorsolateral to 
ventromedial extremities along the indicative black line.  

B: Intensity profile showing Grey value readings along the dorsolateral to ventromedial axis as 
specified in (A). The decreasing Grey values from the dorsolateral to ventromedial extremity 
concurrently indicates a trend of increasing IR of the GABAA α1 receptor subunit in this axis, as 
represented by the overlaid red schematic intensity profile (methods 3.5.4). Hence, the trend clearly 
depicted the increase in IR of the GABAA receptor subunit α1 observed in previous macrographs. 
The gray value readings in the lighter dorsolateral regions decreased from approx. 180 to 100 in the 
more intensely stained ventromedial regions. 

DL: dorsolateral, VM: ventromedial 
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Figure 5.3  

GABAA α1 
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Figure 5.3: Light microscopy images showing GABAA α1 receptor subunit IR within each of 
the pre-defined sub-regions and IR at the cellular level. 

A-D: Low power microscopy images showing GABAA α1 receptor subunit IR from each of the pre-
defined sub-regions as specified by the previous chapter. The α1 subunit showed consistent IR 
patterns throughout all 4 sub-regions of the human STN. The subunit showed intense IR along 
membranes of the perikarya and proximal processes and light to moderate IR within the perikarya. 
This pattern gave stained STN neurons a ‘hollow’ appearance (arrows, A and B). The neuropil IR 
observed is lighter compared to cellular staining, however, an increasing trend of IR can be 
observed from DL1 to VM4 sub-regions. 

E-H: High magnification images showing detailed cellular expression of GABAA α1 receptor 
subunit within normal human STN. The subunit showed intense IR along cellular membranes of 
STN neurons as described above. The perikarya exhibit light IR for the receptor with intense IR 
patches localised to one pole of the cytoplasm (white arrow, E). Proximal processes labelled with 
the α1 subunit can be traced for approx. 100µm into the section. The labelled processes often 
showed secondary and tertiary bifurcations approx. 60µm from the perikarya (indent, E). Neurons 
positive with the α1 subunit are pyramidal (F), uni-polar (G) or bi-polar (H) shaped. The unipolar 
and bi-polar neurons are typically oval in shape. Intense punctate structures can be observed in the 
neuropil, which could represent thin, fine neuronal processes (white arrows, F) or  thick dendritic 
processes cut in cross section (white arrows, G & H).  
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5.3.3. Expression	of	the	GABAA	α2	receptor	subunit	in	normal	human	STN	

No specific IR was detected in STN sections stained with the α2 receptor subunit. Compared to 

surrounding basal ganglia structures, the STN showed minimal IR for this subunit with no specific 

cellular structures detected within the nucleus (Figure 5.4).  

 

Figure 5.4: Light microscopy images showing GABAA α2 receptor subunit IR within the 
human STN. 

A. Macroscopic image of a human basal ganglia section stained with the GABAA α2 receptor 
subunit. As observed, the STN showed no IR for the receptor subunit (ellipse). Concurrently, the 
rest of the basal ganglia also seem to show very light IR for this subunit.  

B. High magnification image of the human STN stained with the GABAA α2 receptor subunit. As 
expected, no specific cellular staining was observed within the boundaries of the STN. The nucleus 
appeared to show no expression of GABAA α2 subunit. 

  

GABAA α2 
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5.3.4. Expression	of	the	GABAA	β2/3	receptor	subunit	in	normal	human	STN	

The human STN showed high levels of IR for the GABAA β2/3 receptor subunit across the entire 

nucleus in the rostral, middle and caudal levels (Figure 5.5). Macroscopically, this receptor subunit 

also showed lighter IR in the dorsolateral regions compared to the ventromedial regions with patchy 

regional variations in staining intensity. Overall the caudal STN showed lighter IR for the β2/3 

subunit compared to the other 2 levels. Intensity measurements along the dorsolateral to 

ventromedial axis of the nucleus in the middle level showed a gradual decrease of gray value 

readings similar to that of the α1 receptor subunit (Figure 5.6). The range of intensity readings 

detected was also similar to the α1 subunit. 

Cellular expression of the β2/3 subunit within the human STN showed the same localisation as 

detected for the α1 receptor subunit. Intense β2/3 punctas were detected on the neuronal membranes 

of STN perikarya and proximal dendrites with minimal intracellular staining within the soma. The 

neuropil labelling also followed a similar pattern to that of the α1 subunit with increasing intensity 

observed in the ventromedial sub-regions (Figure 5.7, A-D).  High power magnification images 

showed β2/3 immunopositive principle neurons of either oval or pyramidal shaped and 2-3 

protruding immunopositive processes that can be traced approx. 100µm into the section (Figure 5.7, 

E-H). 
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Figure 5.5: Macrographs showing GABAA β2/3 receptor subunit stained sections in the rostral (A), middle (B) and caudal (C) levels of the 
normal human STN. 
The human STN showed high intensity for the GABAA β2/3 receptor subunit in the rostral (A) and middle (B) levels. The caudal (C) STN however 
showed lighter IR for the receptor subunit compared to the more rostral levels. Like the α1 subunit, the staining showed patches of varying light and 
dark intensity. An increasing gradient of staining intensity can be clearly depicted from the dorsolateral to ventromedial axis in the rostral (A) and 
middle (B) levels. DL: dorsolateral, VM: ventromedial 

GABAA β2/3 
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Figure 5.6  

GABAA β2/3 
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Figure 5.6: Intensity profile changes of the GABAA β2/3 receptor subunit in the dorsolateral to 
ventromedial axis of normal human STN in the middle level. 

A: Macrograph of normal human STN in the middle level stained with the GABAA β2/3 receptor 
subunit. Intensity readings were taken from the dorsolateral to ventromedial extremities along the 
indicative black line.  

B: Graph showing the Grey value profile of the GABAA β2/3 receptor subunit along the dorsolateral 
to ventromedial axis, indicated by black line in (A). The Grey value profile of the GABAA β2/3 
receptor subunit showed a decreasing trend from the dorsolateral to ventromedial extremities. This 
trend was indicative of the increase in staining intensity from the dorsolateral to ventromedial axis 
(red schematic intensity profile). The Grey values readings were relatively stable at approx. 180 in 
the dorsolateral sub-regions and decreased drastically when approaching the ventromedial sub-
regions. In VM2, the Grey values and stabilised around 120-130.  

DL: dorsolateral, VM: ventromedial 
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Figure 5.7 

GABAA β2/3 
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Figure 5.7: Light microscopy images showing GABAA β2/3 receptor subunit IR within each of 
the pre-defined sub-regions and expression pattern at the cellular level. 

A-D: Low power light microscopy images showing IR of GABAA β2/3 receptor subunit in each of 
the pre-defined sub-regions in normal human STN. The expression of the GABAA β2/3 receptor 
subunit showed similar IR to that of the α1 receptor subunit. The cellular expression of this subunit 
showed consistency across the entire nucleus with light IR in the perikarya and intense IR along the 
neuronal membranes (white arrows, A). An increasing trend of IR was observed from DL1 to VM2. 
The increased IR was partially due to the enhanced neuropil staining in the ventromedial sub-
regions.  

E-H: High power magnification images showing cellular expression of GABAA β2/3 receptor 
subunit in normal human STN. Similar to the α1 subunit, the β2/3 subunit showed intense expression 
along neuronal membranes of the perikarya and proximal processes. Immunolabeled neurons 
typically have intense expression spots within the perikarya (arrows, F) and 2-6 proximal processes 
(E and H). The immunopositive neurons are either oval (F and H) or pyramidal (E and G) in shape. 
The neuropil staining consists of immunopositive neuronal processes from either afferent neurons 
or local neuronal networks. Intense immunopositive spots (arrows, E and H) can often be found 
within the neuropil amongst the fibrous network.  
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5.3.5. Expression	of	the	GABAA	α3	receptor	subunit	in	normal	human	STN	

The human STN showed moderate IR for the GABAA α3 receptor subunit at the rostral, middle and 

caudal levels (Figure 5.8). Macroscopically, an increase in staining intensity was observed from the 

dorsolateral to ventromedial axis in the middle level. However, there was no similar gradient 

observed in the rostral and caudal levels. Intensity measurement along the dorsolateral to 

ventromedial axis in the middle STN showed a gradual decrease in grey value readings similar to 

the α1 and β2/3 receptor subunits (Figure 5.9). However, higher grey values overall were measured 

with the α3 subunit, implying lighter staining intensity compared to the other 2 receptors. 

At the regional level, the α3 subunit showed minimal neuropil IR and intense IR in the perikaya 

(Figure 5.10). The neuropil of α3 subunit stained sections exhibit a grainy appearance and consists 

of numerous, small puncta structures. Intensity of the neuropil showed an increase in the 

ventromedial sub-regions compared to the dorsolateral, coherent with the trend observed with the 

intensity measurements. At the cellular level, the α3 receptor subunit intensely labelled perikarya of 

STN principle neurons (Figure 5.10, E-H). Occasionally, 1-2 α3 immunopositive proximal processes 

can be detected protruding from the soma of individual neurons. The labelled processes are short 

and can be traced for 25-50 µm into the section. The neuropil of α3 receptor subunit labelled 

sections showed no specific cellular processes but a film of fine puncta structures was detected. A 

pale spot were often observed in α3 positive perikaryon, which may reflect large lipofuscin granules 

within principle neurons of the STN. 
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Figure 5.8: Macrographs showing GABAA α3 receptor subunit stained sections in the rostral (A), middle (B) and caudal (C) levels of the 
normal human STN. 
The human STN showed moderate IR for the GABAA α3 receptor subunit at all 3 levels sampled. A clear increasing intensity of α3 receptor subunit 
staining can be observed from the dorsolateral to ventromedial axis in the middle STN (B). However, no such pattern of staining can be observed for 
either the rostral (A) or caudal (B) STN. At the macroscopic level, the staining appeared grainy and patchy, with alternating light and dark IR patches 
in all 3 levels sampled. DL: dorsolateral, VM: ventromedial 

GABAA α3 
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Figure 5.9  

GABAA α3 
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Figure 5.9: Intensity profile of the GABAA α3 receptor subunit in the dorsolateral to 
ventromedial axis in the middle normal human STN. 

A: Macrograph of the normal human STN stained with GABAA α3 receptor subunit in the middle 
level. Changes in staining intensity from the dorsolateral to ventromedial axis were measured via 
the Greyscale along the indicative black line.  

B: Graph showing grey value intensity readings of GABAA α3 receptor subunit from the 
dorsolateral to ventromedial axis along the indicative black line in (A). The GABAA α3 receptor 
subunit showed lighter IR compared to the α1 and β2/3 subunits and have an overall higher grey 
value readings along the dorsolateral to ventromedial axis. The grey value readings stayed relatively 
constant in the first 6cm from the dorsolateral extremity, and then slightly dropped in the last 2cm. 
This indicates that the most ventromedial portion of the nucleus exhibit the highest IR for this 
receptor subunit (red schematic intensity profile). 

DL: dorsolateral, VM: ventromedial 
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Figure 5.10  

GABAA α3 
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Figure 5.10: Light microscopy images showing GABAA α3 receptor subunit IR in each of the 
pre-defined sub-regions along the dorsolateral to ventromedial axis and cellular expression of 
the α3 receptor subunit. 

A-D: Low magnification images of GABAA α3 receptor subunit in each of the pre-defined sub-
regions. The α3 receptor subunits showed intense IR within the periyarka and light neuropil IR 
throughout each of the 4 pre-defined sub-regions. Densities of immunopositive neurons increased 
from the DL1 to VM2 sub-regions. The VM2 sub-region showed higher IR in neuropil staining 
compared to the other 3 sub-regions. However, perikarya staining stayed constant across all 4 sub-
regions.  

E-H: High magnification images showing cellular expression of GABAA α3 receptor subunit within 
the normal human STN. Intense perikaya IR for the α3 receptor subunit was observed for all 
neurons within the human STN (E-H). However, larger, pyramidal shaped neurons showed lighter 
somatic IR for the receptor compared to the small oval shaped neurons (arrows, F). Proximal 
processes were faintly labelled in neurons immunopositive with the α3 receptor subunit and were 
only found on the small oval shaped neurons (arrows, G and H). However, more often only somatic 
IR was observed in immunopositive neurons. A white patch within the perikarya can be found in 
most immunopositive neurons, representing the nucleus (arrow, E). No cellular structures can be 
detected in the neuropil of α3 receptor subunit stained sections, however, numerous lightly stained 
puncta structures can be detected.  
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5.3.6. Expression	of	GABAA	γ2	receptor	subunit	in	normal	human	STN	

The human STN showed very high IR for the GABAA γ2 receptor subunit in the rostral, middle and 

caudal levels (Figure 5.11). Similar to the other 3 GABAA receptor subunits, the γ2 subunit stained 

sections also showed an increasing gradient of IR from the dorsolateral to ventromedial axis. This 

was most apparent in the middle STN, whereas the other 2 levels showed no apparent changes in 

intensity. Intensity analysis of the GABAA γ2 along the middle STN showed a trend of decreasing 

intensity from the dorsolateral to ventromedial extremities (Figure 5.12). However, the grey value 

intensity levels measured were of a lower range compared to the other 3 GABAA receptor subunits, 

indicating the high IR of the γ2 subunit.  

At the regional level, the γ2 showed very high neuronal IR and light staining of the neuropil (Figure 

5.13). Although the change in intensity from the dorsolateral to ventromedial sub-regions were not 

as apparent as the other 3 GABAA receptor subunit, a slight increase in staining intensity can be 

detected in the ventromedial sub-regions. No change in neuronal γ2 staining intensity was detected 

across all 4 sub-regions. At the cellular level, principle neurons of the STN showed very high IR for 

the γ2 receptor subunit within the perikarya and proximal processes (Figure 5.13). The thin and long 

processes can be traced for approx. 120 µm in the section. Distinct puncta structures outline the 

soma and proximal processes along with the cytoplasmic staining. No specific cellular processes 

were detected in the neuropil with the exception of a few puncta structures scattered throughout the 

neuronal network.  
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Figure 5.11: Macrographs showing GABAA γ2 receptor subunit stained sections in the normal human STN at the rostral (A), middle (B) and 
caudal (C) levels. 
The human STN showed high IR for the GABAA γ2 receptor subunit at all 3 levels sampled. An increasing gradient in staining intensity was observed 
in the middle STN (B) from the dorsolateral to ventromedial axis. The rostral (A) and caudal (C) levels showed no such change in intensity which 
remained constant throughout the extent of the coronal plane. Small puncta structures can be seen at the macroscopic level within the boundaries of the 
nucleus. These reflect cellular staining of the γ2 receptor which will be shown in more details later. DL: dorsolateral, VM: ventromedial 

GABAA γ2 
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Figure 5.12  

GABAA γ2
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Figure 5.12: Intensity profile of the GABAA γ2 receptor subunit along the dorsolateral to 
ventromedial axis in the middle normal human STN. 

A: Macrograph of the normal human STN stained with GABAA γ2 receptor subunit in the middle 
level. Intensity values were taken along the indicative black line to show changes in IR from the 
dorsolateral to ventromedial extremities.  

B: Graph showing the grey value profile from the dorsolateral to ventromedial axis for GABAA γ2 
receptor subunit stained in normal human STN sections in the middle level. The GABAA γ2 receptor 
subunit showed lower grey value readings compared to other receptor subunits throughout the entire 
extent of the nucleus. A slight decrease in grey value readings were measured in the ventromedial 
sub-regions compared to the dorsolateral, indicating a trend of increasing intensity from the 
dorsolateral to ventromedial axis (red overlaying schematic). 

DL: dorsolateral, VM: ventromedial 
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Figure 5.13  

GABAA γ2
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Figure 5.13: Light microscopy images showing IR of GABAA γ2 receptor subunit across all 4 
pre-defined sub-regions in the dorsolateral to ventromedial axis and cellular expression of the 
γ2 subunit. 

A-D: Low magnification images showing IR of GABAA γ2 receptor subunit across pre-defined sub-
regions in normal human STN. Overall the staining of the γ2 receptor subunit was consistent across 
the 4 sub-regions, showing very high neuronal IR and lighter neuropil staining. Unlike the α1 and 
β2/3 subunits, the change in intensity across each of the 4 sub-regions was not as apparent. However, 
when examined closely, a slightly darker IR within the neuropil and more immunopositive neurons 
can be detected in VM2 compared to the other 3 sub-regions. 

E-H: High magnification images showing cellular expression of GABAA γ2 receptor subunit on 
human STN neurons. The neuronal cell bodies labelled with GABAA γ2 receptor subunit showed 
either an oval (arrows, E) or pyramidal (H) shaped morphology. The cell nucleus (asterisks, 
transparent intracellular patch, E & F), of STN neurons can be clearly depicted in the oval shaped 
neurons, indicating the cytoplasmic localisation of the GABAA γ2 receptor subunit. Thin and long 
immunopositive proximal processes can be seen in almost all neurons labelled. These processes can 
be traced for approx. 120 µm into the section (arrows, G). Faintly labelled secondary (arrow, H) and 
tertiary (arrow, F) bifurcations can be observed in some immunopositive neurons. The neuropil 
exhibits a lighter shade of staining compared to the perikarya, with no apparent cellular structures 
detected. These high power images need to be retaken to get best lighting. 
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5.3.7. Co‐expression	and	co‐localisation	of	the	GABAA	α1	receptor	subunit	with	the	β2/3,	

α3	and	γ2	receptor	subunits	in	the	normal	human	STN	

Double labelled immunofluorescent techniques were used to study co-expression and co-

localisation of the 4 GABAA receptor subunits in the normal human STN. At the cellular level, co-

labelling of the α1 and β2/3 subunits showed a very high degree of co-localisation on 

immunopositive STN neurons on the perikarya, proximal processes and the fibrous neuropil (Figure 

5.14). Similar to the immunoperoxidase labelled sections, these 2 receptor subunits densely labelled 

cellular membranes surrounding the cell soma and proximal processes. High magnification confocal 

images showing sub-cellular expression of these 2 receptors confirmed the high degree of co-

localisation between these 2 receptor subunits (Figure 5.15).  

Normal STN sections double labelled with the GABAA α1 and α3 receptor subunit also showed co-

expression of both receptors on principle STN neurons. At the cellular level, the α3 receptor subunit 

showed intracellular specific localisation whilst the α1 receptor subunit primarily labelled neuronal 

membranes (Figure 5.16). Therefore, no co-localisation could be detected between the α1 and α3 

receptor subunits. At the sub-cellular level, due to the differential localisation of both receptor 

subunits, minimal co-localisation of these 2 subunits was observed (Figure 5.17). However, 

occasionally, α3 puncta along cytoplasmic membranes of neurons showed co-localisation with the 

α1 receptor subunit (Figure 5.17).  

Co-labelling of the GABAA α1 and γ2 receptor subunits within the normal human STN also showed 

co-expression but minimal co-localisation on individual STN neurons (Figure 5.18 and 5.19). 

Similar with the α3, the γ2 receptor subunit showed an intracellular expression profile. Hence no co-

localisation of these 2 receptor subunits was detected at the cellular level (Figure 5.18). At the sub-

cellular level, bright γ2 IR punctate spots was observed to be scattered along the α1 positive 

proximal processes and showed minimal co-localisation between these two receptor subunits. The 

bright γ2 punctas were shown to reside beside the immunopositive α1 processes (Figure 5.19). 
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Figure 5.14: Low magnification confocal microscopy images showing cellular co-localisation of the GABAA α1 and β2/3 receptor subunits in 
normal human STN. 

Single channel showing expression of the GABAA α1 (A) and β2/3 (B) receptor subunit showed a similar localisation profile amongst neurons of the 
STN. Merging the 2 channels showed a high degree of co-localisation between the α1 and β2/3 subunit for all neurons immunopositive for the subunits 
(C). Red asterisks indicate intracellular lipofuscin granules.  
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Figure 5.15: High magnification confocal microscopy images showing sub-cellular co-localisation of the GABAA α1 and β2/3 receptor subunits 
on a normal STN neuron. 

Single channels of the GABAA α1 (A) and β2/3 (B) receptor subunits showed localisation along the neuronal membranes and proximal dendrites. The 
merged channel (C) showed a high degree of co-localisation between these receptor subunits (white arrows, A-C). However, some intracellular puncta 
of the β2/3 subunit did not co-localise with the α1 subunit. Red asterisks indicate intracellular lipofuscin granules. 
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Figure 5.16: Low magnification confocal microscopy images showing cellular co-expression of GABAA α1 and α3 receptor subunits in the 
normal human STN. 

Single channel expression profile for the GABAA α1 (A) and α3 (B) receptor subunits showed that the α1 subunit displayed localisation to neuronal 
membranes of immunopositive neurons and the α3 subunit localised within the cytoplasm, at the cellular level. The merged channel hence showed co-
expression of the 2 subunits on the same neurons, but no obvious co-localisation could be observed at this magnification (C). 
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Figure 5.17: High magnification confocal microscopy images showing sub-cellular co-expression of GABAA α1 and α3 receptor subunits on a 
normal STN neuron. 

Sub-cellular expression of the GABAA α1 (A) and α3 (B) receptor subunits showed localisation of the α1 subunit along the cytoplasmic and proximal 
dendritic membranes whist the α3 subunit showed an intracellular pacta expression profile. Co-expression of the α1 and α3 subunits were observed on 
the same neuron (C), however the degree of co-localisation between the 2 subunits seemed to be low. Occasional co-localisation puncta (white arrows, 
C) could be observed on the cytoplasmic membrane of a typical STN neuron. Red asterisks indicate intracellular lipofuscin granules. 
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Figure 5.18: Low magnification confocal microscopy images showing cellular co-expression of the GABAA α1 and γ2 receptor subunits in the 
normal human STN. 

The cellular expression profile for the GABAA α1 (A) and γ2 (B) receptor subunits showed neuronal membrane localisation of the α1 subunit and 
intracellular localisation of the γ2 subunit. Therefore the merged channel (C) did not show a high degree of co-localisation between the 2 receptor 
subunits. However, all neurons immunopositive seemed to co-express both subunits.  
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Figure 5.19: High magnification confocal microscopy images showing sub-cellular co-expression of GABAA α1 and γ2 receptor subunits on a 
normal STN neuron. 

The sub-cellular expression of the GABAA α1 (A) subunit showed localisation along the cytoplasmic and dendritic membrane of normal STN neurons. 
The GABAA γ2 (B) subunit on the other hand showed intense puncta along the neuronal membranes and intracellular expression. However, the merged 
channel (C) showed that the bright γ2 membrane puncta did not show significant co-localisation with the α1 subunit (white arrows, A-C).  
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5.3.8. Neurochemical	 localisation	of	 the	GABAA	α1	receptor	subunit	within	 the	normal	

human	STN	

The correlation between neurochemically distinct STN neurons and the putative GABAA α1 

receptor subunit were investigated in the normal STN via immunofluorescent procedures. Normal 

STN sections double labelled with α1 and the 3 neurochemical markers described in chapter 4 

showed cytoplasmic and dendritic membrane expression of the α1 subunit on PV, CR and SMI32 

positive STN neurons (Figure 5.20). However, the GAD65/67 positive interneurons did not show 

neuronal expression of the α1 subunit compared to the adjacent α1 immunopositive principle 

neurons (Figure 5.20, J-L).  
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Figure 5.20 
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Figure 5.20: High magnification confocal microscopy images showing co-expression of the 
GABAA α1 receptor subunit amongst neurochemically distinct neurons within the human 
STN. 

Single channel confocal Z-projections of the PV, CR, SMI32 and GAD positive neurons showed 
distinct cell bodies and proximal dendrites (B, E, H & K). However, merging each respective 
neurochemical channels with the GABAA α1 channel revealed co-expression of this receptor subunit 
on cellular membranes surrounding the PV, CR and SMI32 positive neurons (A-I). The GAD 
positive interneurons on the other hand, showed no co-expression with the GABAA α1 receptor 
subunit (J-L). The GABAA α1 immunopositive neurons reside in close proximity to the GAD 
positive interneurons (white arrow, L).  
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5.3.9. Expression	of	the	GABAB	receptor	subunits	within	the	normal	human	STN			

The human STN showed moderate IR for both the GABAB R1 and R2 subunits with similar 

regional and cellular localisation of both receptors (Figure 5.21 and 5.22). The GABAB R2 receptor 

subunit seemed to show an overall higher intensity of staining compared to the R1 subunit. At the 

regional level, both receptors showed intense IR on principle STN neurons and minimal neuropil 

staining. No apparent change in intensity was detected in the pre-defined sub-regions. At the 

cellular level, both receptors showed high IR within the perikarya and proximal processes of 

individual principle STN neurons. Overall, 1-3 short neuronal processes can be observed in each of 

the immunopositive STN neurons for both receptor subunits. Distinctively labelled puncta 

structures were found to be scattered within the immunopositive proximal processes throughout the 

entire extent of the process. No apparent cellular staining can be observed for either receptor within 

the neuropil.  

Co-labelling of the GABAA α1 receptor subunit with the GABAB R1 receptor subunit showed co-

expression of both receptor subunits on individual STN neurons (Figure 5.23). However, only 

minimal co-localisation of these receptor subunits was observed. The intensely stained intracellular 

GABAB R1 subunits showed a thin line of co-localisation around the perikarya with the GABAA α1 

receptor subunit (Figure 5.23). The same co-expression profile could be predicted between GABAB 

R2 and GABAA α1 subunits, due to the similar sub-cellular localisation of R1 and R2. Co-

expression investigation of both the GABAB R1 and R2 receptor subunits was not possible due to 

technical difficulties as both antibodies used were produced from guinea pigs. However, the similar 

intracellular expression exhibited by both subunits strongly suggests an intracellular co-localisation 

profile.  
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Figure 5.21: Light microscopy images showing IR of the GABAB R1 receptor subunit 
expression profile within the normal human STN. 

The human STN showed light IR for the GABAB R1 receptor subunit at the macroscopic level, with 
no major regional differences in staining intensity from the dorsolateral to ventromedial axis (A). At 
the low microscopic level, numerous intensely labelled GABAB R1 STN neuronal cell bodies can 
be identified. However minimal neuropil R1 staining was detected (B). At high magnification, the 
immunopositive neurons showed very high IR within the perikarya and around 1-3 lightly stained 
proximal processes (arrows, C). Very high magnification of single GABAB positive R1 neurons 
revealed small sub-cellular punctate structures covering the entire extent of STN neurons including 
the perikarya and proximal dendrites (arrows, D). 

  

GABAB 
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Figure 5.22: Light microscopy images showing IR of the GABAB R2 receptor subunit 
expression profile within normal human STN 

The human STN showed moderate IR for the GABAB R2 receptor subunit at the macroscopic level 
and no major regional differences in staining intensity across the STN (A). Numerous 
immunopositive STN neurons can be detected at low magnifications (B). However, similar to the 
R1 subunit, no cellular structures were labelled in the neuropil. The higher magnification images 
showed very intensely labelled perikarya and 1-4 short immunopositive proximal processes (arrows, 
C). At very high magnifications, darkly labelled intracellular puncta can be detected in the proximal 
processes of R2 subunit immunopositive neurons (arrows, D). 

  

GABAB 
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Figure 5.23: High magnification confocal microscopy images showing sub-cellular co-expression of GABAA α1 and GABAB R1 receptor 
subunits on normal STN neurons. 

The GABAA α1 (A) receptor subunit retained the expression profile previously described along cytoplasmic and dendritic membranes. In contrast the 
GABAB R1 (B) receptor subunit obtained an intracellular expression profile. The merged channel (C) of GABAA α1 and GABAB R1 subunits did not 
show a great degree of co-localisation albeit co-expression was observed. Along the cytoplasmic membrane, spot of small α1 and R1 co-localisation 
points can be observed as a thin stream of IR puncta (arrows, C). 
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5.3.10. Expression	of	dopamine	receptors,	D1,	D2,	D4	and	D5,	within	the	normal	human	

STN	

The D1 receptor showed moderate IR within normal human STN (Figure 5.24). At the regional 

level, no apparent sub-regional changes in staining intensity was detected in D1 stained STN 

sections. At the cellular level, the D1 receptors showed high IR within the perikarya and proximal 

processes of STN principle neurons, whilst minimal IR within the neuropil (Figure 5.24). Small 

punctate structures were detected within the proximal processes and extended along the entire 

neuron. Numerous punctate structures were also detected within the perikarya. Co-labelling of the 

D1 receptor with the GABAA α1 receptor subunit revealed localisation of D1 positive punctas along 

α1 positive processes (Figure 5.25). Single-plane high magnification confocal images of a single 

STN neuronal process showed adjacent localisation of the D1 positive punctas to the α1 positive 

dendrite.  

The normal human STN showed light IR for D2 receptors (Figure 5.26). Similar to D1 receptors, 

the D2 receptor showed no apparent change in regional staining intensity across the STN. At the 

cellular level, the D2 receptors showed moderate intracellular IR and low neuropil IR. The principle 

STN neurons showed 1-2 proximal processes with occasional appearance of secondary bifurcations.  

The D4 receptor also showed light IR within the normal human STN (Figure 5.27). The regional 

distribution of the D4 receptor showed similar localisation to the D1 and D2 receptors with minimal 

neuropil IR and moderate somatic IR. No change in intensity was detected across all pre-defined 

sub-regions. The cellular expression of the D4 receptor showed light IR within the perikarya and 

proximal dendrites of principle neurons. No apparent features can be detected within the neuropil. 

The D5 receptor showed moderate IR within the normal human STN (Figure 5.28). At the regional 

level, the staining intensity was relatively consistent throughout the entire nucleus, similar to the 

other dopamine receptors investigated. At the cellular level, very high IR was detected within the 

perikarya and proximal processes whilst minimal neuropil IR. However, no punctate structures were 

detected within principle STN neurons. No apparent cellular processes were detected within the 

neuropil. 
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Figure 5.24: Light microscopy images showing IR of the dopamine D1 receptor expression 
within the normal human STN. 

The human STN showed moderate IR for the D1 receptor subunit at the macroscopic level (A). At 
low magnifications, the STN neurons showed high IR for the D1 receptor whilst no cellular 
structures can be detected in the neuropil (B). The higher magnification images showed very 
intensely labelled perikarya and faintly labelled immunopositive proximal processes (arrows, C). At 
very high magnifications, darkly labelled D1 positive punctate structures can be detected within the 
perikarya and proximal processes (arrows, D). 

  

Dopamine D1 
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Figure 5.25: High magnification confocal microscopy images showing a proximal dendritic process extending from a normal STN neuron co-
labelled with the dopamine D1 receptor and the GABAA α1 receptor subunit. 

Both the GABAA α1 (A) subunit and the dopamine D1 (B) receptor showed expression on proximal dendrites of STN neurons. The α1 subunit exhibit 
the typical membrane localisation whilst the D1 receptor express as puncta spots along the dendrite. In the merged channel, the D1 punctas laid 
adjacent to the α1 subunits but no co-localisation could be observed between the 2 subunits (arrows, C). 
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Figure 5.26: Light microscopy images showing IR of the dopamine D2 receptor expression 
within the normal human STN. 

The human STN showed a light IR for the D2 receptor at the macroscopic level, with no major 
regional changes in IR (A). At low magnifications, numerous D2 immunopositive neurons were 
detected within the boundaries of the STN (B). No apparent structures were stained within the 
neuropil. At high magnifications, moderate D2 IR could be detected within the perikarya and thin 
proximal dendrites (C). The proximal dendrites could be traced for approx. 80 µm into the section 
(arrow, C). No difference in D2 IR could be detected between the perikarya and proximal dendrites 
(D). 

  

Dopamine D2 
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Figure 5.27: Light microscopy images showing IR of the dopamine D4 receptor expression 
within the normal human STN. 

The human STN showed a light IR for the D4 receptor at the macroscopic level, with no major 
changes in regional IR observed (A). At low magnifications, the STN neurons showed light IR for 
the D4 receptor and minimal IR within the neuropil (B). At a higher magnification, faintly stained 
proximal processes can be observed to protrude from the immunopositive perikarya (arrows, C & 
D).  
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Figure 5.28: Light microscopy images showing IR of the dopamine D5 receptor expression 
within the normal human STN. 

The human STN showed a moderate IR for the D5 receptor at the macroscopic level, with no major 
regional changes in IR (A). Like all other dopamine receptors detected within the human STN, the 
D5 receptor also showed high perikarya and low neuropil IR at the cellular level (B). Thin, densely 
labelled proximal processes can be seen protruding from D5 positive cell bodies (arrows, C). 
Secondary birfurcations of proximal processes could often be observed (arrow, D).   
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5.3.11. Expression	of	the	glutamate	GluA2	and	mGluR1/5	receptors	within	the	normal	

human	STN	

The 2 groups of glutamate receptors, ionotropic GluA2 and metabotropic mGluR1/5, investigated in 

this study showed very light IR within the normal human STN (Figure 5.29 and 5.30). No apparent 

sub-regional IR changes could be detected for both glutamate receptors across the STN. Both 

receptors showed similar cellular localisation within the STN. At the cellular level, prominent 

immunopositive STN cell bodies of principle neurons could be detected for both receptors within 

the STN boundaries. The neuropil however, showed no apparent immunopositive processes. Both 

receptors showed light IR within the perikarya and proximal processes on individual neurons. 

Unlike the dopamine receptors however, the GluA2 and mGluR1/5 positive processes were short 

and could only be traced for a few µm before disappearing into the section.  

In summary, the human STN displayed expression of a variety of GABAergic, dopaminergic and 

glutamatergic receptors. A variety of GABA receptor subunits were detected from both the GABAA 

and GABAB receptor families. From the GABAA receptor family, 4 subunits (α1, β2/3, α3 and γ2) 

were discerned in the human STN which displayed varying staining intensity from the dorsolateral 

to ventromedial axis. From the GABAB receptor family, 2 subunits (R1 and R2) were detected. 

Both GABAB subunits displayed similar regional and cellular localisations. A range of 

dopaminergic receptors were also detected in the normal human STN. From the D1-like sub-family, 

the D1 and D5 dopamine receptors were found to be expressed prominently on principle STN 

neurons. From the D2-like sub-family, the D2 and D4 dopamine receptors showed a light 

expression profile on principle STN neurons. Finally, expression of 2 types of glutamatergic 

receptors were detected, the GluA2 subunit of ionotropic AMPA receptors and the metabotropic 

mGluR1/5 receptors. Both receptors displayed light IR on principle neurons of the human STN.   
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Figure 5.29: Light microscopy images showing IR of the GluA2 receptor subunit within the 
normal human STN. 

The human STN showed light IR for the GluA2 receptor subunit at the macroscopic level (A). No 
major changes in GluA2 IR were detected across the STN. Cellular localisation of the GluA2 
receptor subunit showed high IR in the perikarya of STN neurons and minimal neuropil IR (B). At 
the cellular level, faintly labelled, thin, proximal processes can be detected to protrude from the 
GluA2 immunopositive cell bodies (C). These processes can be traced for approx. 40 µm into the 
section (arrow, C). High magnification images of single STN neurons also showed intense IR 
patches within perikarya of STN neurons (arrow, D). 
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Figure 5.30: Light microscopy images showing IR of the mGluR1/5 receptors expression in 
the normal human STN. 

The human STN showed light IR for the mGluR1/5 receptors at the macroscopic level (A). No 
major changes in IR were observed from the dorsolateral to ventromedial axis. Similar to the GluA2 
subunit, numerous STN neurons were shown to be immunopositive for the mGluR1/5 receptors 
whilst no obvious neuropil staining was detected (B). Short and thick proximal processes can be 
detected on immunopositive neurons at the cellular level (arrow, C) and each immunopositive STN 
neurons tend to have only 1 positive process. Intense IR patches within the perikarya could be 
observed on very high magnifications (arrow, D). 
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5.4. Discussion	

5.4.1. Summary	of	results	

This chapter investigated the expression and localisation of specific GABAergic, dopaminergic and 

glutamatergic receptor subunits within the human STN. Overall, all 3 receptors systems showed 

expression of specific receptor subunits and subtypes within the human STN. For the GABAergic 

system, expression of the GABAA α1, β2/3, α3 and γ2 receptor subunits were investigated in detail at 

the regional and cellular levels. However, no expression was found for the α2 receptor subunit in the 

human STN. In addition, expression of the 2 main GABAB receptor subunits, R1 and R2, were also 

investigated. Cellular localisation of the GABAA receptor α1 subunit on principle and interneurons 

of differential neruochemistry revealed a dominant expression of GABAA receptors on all types of 

principle neurons labelled with parvalbumin, calretinin and SMI32 but a complete lack of 

expression on the smaller GABAergic interneurons labelled with GAD. Principal neurons were not 

labelled with GAD. For the dopaminergic system, a diverse expression of different receptors 

subtypes from both the D1 (D1 and D5 receptors) and D2 (D2 and D4 receptors) family showed a 

moderate neuronal expression profile within the human STN. Co-expression analysis revealed 

expression of both D1 and the GABAA α1 subunit on membranes of individual STN neurons, albeit 

a different localisation profile. Finally, expressions of the AMPA receptor GluA2 subunit and the 

group I mGluRs receptors (mGluR1/5) were also investigated in the human STN. Out of the 3 

receptor system investigated, the glutamatergic system showed the most modest expression of its 

respective ionotropic and metabotropic receptor detected.  

5.4.2. Expression	of	GABAA	and	GABAB	receptors	within	the	human	STN	

5.4.2.1. 	Sub‐regional	differences	in	GABAA	receptor	subunit	expression	

This is the first detailed immunohistochemical investigation of GABAA and GABAB receptor 

subunits at the regional, cellular and subcellular levels in the subthalamic nucleus of the human 

brain. Overall, the nucleus displayed heterogeneous regional localisation of all GABAA subunits 

studied across all sub-regions. An increasing gradient of regional subunit expression from the 

dorsolateral to the ventromedial sub-regions were found for the all GABAA receptors subunits 

detected. No such changes in expression pattern were found for the 2 GABAB subunits. Description 

of such an expression change had not been previously described for the GABAA receptors in animal 

studies. However, a closer examination of the cellular GABAA expression profiles showed similar 
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intensities between neurons located in the dorsolateral sub-region compared to ventromedial. 

Therefore the increase in staining intensity observed most likely arises from the increased GABAA 

positive neuropil varicosities in the ventromedial areas. This observation could be explained by 

several factors. Firstly, as observed in older anatomical studies (Ramon y Cajal and Azoulay, 1955, 

Rafols and Fox, 1976, Afsharpour, 1985), as well as quantified in the previous chapter, the 

ventromedial region of the STN contained a higher density of neurochemically distinct projection 

neurons compared to the dorsolateral region. Hence, the dendritic organisation within this sub-

region will naturally be more complex than the dorsolateral counterpart. Therefore, GABAergic 

afferents within this region would produce a more interweaving morphology, assuming all neurons 

within the STN receive the same amount of GABAergic innervation. Secondly, since the STN 

displayed functional segregation between the dorsal and medial areas, there is a high possibility that 

the GABAergic innervations between these 2 sub-regions are very different. One of the major 

GABAergic afferents in the STN arises from the GP, especially the GPe, where the connections 

between these 2 structures are highly topological and selective (Smith et al., 1990, Shink et al., 

1996, Karachi et al., 2005, Baufreton et al., 2009). The motor, associative and limbic GPe regions 

heavily terminate in their STN counterpart, with a certain degree of overlap between the afferent 

arborisations (Haynes and Haber, 2013). The respective motor associative and limbic areas within 

the STN were also known to receive GABAergic projections from the ventral pallidum, directly 

from the amygdala and hippocampus (Haber et al., 1985, Canteras et al., 1990, Turner et al., 2001). 

Minor GABAergic brain stem regions such as the mesopontine tegmentum could also contribute to 

the regional differences seen in this study (Bevan and Bolam, 1995). Therefore, the regional 

morphology differences seen here could reflect the heterogeneous regional inhibition within the 

nucleus, reflecting sub-regional functional diversity as depicted in early tracing studies (Parent and 

Hazrati, 1995b) as well as recent imaging/electrophysiological evidence from human subjects 

(Lambert et al., 2012, Accolla et al., 2016).  

5.4.2.2. 	GABAA	receptor	subunit	composition	and	GABAA	deprived	interneurons	

Our results revealed the precise cellular and subcellular localisation of the GABAA receptor 

subunits. In general terms, neurons of the STN showed high expression of the GABAA α1 and β2/3, 

very high expression of γ2, low expression of the α3 and no expression of the α2 subunit. These 

patterns of expression are very similar to that found in non-human primates STN, where 

comparable expression of the α1, β2/3 and γ2 subunit was found by early in situ hybridizations 

studies with minimal detection of the α2 subunit (Kultas-Ilinsky et al., 1998, Galvan et al., 2004). 

Conversely, an abundance of expression for the α2 subunit was found in the rat STN, which, 
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supported by our results here, reflect a major species difference between large and small mammals 

(Wisden et al., 1992, Fritschy and Mohler, 1995, Schwarzer et al., 2001, Fujiyama et al., 2002).  

Compared to other basal ganglia regions studied in the human brain, the cellular and sub-cellular 

localisation of the GABAA receptors showed striking similarities in terms of morphology and 

localisation (Waldvogel et al., 1999, Waldvogel et al., 2008a). In particular, the membrane-bound 

characteristics of the α1 and β2/3 subunits are identical to those described in the MSN neurons of the 

striatum, projection neurons of the GP and GABAergic neurons of the SNr. Furthermore, 

localisation studies in rat and primates also showed the distinctive membrane expression of the α1 

subunit (Fritschy and Mohler, 1995, Galvan et al., 2004). The intracellular expression of the α3 

expression were also comparable to those found in the type 4 and 5 neurons of the striatum and 

large type 1 and 2 neurons of the GP (Waldvogel et al., 1999). The α2 subunit within the human 

basal ganglia as a whole showed very high levels of expression at the regional level in the striatum 

which were detected in the type 4 neuronal population of the striatum but no expression in the 

output neurons of the striatum the substantia nigra or GP. One morphological difference observed in 

this study is the intracellular and dendritic puncta expression of the γ2 subunit, which, compared to 

the GP and substantia nigra, showed a membrane bound expression similar to that of the α1 and β2/3 

subunit. However, despite the differential localisation, γ2 positive immunoreactive punctas were still 

shown to localise in proximity to the α1 subunit, suggesting a role in aiding receptor functionality. 

In fact, the γ2 subunit has been known to be crucial in benzodiazepine (BZ) sensitive pharmacology 

(Benson et al., 1998) and membrane transportation and expression of functional GABAA receptors 

at putative GABAergic synapses through interactions with the microtubule-binding protein, 

gephyrin (Ramming et al., 2000, Schweizer et al., 2003, Lévi et al., 2004). Furthermore, 

immunogold labelling studies of synaptic GABAA receptor subunit localisation in the rat STN 

showed co-expression of adjacent α1, β2/3 and γ2 gold particles at symmetrical synapses formed by 

GABA positive terminal (Fujiyama et al., 2002).  Taken together, the results from this study 

confirmed that the GABAA receptor subunit composition within the human STN mainly incorporate 

the α1, β2/3 and γ2 subunits, which forms the classic benzodiazepine (BZ)- sensitive type 1 receptor 

that are the most common composition in the CNS and abundant amongst other structures of the 

basal ganglia (Pritchett et al., 1989, Wisden et al., 1992, Benke et al., 2004). The detection of the α3 

subunit suggests an alternative composition of a smaller population of receptors which may have 

incorporated the α3 subunit, forming the α3/β2/3/γ2 combination. This conformation is not 

uncommon in the CNS; forming a different receptor subtype with the BZ-2 site showing slightly 

altered pharmacokinetics to BZ drugs (Hadingham et al., 1993). 
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Unlike the rest of the basal ganglia, the cellular compositions of the STN are relatively simple and 

homogeneous comprising mainly of the principal projection neurons or the GAD positive 

interneurons (Lévesque and Parent, 2005). An interesting finding from this study is complete lack 

of GABAA receptor expression on the GAD positive interneurons. This suggests that these GABA 

synthesising interneurons are not under extrinsic inhibitory control of other basal ganglia structures. 

Furthermore, since the STN neurons had long been functionally established to exhibit autonomous 

pacemaker activity, the GABAergic interneurons could exert a chronic inhibitory control of the 

principal neurons (Bevan and Wilson, 1999, Do and Bean, 2003).  

5.4.2.3. 	Expression	of	GABAB	receptor	subunits	within	the	human	STN	

This study also investigated the regional, cellular and subcellular localisation of the GABAB 

receptor subunits within the human STN. At the both regional and cellular levels, the GABABR1 

and GABABR2 subunit showed expression patterns similar to those found in the non-human 

primates (Charara et al., 1999, Charara et al., 2004). One key difference in our observation 

compared to that of Charara and colleagues (2004) is the detection of R2 immunonegative cell 

bodies amongst the immunopositive neurons. Comparatively, our results more resemble those from 

Waldvogel and colleagues (2004), where intracellular expression was detected from both receptors 

subunits in neurons of the striatum, GP and SN. The relative localisation of GABAA and GABAB 

receptors on individual STN neurons were also similar to those found in the other basal ganglia 

areas. The intracellular morphology found within the human STN was surprisingly not a rare 

observation as Galvan and colleagues (2004) also observed a vast amount of intracellular GABAB 

and membrane bound GABAA receptors within the monkey STN. The small proportion of 

membrane bound GABAB receptors found however, showed localisation on peri-synaptic sites 

proximal to putative asymmetrical glutamatergic synapses, suggesting the possibility of receptor 

cross talk via protein-protein interactions within the membrane (Ferré et al., 2002, Nishi et al., 

2003). Presynaptic expression of GABAB receptors had also been detected on STN afferents. The 

intracellular GABAB receptors detected in this study however, most likely represent the non-active 

cytoplasmic R1 and R2 subunits components, which, when combined with their counterpart 

translocate to the membrane to act as functional GABAB receptors, consistent with those found in 

other areas of the human basal ganglia (Pagano et al., 2001, Bowery et al., 2002). 
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5.4.3. Expression	of	dopaminergic	receptors	in	the	human	STN	

The STN receives a direct but modest innervation from the SNc (Hassani et al., 1997, Cragg et al., 

2004). Our results showed mild expression of dopamine receptors from both the D1-like family (D1 

and D5) and D2-like family (D2 and D4) on STN neurons. The expression of dopaminergic 

receptors within the STN previously produced controversial results in both the human and small 

animals (Flores et al., 1999, Augood et al., 2000). In general, there was an overall consensus of a 

weak dopaminergic SNc-STN connection. This was especially true in the human as no mRNA 

expression was found for the D1 and D2 receptors but a weak binding was found for D1-like 

receptor agonists. Gene expressions of D1, D2 and D3 receptors but not D4 were found in neurons 

of the rat STN. Although our data agreed with a mild expression of dopamine receptors, the vast 

variety of receptor subtypes observed here opposed past observations in the field. The functional 

effects of SNc-STN innervation through both D1-like and D2-like receptors however, had been 

intensely studied in small animals. In particular, activation of post-synaptic D2 receptors can 

increase excitability of STN neurons by a whole-cell reduction of K+ conductance (Zhu et al., 

2002a, Ramanathan et al., 2008). Presynaptic D2 activation at either glutamatergic or GABAergic 

afferents could affect the initial phase of transmitter release in STN afferents, fine tuning the 

extrinsic control of STN neurons (Shen and Johnson, 2000, Baufreton and Bevan, 2008). Activation 

of the D1-like receptors, especially through the D5 subtype, could directly increase the autonomous 

firing rate as well as induce c-fos gene expression (Svenningsson and Le Moine, 2002, Baufreton et 

al., 2003). Furthermore, during chronic dopamine deprivation, the patterning of STN activity, as 

well as the synchronisation states between GPe and STN could be altered (Zhu et al., 2002b, Wilson 

et al., 2006). Taken together, it is highly likely that functional dopamine receptors exist within the 

human STN and our results here have outlined their basic cellular morphology. 

5.4.4. Expression	of	glutamatergic	receptors	in	the	human	STN	

The expression and localisation of glutamate receptors are by far the least studied receptor system 

within the STN in humans and animals. However, a rich functional literature exists for evidence of 

glutamatergic innervation of the STN. The STN receives excitatory afferents from multiple areas of 

the cerebral cortex and the intralaminar nuclei of the thalamus (Bevan et al., 1995, Nambu et al., 

1996). These connections are highly topological and the post-synaptic cellular effects are tightly 

regulated by adjacent dopaminergic and GABAergic afferents. The post-synaptic excitatory 

currents on individual STN neurons were determined to be of an AMPA/NMDA nature. Indeed, 

several animal anatomical studies have demonstrated the expression of an array of AMPA and 
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NMDA receptor subunits, including the GluA2 AMPA subunit detected in this study (Clarke and 

Bolam, 1998, Wang et al., 2000). In general, light neuronal expressions of the AMPA receptors 

were detected in rats and monkeys, similar to our observations. The expression of metabotropic 

group I receptors were also detected in the monkey STN showing similar morphologies detected 

here. However, more immunopositive mGluR5 neuropil processes were detected in the monkey 

STN compared to our observations (Wang et al., 2000). The synaptic localisation of the group I 

mGluRs however were shown to predominately occupy perisynaptic sites of both glutamatergic and 

GABAergic terminals, indicating their role of regulating post-synaptic responses through 

mechanisms related to neurotransmitter spill-over. In humans, neuronal and proximal dendrite 

expression was also found for both the GluA2 subunit and mGluR5 receptor in the caudate nucleus 

(Tsamis et al., 2013). Interestingly, the expression profile detected for the group II mGluR2 receptor 

in the human STN showed similar localisation to this study, indicating a co-localisation profile to 

the mGluR1 receptors (Phillips et al., 1999). Therefore, our results confirmed a mild expression 

profile of both ionotropic and metabotropic receptors in neurons of the human STN. 
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Chapter	6. GABAergic	and	Pathological	changes	within	the	human	

STN	in	Huntington’s	disease	

6.1. 	Introduction	

This chapter aims to investigate changes in the GABAA receptor system in the human STN in HD. 

Based on the basal ganglia model prediction, during HD, severe degeneration of medium spiny 

neurons (MSNs) in the striatum would lead to subsequent decreased inhibition of the GP (Berardelli 

et al., 1999, Raymond et al., 2011, Waldvogel et al., 2014b). The indirect pathway constituting GPe 

neurons is affected earlier in disease progression due to early degeneration of indirect MSNs (Albin 

et al., 1992, Huot et al., 2007, Starr et al., 2008, Milnerwood and Raymond, 2010). The decreased 

inhibition within the GP then leads to excessive inhibition of the STN through the reciprocal GPe-

STN connection (Bevan et al., 2007). The excessive STN inhibition and resultant low activity of 

STN neurons was proposed to be the main pathophysiology underlying hyperkinetic motor 

symptoms of HD patients (Albin, 1995). Therefore based on the model prediction, excessive 

inhibition arising from the GPe should decrease expression of GABA receptors within the STN. 

Indeed, degeneration of GABAergic MSNs within the striatum, an upstream signalling centre of the 

GP, leads to a massive increase in GABAA receptor expression both in the GPe and GPi in HD 

post-mortem human brains (Glass et al., 2000, Allen et al., 2009). The increased expression caused 

by a lack of upstream inhibition was proposed to be a homeostatic mechanism in order to restore 

normal basal ganglia physiology. However, since the STN is further downstream from the site of 

neurodegeneration, effects on the STN GABAergic system may not be as severe as that of the GP. 

Furthermore, since the GP also shows severe degeneration during the later stages of disease 

progression, the inhibition onto the STN might not be as excessive as the model predicts (Singh‐

Bains et al., 2016b). Four GABAA receptor subunit changes in HD were investigated in this chapter: 

α1, β2/3, α3 and γ2, based on their high levels of expression observed in chapter 5. Since the GABAA 

receptors mediate fast inhibitory neurotransmission, any changes in upstream signalling should have 

an immediate effect on their expression on STN neurons. The methods for determining optical 

intensities in brain sections were the same as those developed by Allen et al (2009), for the 

investigation of GABAA and GABAB receptors during HD in the GP. The STN was separated into 4 

sub-regions as described in the previous chapters, to preserve the functional somatosensory/limbic 

subdivisions.  
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Compared to other structures of the brain, the STN was found to be one of the regions least affected 

by HD, with only around 10-30% neurodegeneration (Lange et al., 1976b, Guo et al., 2012). 

However, aggregation of the mutant Huntingtin (mHtt) protein has never been investigated in the 

nucleus. Previous studies focused mainly on severely affected regions such as the cortex and 

striatum in both human and animal models (DiFiglia et al., 1997b, Gourfinkel-An et al., 1998, 

Charles et al., 2000, Herndon et al., 2009, André et al., 2013). The main pathological hallmark 

observed in these regions was the aggregation of mHtt within the nucleus and cytoplasm of 

surviving neurons. Aggregation within dendritic processes was also observed. The GP, however, 

was reported not to have been severely affected by HD pathology (DiFiglia et al., 1997b); however 

previous studies have now shown quite marked cell loss particularly the GPe (Lange et al., 1976b, 

Singh‐Bains et al., 2016b). Therefore it would be interesting to see whether aggregation of mHtt 

proteins occur in the relatively robust STN during HD. 
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6.2. Methods	

Refer to Chapter 3, sections 3.1-3.6 for detailed IHC protocols, image acquisition and neuronal 

quantification methods used in this chapter. 

6.3. Results	

6.3.1. 	Neuronal	morphological	changes	within	human	STN	in	HD	

For this study, 6 control and 8 HD cases were chosen from the Neurological Foundation Douglas 

Human Brain Bank, New Zealand. Both control and HD groups were of similar age distributions. 

The control group showed an average age of 59.33 years and the HD group 48.50 years. The 2 

groups also showed comparable PM delays, with the control group having an average PM delay of 

19.83 hours and the HD group 15.88 hours. Amongst the 8 HD cases there were 2 cases of Grade 1 

pathology, 2 of Grade 2, 3 of Grade 3 and 1 case of Grade 4 pathology (Table 3.2).  

Representative sections from both the control and HD cases were triple-labelled for PV, CR and 

SMI32 to compare cellular morphological abnormalities. Qualitative examination of these sections 

showed no striking differences in the size of the perikarya, length of proximal dendrites and density 

of the neuropil between control and HD cases (Figure 6.1). Although neurochemical neuronal 

populations in the HD cases were not quantified like the controls (Chapter 4), qualitatively, the 

proportion of double/triple labelled neurons appeared to be similar in both groups. This suggests 

that cellular features in the HD human STN are similar to that in the normal human STN. 
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Figure 6.1: Side by side high magnification confocal images showing comparison of triple labelled (PV, CR & SMI32) sections in the human 
STN from HD (E-H, case HC143) and control (A-D, case H242) cases. 

Overall the HD STN showed similar morphologies of PV (A & E), SMI32 (B & F) and CR (C & G) positive neurons in terms of size and intensity. 
The merged channels showed similar proportions of triple-labelled neurons between control and HD (white arrows, D & H). 

Control Huntington’s Disease 



179 
 

6.3.2. GABAergic	changes	within	the	human	STN	in	HD	

The unremarkable cellular changes discovered within the human STN in HD prompted this study to 

investigate densitometric changes of GABAergic receptors as a result of the altered pathological 

upstream signalling. Three representative serial sections from the rostral, middle and caudal 

portions of the STN were selected and stained for the GABAA α1, β2/3, α3 and γ2 receptor subunits 

(see chapter 5). All sections were imaged on the Vslide scanner. Images were then grouped into one 

of the 4 pre-defined sub-regions (see Methods 3.5) based on the anatomical location within the 

nucleus. The percentage changes of densitometric measurements within the HD group compared to 

control are presented here. 

6.3.2.1. Densitometric	changes	of	the	GABAA	α1	receptor	subunit	within	the	human	STN	

in	HD	

Overall, the GABAA α1 subunit showed no significant differences in optical intensity detected 

across all pre-defined sub-regions examined compared to the control groups (Figure 6.2). 

Morphologically, the STN in the HD cases showed similar intensities of α1 staining compared to 

controls across all 4 sub-regions. Neuronal localisation of the α1 subunit in HD cases was also 

similar to that of controls, with intense neuronal membrane IR and minimal perikarya IR. The 

density of α1 fibres within the neuropil also did not show striking differences compared to control. 

However, the distinctive staining gradient found within the majority of control cases was not 

observed in some of the HD cases, especially in the early grades (Figure 6.3). The higher grade 

cases also did not show substantial differences in staining intensity compared to controls. 
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Figure 6.2: Densitometric changes of the GABAA α1 receptor subunit in the human STN in 
HD. 

Overall, no significant changes in density of the α1 subunit were detected across the 4 pre-defined 
sub-regions. However, small statistically insignificant increases in intensity were measured in all 
sub-regions. DL1: dorsolateral region 1, DL2: dorsolateral region 2, VM1: ventromedial region 1, 
VM2: ventromedial region 2. 

  

Graph showing densitometric changes of the GABAA α1 subunit in the human 
STN in HD 
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Figure 6.3  

GABAA α1 
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Figure 6.3: Macroscopic, regional and cellular changes of the GABAA α1 subunit IR in the 
human STN in HD. 

A: Macrograph image of the STN from a neurologically normal control case stained with the 
GABAA .α1 receptor subunit. The macroscopic image of the STN showed modest staining of the α1 
receptor subunit with an increasing IR gradient from the dorsolateral to ventromedial pole.  

A (a): High power light microscopy image showing GABAA α1 subunit IR in the dorsolateral 
portion of the STN in the representative control case. The staining pattern followed that described 
for the normal STN. 

A (b): High power light microscopy image showing GABAA α1 subunit IR in the ventromedial 
portion of the STN in the representative control case.  

B: Macrograph of the STN from a grade 1 HD case stained with the GABAA α1 receptor subunit. 
The macrograph showed no striking differences in staining intensity compared to that of control 
(A). However, the dorsolateral to ventromedial gradient were not as apparent as the control case. 

B (a): High power light microscopy image showing GABAA α1 subunit staining in the dorsolateral 
sub-region of the STN for the grade 1 HD case. No major differences was observed in the α1 
subunit staining pattern or optical intensity compared to controls (A, a). 

B (b): High power light microscopy image showing GABAA α1 subunit staining in the ventromedial 
sub-region of the STN for the grade 1 HD case. Again, no major differences in staining pattern were 
detected compared to control. 

C: Macrograph of the STN from a grade 3 HD case stained with the GABAA α1 receptor subunit. 
Similar to the grade 1 case, no striking change in staining intensities was observed. The dorsolateral 
to ventromedial gradient was maintained.  

C (a): High power light microscopy image showing GABAA α1 subunit staining in the dorsolateral 
sub-region of the STN for the grade 3 HD case. No striking changes in staining intensity or subunit 
cellular localisation were observed in this sub-region compared to the controls  

C (b): High power light microscopy image showing GABAA α1 subunit staining in the ventromedial 
sub-region of the STN for the grade 3 HD case. Again, no striking differences were observed 
compared to the controls. 

DL: dorsolateral, VM: ventromedial 
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6.3.2.2. Densitometric	 changes	of	 the	GABAA	 β2/3	 receptor	 subunit	within	 the	human	

STN	in	HD	

Similar to that of the GABAA α1 subunit, densitometric measurements of the GABAA β2/3 subunit 

showed no significant changes in intensity within the STN between control and HD cases across all 

pre-defined sub-regions (Figure 6.4). Morphologically, no striking differences in staining intensity 

can be observed at the macroscopic level. Cellular localisations of the subunit are similar between 

control and HD cases with minimal staining within the perikarya and dense staining along the 

cellular membranes. No striking differences can be observed between HD cases of high (HD grade 

3) or low (HD grade 1) grades (Figure 6.5). 

 

 

Figure 6.4: Densitometric changes of the GABAA β2/3 receptor subunit in the human STN in 
HD. 

No significant differences in density of the β2/3 subunit were found between the control and HD 
cases in all pre-defined sub-regions. The intensities measured in all sub-regions are relatively 
similar with no apparent trends. DL1: dorsolateral region 1, DL2: dorsolateral region 2, VM1: 
ventromedial region 1, VM2: ventromedial region 2 

  

Graph showing densitometric changes of the GABAA β2/3 subunit in the 
human STN during HD 
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Figure 6.5  

GABAA β2/3 
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Figure 6.5: Macroscopic, regional and cellular changes of the GABAA β2/3 subunit IR in the 
human STN in HD. 

A: Macrograph image of the STN from a neurologically normal control case stained with the 
GABAA β2/3 receptor subunit. The macroscopic image showed staining intensity and patterns 
similar to those described in the normal human STN.  

A (a): High power light microscopy image showing GABAA β2/3 subunit IR in the dorsolateral 
portion of the STN in the control case. The staining pattern followed that described in Chapter 5 and 
are highly correlated to the pattern of α1 staining. 

A (b): High power light microscopy image showing GABAA β2/3 subunit IR in the ventromedial 
portion of the STN in the representative control case.  

B: Macrograph of the STN from a grade 1 HD case stained with the GABAA β2/3 receptor subunit. 
The macrograph showed no striking differences in staining intensity compared to that of control 
(A), with well maintenance of the increasing dorsolateral to ventromedial gradient. 

B (a): High power light microscopy image showing GABAA β2/3 subunit staining in the dorsolateral 
sub-region of the STN for the grade 1 HD case. No major differences was observed in this sub-
region compared to controls (A, a). 

B (b): High power light microscopy image showing GABAA β2/3 subunit staining in the 
ventromedial sub-region of the STN for the grade 1 HD case. Again, no major differences in 
staining pattern or intensity were observed compared to control. 

C: Macrograph of the STN from a grade 3 HD case stained with the GABAA β2/3 receptor subunit. 
Similar to the grade 1 case, no striking change in staining intensities was observed. The dorsolateral 
to ventromedial gradient was maintained.  

C (a): High power light microscopy image showing GABAA β2/3 subunit staining in the dorsolateral 
sub-region of the STN for the grade 3 HD case. No striking changes in staining intensity or subunit 
cellular localisation were observed in this sub-region compared to the controls.  

C (b): High power light microscopy image showing GABAA β2/3 subunit staining in the 
ventromedial sub-region of the STN for the grade 3 HD case. Again, no striking differences were 
observed compared to the controls. 

DL: dorsolateral, VM: ventromedial 
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6.3.2.3. Densitometric	changes	of	the	GABAA	α3	receptor	subunit	within	the	human	STN	

in	HD	

Unlike the GABAA α1 and β2/3 subunits, the α3 subunit showed moderate decreases in densitometric 

measurements across all pre-defined sub-regions in HD. Amongst the 4 sub-regions examined; a 

significant decrease in α3 staining intensity was measured in the VM2 sub-region. The reduction in 

staining was measured to be 85.96 ± 11.81% of control, suggesting around a 15% reduction in 

staining intensity in HD (Figure 6.6). The adjacent VL1 sub-region also showed a decrease in α3 

density to 92.10 ±12.78% of control, but was not statistically significant.  

Morphologically, global decreases in intensity of the α3 subunit across the entire STN was observed 

in the HD cases, with the higher graded cases showing lighter α3 IR, compared to the earlier grades. 

The ventromedial regions are more severely affected compared to the adjacent dorsolateral. At 

higher grades, the VM2 sub-region seemed to be completely devoid of α3 IR. At the cellular level, 

the control cases showed intense α3 IR within the perikarya and proximal dendrites of 

immunopositive neurons and modest IR within the neuropil. In the HD cases however, especially in 

higher grades cases, the intense α3 staining on the neuronal cell bodies was completely abolished, 

making identification of α3 positive neuronal cell bodies difficult (Figure 6.7). The number of α3 

positive immunopositive neurons hence decreased in HD. 
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Figure 6.6: Densitometric changes of the GABAA α3 receptor subunit in the human STN in 
HD. 

A significant decrease to 85.96 ± 11.81% of control was detected in the VM2 sub-region amongst 
the HD group. No other significant changes were detected, however, decreasing α3 intensities were 
detected across all 3 pre-defined sub-regions with the ventromedial sub-region showing a greater 
decrease compared to the dorsolateral. DL1: dorsolateral region 1, DL2: dorsolateral region 2, 
VM1: ventromedial region 1, VM2: ventromedial region 2. 

  

Graph showing densitometric changes of the GABAA α3 subunit in the human 
STN in HD 
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Figure 6.7  

GABAA α3 
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Figure 6.7: Macroscopic, regional and cellular changes of the GABAA α3 subunit IR in the 
human STN in HD. 

A: Macrograph image of the STN from a neurologically normal control case stained with the 
GABAA α3 receptor subunit. The macroscopic image showed staining intensity and patterns similar 
to those described in the normal human STN, with a well-defined dorsolateral to ventromedial 
gradient.  

A (a): High power light microscopy image showing GABAA α3 subunit IR in the dorsolateral 
portion of the STN in the control case. The staining pattern followed that described in the normal 
human STN, showing very high perikarya IR for the α3 subunit and minimal neuropil staining. 

A (b): High power light microscopy image showing GABAA α3 subunit IR in the ventromedial 
portion of the STN in the representative control case. Again, localisation and staining intensities of 
the subunit followed those described in the normal human STN.  

B: Macrograph of the STN from a grade 1 HD case stained with the GABAA α3 receptor subunit. 
The macrograph showed modest decrease in overall staining intensity of the α3 subunit. The 
decrease seemed to be global, affecting all sub-regions across the nucleus. The dorsolateral to 
ventromedial staining gradient seems to be maintained. 

B (a): High power light microscopy image showing GABAA α3 subunit staining in the dorsolateral 
sub-region of the STN for the grade 1 HD case. Major reductions in intracellular α3 IR can be 
observed. The number of immunopositive neurons seems to decrease drastically. 

B (b): High power light microscopy image showing GABAA α3 subunit staining in the ventromedial 
sub-region of the STN for the grade 1 HD case. Again, intracellular α3 IR decreased substantially in 
this sub-region. In addition, staining intensity within the neuropil also decreased compared to 
control. 

C: Macrograph of the STN from a grade 3 HD case stained with the GABAA α3 receptor subunit. 
Similar to the grade 1 case, apparent global reductions in α3 IR can be observed. However, 
compared to the grade 1 case, which still maintained the dorsolateral to ventromedial staining 
gradient, the grade 3 cases had massive reduction in α3 IR in the ventromedial extremities of the 
nucleus.  

C (a): High power light microscopy image showing GABAA α3 subunit staining in the dorsolateral 
sub-region of the STN for the grade 3 HD case. Massive reductions in the α3 IR can be observed in 
this sub-region. However, the cellular localisation of the receptor subunit was still maintained, with 
a few immunopositive neurons still detectable. The neuropil staining had reduced to a minimal. 

C (b): High power light microscopy image showing GABAA α3 subunit staining in the ventromedial 
sub-region of the STN for the grade 3 HD case. More severe reductions in α3 IR can be observed in 
this sub-region. There are now massive reductions in the number of α3 immunopositive neurons. 
The neuropil staining was further reduced compared to that in the grade 1 case. 

DL: dorsolateral, VM: ventromedial  
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6.3.2.4. Densitometric	changes	of	the	GABAA	γ2	receptor	subunit	within	the	human	STN	

in	HD	

The GABAA γ2 subunit showed increased densitometric measurements in all pre-defined sub-

regions in the STN of HD cases compared to controls. However, no statistically significant 

differences were detected in all sub-regions between the control and HD group (Figure 6.8).  

Staining pattern and intensity of the γ2 receptor subunit were also similar between control and HD 

cases. At the macroscopic level, no striking differences can be detected between the control and HD 

cases, with both groups showing very high IR for the γ2 subunit within the STN. The HD cases 

however, did show a loss of the increase IR gradient from the dorsolateral to ventromedial axis, 

which may have caused the increase in densitometric measurements across the sub-regions. Cellular 

localisation of the receptor subunit remained the same for both groups with very high IR observed 

within the perikarya and lower IR within the neuropil (Figure 6.9). High grade HD cases did not 

show striking differences compared to the low grade cases. 

 

Figure 6.8: Densitometric changes of the GABAA γ2 receptor subunit in the human STN in 
HD. 
No significant differences in density were detected between the control and HD groups in all pre-
defined sub-regions for the γ2 receptor subunit. However, small increases in staining intensities 
were detected across all sub-regions examined. DL1: dorsolateral region 1, DL2: dorsolateral region 
2, VM1: ventromedial region 1, VM2: ventromedial region 2.  

Graph showing densitometric changes of the GABAA γ2 subunit in the human 
STN in HD 
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Figure 6.9  

GABAA γ2 
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Figure 6.9: Macroscopic, regional and cellular changes of the GABAA γ2 subunit IR in the 
human STN in HD. 

A: Macrograph image of the STN from a neurologically normal control case stained with the 
GABAA γ2 receptor subunit. The macroscopic staining intensity and pattern were previously 
described in the normal human STN. 

A (a): High power light microscopy image showing GABAA γ2 subunit IR in the dorsolateral 
portion of the STN in the control case. The staining pattern followed that described in the normal 
human STN with very high γ2

 IR within the perikarya of immunopositive neurons and modest 
neuropil staining, 

A (b): High power light microscopy image showing GABAA γ2 subunit IR in the ventromedial 
portion of the STN in the representative control case. Again, the staining pattern and intensity 
follows closely to those described in the normal human STN. 

B: Macrograph of the STN from a grade 1 HD case stained with the GABAA γ2 receptor subunit. 
The macrograph showed no striking differences in staining intensity compared to that of control 
(A). 

B (a): High power light microscopy image showing GABAA γ2 subunit staining in the dorsolateral 
sub-region of the STN for the grade 1 HD case. No major differences was observed in γ2

 staining 
intensity or cellular localisation in this sub-region compared to controls (A, a). 

B (b): High power light microscopy image showing GABAA γ2 subunit staining in the ventromedial 
sub-region of the STN for the grade 1 HD case. Again, no major differences in staining pattern or 
intensity were observed compared to control. 

C: Macrograph of the STN from a grade 3 HD case stained with the GABAA γ2 receptor subunit. 
Similar to the grade 1 case, no striking change in staining intensities was observed. 

C (a): High power light microscopy image showing GABAA γ2 subunit staining in the dorsolateral 
sub-region of the STN for the grade 3 HD case. Again, no striking morphological differences were 
observed in this sub-region compared to earlier grade HD cases or control. 

C (b): High power light microscopy image showing GABAA γ2 subunit staining in the ventromedial 
sub-region of the STN for the grade 3 HD case. Again, no striking differences were observed 
compared early HD grade cases or controls. 

DL: dorsolateral, VM: ventromedial 
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6.3.3. Detection	of	Huntingtin	aggregates	in	the	human	STN	in	HD	

The aggregation of the mutant Huntingtin (mHtt) protein has not been previously investigated in 

neurons of the human STN in HD. This study used two antibodies specifically raised to detect 

polyglutamine expansions (>38Q, 1C2) and exon 1 of Htt protein with 53 polyglutamine expansion 

(S829). The 1C2 antibody had been used in multiple studies previously in both human and animals 

in detecting mHtt aggregates. However, due to the unspecific nature of the targeted antigen, which 

also includes polyQ segments within TATA binding proteins, the antibody may bind non-specific 

elements (Trottier et al., 1995, DiFiglia et al., 1997b). In this study, we first compared the binding 

of mHtt in the human HD STN with both 1C2 and S829. As expected, the level of mHtt expressions 

within the STN of the same cases, both grade 1 and grade 4, are higher for the 1C2 labelled section 

compared to S829 (C-F, Figure 6.10). Specifically, there are more 1C2 positive neurons present 

compared to that of S829. At the cellular level, the S829 antibody showed very specific nuclear 

localisation of the mHtt inclusion, with few punctas of cytoplasmic aggregates whilst the 1C2 

labelled cases showed clustering of both nuclear and cytoplasmic labelling smearing through entire 

neuronal cell bodies (G-H, Figure 6.10). No staining of intracellular mHtt aggregates were observed 

in control sections stained with 1C2 or S829 (A-B, Figure 6.10). Due to the high specificity of the 

S829 antibody, the rest of this study focuses on the localisation and morphology of the mHtt 

aggregates labelled with S829. 

6.3.3.1. 	Increasing	numbers	of	Huntingtin	aggregates	within	the	human	STN	from	low	

to	high	grades	

Qualitative observation of the sections stained with S829 in both high and low grade cases showed 

an increasing trend from grade 1 to grade 4 (Figure 6.11). The control cases showed no aggregate 

staining. Interestingly, the number of S829 positive neurons did not show a massive increase from 

grade 1 to grade 3, indicating that the level of mHtt stayed relatively similar throughout the 

increasingly severe pathology. The grade 4 case however showed greater number of aggregates 

compared to cases from the lower grades. Although this observation was not quantified, this trend 

could be an indication that neurons of the STN are only severely affected in the later stages of the 

disease. 
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Figure 6.10 
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Figure 6.10: Comparison of 1C2 and S829 staining within the human STN in HD. 

A-B: Low magnification images showing staining of mHtt aggregates with 1C2 (A) and S829 (B) in 
control human STN sections. No intracellular mHtt aggregates could be observed in the control 
sections stained with either antibody. 

C-F: Low magnification images showing staining of mHtt aggregates with 1C2 (A &C) and S829 
(B & D). As observed, at both low (grade 1, A & B) and high (grade 4, C & D) grade cases, the 1C2 
antibody consistently showed more IR neuronal cell bodies compared to the S829 antibody. The 
1C2 positive cell bodies tend to label entire neurons even at the low magnificent, especially in the 
high grades.  

G-H: High magnification images showing mHtt aggregates within neurons of the STN in HD. As 
observed, the 1C2 stained case showed both nuclear and cytoplasmic staining. The entire neuronal 
cell body seemed to be filled with the aggregate staining. The S829 stained sections of the other 
hand, showed very specific IR within the nucleus.  
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Figure 6.11: Low magnification images showing increasing numbers of mHtt aggregates detected throughout HD cases of increasing grade. 

In grade 1 HD cases (A), Htt aggregates within neuronal cell bodies can only be detected within a small number of neurons. The large majority of 
neurons in grade 1 HD cases appeared to be intact with no aggregate deposits. Surprisingly, the more severe pathology grade 3 cases also showed 
occasional detection of mutant Htt aggregates similar to that of grade one (B). However, by the end stage of grade 4, almost all neurons within the STN 
showed aggregation of the mutant Htt (C). 
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6.3.3.2. Types	of	mHtt	aggregates	within	the	human	STN	in	HD	

Nuclear aggregates are no doubt the most common form of mHtt aggregation in human STN 

neurons (Figure 6.12). The most common form of nuclear aggregation observed in the human STN 

in HD are very large and spherical structures which occupies the entire nucleus and nucleolus of 

immune-positive neurons (A & B, Figure 6.12). A typical neuron showing the large nuclear 

aggregates can either have no cytoplasmic aggregation or small globular aggregates spread 

throughout the cytoplasm (B, Figure 6.12). Furthermore, a small number of neurons showed 

diffused thread-like aggregation throughout the entire cytoplasm, as well as into the proximal 

dendrites (C, Figure 6.12). Neurons showing this type of aggregation typically do not show any 

nuclear aggregates. Finally, a very small population of neurons showed multiple very small, 

globular aggregations within the nucleus only and no other forms of cytoplasmic or nuclear 

aggregates (D, Figure 6.12). 
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Figure 6.12: Different forms of mHtt aggregates found within the human STN in HD. 

A: The most common form of aggregate found within the human STN. These neurons showed large 
spherical aggregation of the mHtt protein within the nucleus and no obvious form of cytoplasmic 
aggregation. 

B: The second most common type of neuron which showed both nucleic and cytoplasmic 
aggregation. The large nucleic aggregate are similar to those described in (A), but the cytoplasmic 
aggregates tend to be more diffuse and show puncta formations. 

C: A small population of STN neurons showed only cytoplasmic aggregate staining. This form of 
cytoplasmic aggregation is diffuse and thread-like, which extends throughout the entire cytoplasm 
and into the proximal dendrites.  

D: A final type of neuron showing multiple small and globular aggregates within the nucleus and no 
obvious cytoplasmic aggregates. This is the rarest type of aggregation found within the STN.
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6.4. Discussion	

6.4.1. 	Summary	of	results:	

This chapter quantified expression of four GABAA receptor subunits that showed robust expression 

within the human STN in HD (chapter 5). Overall; the expression level of all GABAA receptor 

subunits investigated did not show striking alterations in HD in all pre-defined sub-regions. 

Amongst the 4 GABAA subunits quantified, only the α3 receptor subunit showed a small but 

significant decrease in expression of 15% within the VM2 sub-region in HD, whereas the α1, β2/3 

and γ2 subunits all showed comparable expression levels to that of control. The γ2 subunit however, 

did show an overall trend of increasing optical intensities in all sub-regions, although no statistical 

significance was detected. The changes in neuronal morphology were also qualitatively accessed in 

representative HD cases. No striking cellular changes could be observed in HD cases compared to 

control. This may reflect the robust nature of STN neurons, as on average, only 20% cell loss was 

detected in post-mortem HD brains (Guo et al., 2012).The study then continued to investigate the 

expression of mutant Huntingtin (mHtt) aggregates within the human STN in HD. Both antibodies, 

1C2 and the S829 antibodies, detected intraneuronal aggregations within STN neurons in HD. The 

1C2 antibody seemingly detected more IR targets than S829. The one grade 4 case, seemed to show 

a higher number of aggregates compared to those of lower HD grading, with a greater number of 

neurons shown to contain intracellular mHtt aggregates. Aggregates of the intranuclear form were 

the most commonly found within the STN neurons in our study. The majority of S829 

immunopositive STN neurons tend to show massive spherical aggregation within the nucleus, along 

with several small globular cytoplasmic aggregates. A smaller population of neurons express only 

cytoplasmic aggregates and a very small population contain small globular nuclear inclusions only.  

6.4.2. GABAergic	changes	within	the	human	STN	in	HD	

Hyperkinetic motor symptoms of HD were predicted to be attributed to changes in neuronal 

signalling within the basal ganglia circuitry as the medium spiny neurons (MSNs) within the 

striatum progressively degenerates (Roze et al., 2008). Since GABA is the main neurotransmitter 

used by multiple centres within the basal ganglia, the changes in expression of the fast GABAA 

inhibitory receptor subunits have been extensively studied in post-mortem HD human brains 

(Thompson-Vest et al., 2003, Tippett et al., 2007, Allen et al., 2009). However, contrary to previous 

studies within the striatum and GP, the STN did not show striking changes in the fast-acting 

GABAA receptor subunits. The previous human studies conducted by our group within the GP 
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found dramatic increases in the same GABAA receptor subunits investigated by the current study, in 

both GPe and GPi in HD (Thompson-Vest et al., 2003, Allen et al., 2009). In HD cases of higher 

grades, the increased α1 receptor subunit expression had been detected to be as high as 300% of 

control. The α3 subunit which was found to be significant decreased in this study was also 

dramatically increased in both GPe and GPi in HD (Allen et al., 2009). According to the basal 

ganglia model, this massive increase of inhibitory GABAA receptors observed within the GP was 

not surprising as massive degeneration of MSNs implied a dramatic loss striatopallidal inhibitory 

afferents. Therefore the subsequent massive increase in GABAA receptors may perhaps be an 

intrinsic homeostatic plasticity response of the pallidal neurons, in an attempt to control activities of 

GP neurons (Brickley et al., 2001, Kilman et al., 2002, Hartman et al., 2006). Concurrently, 

according to the model, the massive increase in GP-STN inhibition in HD should invoke a 

decreased expression of GABAA receptors within the STN. Indeed, that was what we’ve observed 

here for the α3 receptor subunit. However, the optical density of all other subunits was unchanged. 

Since the most common combination of GABAA subunits to form functional receptors was 2α, 2β 

and 1γ, this implied that the majority of GABAA receptors within the human STN in HD maintained 

their normal physiological function (Goetz et al., 2007). In fact, incorporation of the α3 subunit into 

the pentameric receptors changes the gating mechanism of the fast acting chloride channels 

(Hadingham et al., 1993). Therefore, a specific decrease in this receptor subunit may evoke a 

change in the overall inhibitory response of STN neurons to afferent inhibitory inputs in HD. 

Another interesting feature observed in our results is that the changes in GABAA receptors did not 

seem to be affected by grade. Although the higher grades might have shown subtle further decreases 

in staining intensity for the α3 subunit compared to grade 1 cases, it was not notably detectable.  

Unlike other structures of the basal ganglia, there were very few studies that investigate functional 

neuronal activities of STN neurons in HD. The few recent small animal studies showed 

controversial results. In one group, the overall metabolic state as well as the spontaneous neuronal 

activity of all basal ganglia structures was investigated in a transgenic rat model carrying 51 CAG 

repeats. The STN showed increased expression levels of cytochrome oxidase and peroxisome 

proliferator-activated receptor-γ transcription co-activator (PGC-1α), two of the key players in 

mitochondrial machinery (Vlamings et al., 2012). The spontaneous firing frequency of STN 

neurons was also increased, which contradicted the basal ganglia hypothesis. Two recent studies in 

the infamous R6/2 and YAC128 mouse models however, showed contrasting data (Callahan and 

Abercrombie, 2015a, b). In both models, the spontaneous firing of STN neurons was found to be 

reduced and express irregular firing patterns, which conforms well to the current basal ganglia 

model. These functional studies hence showed that STN neuronal activities during the HD state 
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does not always conform to the proposed basal ganglia model and seemed to be heavily dependent 

on type of animal models used. Furthermore, the two aforementioned functional studies had also 

investigated synchronisation of the cortical-STN hyperdirect pathway during the HD state and 

found that STN neurons are also less phase-locked to cortical low-frequency oscillations. This 

altered entrainment of the cortex to STN rhythm was found to be occurring more towards the end 

stages of HD in the YAC128 mouse (Callahan and Abercrombie, 2015a). This suggests that in 

addition to the GABAergic GP-STN connection, other afferents inputs also heavily impact neuronal 

activities within the STN. This may have prevented major changes within the GABAA receptor 

systems observed in our study. Moreover, since the GP underwent massive degeneration during the 

later stages of HD (Singh‐Bains et al., 2016b), the amount of GP-STN projections may have also 

decreased in our cases. Taken together, these observations hence suggest that STN activity is highly 

variable in HD, are influenced heavily by other afferents, and the GABAergic GP-STN afferents 

may have decreased during disease progression. The combinations of all these factors may hence 

explain why massive reductions in GABAA receptor expression were not observed in our study.  

6.4.3. 	Detection	of	mutant	Huntingtin	(mHtt)	aggregates	within	the	human	STN	in	HD	

No studies have yet investigated the expression of mHtt proteins within the post-mortem human 

STN to our knowledge. The current study used 2 antibodies for the detection of mHtt aggregates, 

1C2 and S829. Both antibodies are commonly used (Trottier et al., 1995, Sathasivam et al., 2001). 

However, since the 1C2 antibody was originally developed to recognise the TATA binding protein 

and targets all polyglutamine sequences, it was believed to be less specific compared to the S829 

which specifically targets exon 1 of the Htt protein (Trottier et al., 1995, Herndon et al., 2009). This 

was supported in our data here as the 1C2 antibody labelled nearly all STN neurons both within the 

nucleus and cytoplasm, whereas the S829 immunoreactive mHtt products were localised 

specifically within the nucleus in affected STN neurons. This study hence has shown for the first 

time, the presence of mHtt aggregates within the human STN. A trend of increasing numbers of 

mHtt aggregates with HD grades was observed in our cases, with the grade 4 case having the 

highest number of aggregates. Previous mHtt aggregate studies within the human striatum and 

cortex found that in juvenile cases, the amount of aggregates are significantly higher than that of 

adult onset cases; supporting the view that mHtt aggregation showed an increasing trend with HD 

progression (DiFiglia et al., 1997b, Gutekunst et al., 1999).  

The most common form of mHtt aggregates found in previous studies in both human and animal 

HD models are within the nucleus, cytoplasm or dystrophic neurites (DiFiglia et al., 1997b, Hoffner 
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et al., 2007). Our current study showed both nuclear and cytoplasmic aggregates within the STN 

neurons in HD are in agreement with animal and human studies in the more degenerated regions 

such as the cortex or striatum (Herndon et al., 2009). However, an interesting feature regarding the 

form of nuclear aggregates seen in our study is that the entire nucleus seemed to be filled with mHtt 

aggregation in the majority of STN neurons. This was a feature not previously observed in other 

studies. In fact, nuclear aggregates found previously in human HD brains are very small, only 

around 3µm bigger than the nucleolus (DiFiglia et al., 1997b). These previously described small 

nuclear aggregates were similar to the small, globular nuclear punctas observed in a small 

population of STN neuron (Figure 6.12, D).Therefore, it is likely that the large nuclear aggregates 

seen in our study are composed of multiple replicates of the small globular punctas clumped 

together to form massive structures that fills the entire nucleus. Future experiments should work 

towards proving this hypothesis by improving resolution of the nuclear aggregates perhaps at the 

super resolution and electron microscopy level to dissect the massive aggregations.  
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Chapter	7. GABAergic	and	pathological	changes	within	the	human	

STN	in	Parkinson’s	disease	

7.1. 	Introduction	

To date, GABAergic alterations have not been investigated in the human STN in PD. According to 

the basal ganglia model, degeneration and the loss of dopaminergic input in the striatum causes 

excessive downstream inhibition of the GPe due to dysregulation of medium spiny neurons (MSNs) 

in the indirect pathway (Albin et al., 1989, Bonnet and Houeto, 1999, Obeso et al., 2000, Bergman 

and Deuschl, 2002, Wichmann and DeLong, 2003, DeLong and Wichmann, 2009, Wichmann et al., 

2011). This subsequently causes a massive reduction in inhibitory control of the STN through the 

reciprocal GPe-STN connection. The resultant hyperactivity of the STN is considered one of the 

main pathophysiological mechanisms underlying the motor symptoms of PD. Indeed, an increase in 

STN neuronal activity has been measured both in patients (Magnin et al., 2000, Benazzouz et al., 

2002) and animals (Miller and DeLong, 1987, Bergman et al., 1994) during the dopamine depleted 

state. Furthermore, more recent literature suggests that changes in the pattern of neuronal firing are 

more critically related to the motor symptoms of PD (Kühn et al., 2006b, Weinberger et al., 2006, 

Hammond et al., 2007). The crucial functional entities of the STN within the basal ganglia and the 

therapeutic benefits observed in patients after deep brain stimulation therapy prompted this study to 

investigate changes of the GABAergic system within the human STN in PD.  

Based on the basal ganglia prediction model, massive reduction in GPe inhibition should evoke an 

increase in GABA receptor expression within the STN as a response mechanism attempting to 

rebalance inhibitory signals within the basal ganglia circuitry. Indeed, increased gene expression of 

both GABAA and GABAB receptors has been observed in small animals during the dopamine 

depleted state (Shen and Johnson, 2005). Whether these changes will also be observed in the human 

STN in PD cases forms the basis of this chapter. Four putative GABAA receptor subunits, α1, β2/3, 

α3 and γ2, were investigated within the STN in PD brains. The STN was divided into 4 sub-regions 

in the coronal plane, like the previous chapter, to respect the functional somatosensory/limbic sub-

regions. All analysis protocols were similar to that conducted by Allen et al (2009) and the previous 

chapter for investigation of GABAA changes in the human STN in HD. 
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In addition to investigating changes of the GABAA receptors, this chapter also investigates whether 

α-synuclein aggregates are found within neurons and neuropil of the STN. The main pathological 

hallmark of PD is the aggregation of α-synuclein, forming inclusions within the cytoplasm or 

dendrite of neurons, known as Lewy bodies or Lewy neurites (Baba et al., 1998, Braak et al., 1999, 

Braak et al., 2003). The aggregates mainly comprised of malfunctional cytotoxic α-synuclein fibrils 

that are mostly ubiquinated for degradation (Spillantini et al., 1997). Cytotoxic dopaminergic 

products are also found within the aggregates in the surviving SN neurons. Previous studies have 

shown the early pre-symptomatic appearance of α-synuclein inclusions in neurons of the olfactory 

bulb (Hawkes et al., 2007, Saito et al., 2016). This pathology was described to have spread 

gradually from the catecholaminergic nucleii of the posterior and dorsal brainstem regions and 

migrate anteriorly into the midbrain regions, predominantly affecting the SNc and the basal ganglia 

before widely spreading into the cortex (Braak et al., 2004, Mason et al., 2016, Rey et al., 2016). 

Appearance of intracellular α-synuclein aggregates was described to have affected some brain 

regions whilst completely avoiding others. Neurodegeneration may or may not occur in the regions 

affected by α-synuclein pathology. Recent evidence indicates, the spread of α-synuclein pathology  

occurs through prion–like mechanisms from neuron to neuron (Bernis et al., 2015, Jones et al., 

2015). The most affected region is the substantia nigra, where the entire structure becomes 

gradually infiltrated by Lewy bodies. However, neurodegeneration selectively occurs in the SNc 

where the pigmented dopaminergic neurons reside. The adjacent SNr, although also plagued with 

Lewy bodies and neurites, showed minimal neurodegeneration throughout the disease progression 

(van Domburg and ten Donkelaar, 1991, Hardman et al., 1996). Since all structures of the basal 

ganglia are affected by the pathophysiology of PD, aggregation of α-synuclein could occur in all 

areas, including STN. This chapter hence investigates whether the robust STN neurons exhibit 

cellular α-synuclein inclusions similar to the adjacent substantia nigra. The α-synuclein antibody 

used in this study detects phosphorylated forms of α-synuclein at serine 129 (S129). This is because 

multiple studies have found that phosphorylation of S129 (S129P) on α-synuclein fibrils are 

extensive in Lewy bodies from post-mortem brain of patients with sporadic or familial PD 

(Fujiwara et al., 2002, Anderson et al., 2006).  
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7.2. Methods	

Refer to Chapter 3, sections 3.1-3.6 for detailed IHC protocols, image acquisition and neuronal 

quantification methods used in this chapter. 

7.3. Results	

7.3.1. Cellular	changes	within	the	human	STN	in	PD	

A total of 11 human brains consisting 5 PD and 6 neurologically normal control cases were chosen 

from the Neurological Foundation Douglas Human Brain Bank, New Zealand. Although the control 

and PD groups were not exactly age matched, both groups are of a similar age category. The control 

group have an average age of 69.83 years whilst the PD group showed a slightly older average of 

76.80 years of age. The PM delay of both groups were again comparable with the PD group 

showing an average PM delay of 10.9 hours and the control group 14.83 hours (Table 3.3). All PD 

cases were clinically diagnosed with PD and showed depigmented SNc in post-mortem pathology 

reports.  

Changes in cellular morphology and neurochemical composition of the human STN in PD brains 

were qualitatively accessed via triple label fluorescence staining of PV, CR and SMI32 in 

representative PD cases. Overall, the side by side comparison of triple labelled PD and control 

sections of the STN showed no gross differences in neuronal morphology or optical intensity 

(Figure 7.1). The proportion of triple-labelled neurons also seemed to remain the same between PD 

and controls. This supports the findings observed by Hardman and colleagues (1997), where no 

significant cell loss were detected between PD and control in the post-mortem human STN. 
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Figure 7.1: Side by side high magnification confocal images showing comparison of triple labelled (PV, CR & SMI32) sections in the human 
STN from PD (E-H, case PD52) and control (A-D, case H242) cases. 
Overall the PD STN showed similar morphologies of PV (A & E), SMI32 (B & F) and CR (C & G) positive neurons in terms of size and intensity. The 
merged channels showed similar proportions of triple-labelled neurons between control and PD (white arrows, D & H). 

Control Parkinson’s disease 
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7.3.2. GABAergic	changes	within	the	human	STN	in	PD	

Overall four GABAA receptor subunits, α1, β2/3, α3 and γ2, were investigated within the human STN. 

Three representative serial sections from the rostral, middle and caudal portions of the STN were 

selected and stained for the four GABAA subunits simultaneously. The stained sections were then 

imaged on the Vslide scanner and the resultant images divided into 4 groups corresponding to the 4 

pre-defined sub-regions, according to the anatomical location of each image. Densitometic 

measurements made from the ImageJ analysis software were converted to percentage of normal and 

presented here.  

7.3.2.1. Densitometic	changes	of	the	GABAA	α1	receptor	subunit	within	the	human	STN	

in	PD	

The GABAA α1 receptor subunit showed an overall increase in intensity across all of the 4 pre-

defined sub-regions, with the most ventromedial portion of the nucleus showing the least degree of 

increased intensity compared to the dorsolateral sub-regions. A significant increase to 112.34 ± 

6.50% of normal intensity was detected in DL1 (Figure 7.2). A similar percentage increase was 

measured from the DL2 region but was not statistically significant. However, qualitatively, the 

entire STN seemed to show increased IR of the α1 receptor subunit in PD (Figure 7.3). 

Consequently, the relative increasing dorsolateral to ventromedial staining gradient observed in 

control sections (see Chapter 5) ceased to exist in the majority of PD cases (Figure 7.3). At the 

cellular level, localisation of the α1 subunit in PD remained the same as in control, with minimal 

intracellular staining and very high membrane IR outlining the neuronal skeleton. However, the 

density of α1 positive processes within the neuropil vastly increased in both dorsolateral and 

ventromedial sub-regions of the STN. The immunopositive neurons also show increased staining 

intensity compared to control, although the increase was modest compared to the neuropil.  
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Figure 7.2: Densitometric changes of the GABAA α1 receptor subunit in the human STN in 
PD. 

Overall, all sub-regions showed an increase in intensity of the GABAA α1 subunit, the dorsolateral 
sub-regions showing more increase than the ventromedial. A significant increase of 12.34% was 
detected in the DL1 sub-region. DL1: dorsolateral region 1, DL2: dorsolateral region 2, VM1: 
ventromedial region 1, VM2: ventromedial region 2.  

  

Graph showing densitometric changes of the GABAA α1 subunit in the human 
STN in PD   
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Figure 7.3  

GABAA α1 
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Figure 7.3: Macroscopic, regional and cellular changes of the GABAA α1 subunit IR in the 
human STN in PD. 

A: Macrograph of the STN in a representative basal ganglia section of a neurologically normal case 
stained with the GABAA .α1 receptor subunit. The macrograph of the STN showed modest staining 
of the α1 receptor subunit with varying IR patches throughout the dorsolateral to ventromedial axis. 
Overall, the staining intensity increased from the dorsolateral to ventromedial pole.  

A (a): High power light microscopy image showing regional α1 subunit IR in the dorsolateral 
portion of the STN in the representative control case. The staining pattern of this GABAA receptor 
closely followed that described in the normal human STN, with very high neuronal membrane IR 
and modest intracellular and neuropil IR.  

A (b): High power light microscopy image showing regional α1 subunit IR in the ventromedial 
portion of the STN in the representative control case.  

B: Macrograph of the STN in a representative basal ganglia section from a PD case stained with the 
GABAA α1 receptor subunit. The image showed an overall increase in the staining intensity of the 
α1 receptor across all sub-regions compared to control (A). The increasing dorsolateral to 
ventromedial staining gradient was abolished in the PD cases. Note: the PD case used here was one 
that showed the most striking differences. 

B (a): High power light microscopy image showing dorsolateral regional staining of the α1 receptor 
subunit in the STN of PD cases. Compared to the IR observed in controls (A, a), the staining 
intensity was greatly increased within the neuropil. 

B (b): High power light microscopy image showing ventromedial regional staining of the α1 
receptor subunit in the STN of PD cases. Similar with B (a), the staining intensity within the 
neuropil greatly increased compared to control. 

DL: dorsolateral, VM: ventromedial 
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7.3.2.2. Densitometic	changes	of	the	GABAA	β2/3	receptor	subunit	within	the	human	STN	

in	PD	

Similar to the GABAA α1 receptor subunit, the β2/3 subunit also showed increasing intensities across 

all 4 sub-regions, with the greatest increases occurring in the dorsolateral sub-regions. A significant 

increase in the optical intensity of the β2/3 subunit to 109.37 ± 11.92% was detected in the DL1 sub-

region. This was a smaller increase compared to that detected for the α1 subunit in the same sub-

region (Figure 7.4). At the macroscopic level, the global increase in β2/3 subunit intensity gave the 

STN a darker appearance compared to the control. At the regional level, the massive increase in IR 

within the dorsolateral sub-regions completely abolished the dorsolateral to ventromedial IR 

gradient (Figure 7.5). The relative increase in intensity within the dorsolateral sub-regions thus 

made the entire nucleus homogeneous in β2/3 staining intensity. At the cellular level, the localisation 

of the β2/3 subunit on STN neurons remained the same in PD compared to controls cases. However, 

a clear modest increase in staining intensity can be observed on the perikarya, proximal dendrites 

and the neuropil of PD cases.  

 

Figure 7.4: Densitometric changes of the GABAA β2/3 receptor subunit in the human STN in 
PD. 

Overall, all sub-regions showed an increase in density of the GABAA β2/3 subunit, the dorsolateral 
sub-regions showing more increase than the ventromedial. A significant increase of 9.37% was 
detected in the DL1 sub-region. DL1: dorsolateral region 1, DL2: dorsolateral region 2, VM1: 
ventromedial region 1, VM2: ventromedial region 2.   

Graph showing densitometric changes of the GABAA β2/3 subunit in the 
human STN in PD 
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Figure 7.5 
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Figure 7.5: Macroscopic, regional and cellular changes of the GABAA β2/3 subunit in the 
human STN in PD. 

A: Macrograph of the STN in a representative neurologically normal case stained with the GABAA 
.β2/3 receptor subunit. The macrograph showed moderate IR of the β2/3 receptor subunit within the 
STN boundaries similar to that observed for the α1 subunit. A clear increase in IR can be observed 
from the dorsolateral to ventromedial pole with patches of varying IR regions occurring throughout 
the entire nucleus. 

A (a): High power light microscopy image showing IR of the β2/3 subunit in the dorsolateral region 
of the STN in the control case. Cellular staining pattern follows that described in the normal human 
STN, with very high neuronal membrane IR and modest intracellular and neuropil IR.  

A (b): High power light microscopy image showing IR of the β2/3 subunit in the ventromedial 
portion of the STN in neurologically normal control case. Again, staining patterns mirrored that 
described in the normal human STN. 

B: Macrograph of the STN from a PD case stained with the GABAA β2/3 receptor subunit. Overall, 
the entire STN showed an increase IR for the β2/3 subunit across all sub-regions compared to 
control. The dorsolateral to ventromedial staining gradient was not observed in the PD STN 
compared to that of control. Note: the PD case used here was one that showed the most striking 
differences. 

B (a): High power light microscopy image showing IR of the GABAA β2/3 receptor subunit in 
dorsolateral sub-region in the STN of PD case. Compared to the IR observed in controls (A, a), a 
substantial increase in staining intensity was observed in this sub-region. The staining within the 
neuropil was especially augmented compared to that of control. However, neuronal IR for the 
subunit remained relatively the same. 

B (b): High power light microscopy image showing IR of the GABAA β2/3 within the ventromedial 
sub-region in the STN of PD case. Similar with B (a), distinct increases in IR with the neuropil was 
observed whilst neuronal IR remained the same to that of control. 

DL: dorsolateral, VM: ventromedial 
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7.3.2.3. Densitometric	changes	of	the	GABAA	α3	receptor	subunit	within	the	human	STN	

in	PD	

Unlike the GABAA α1 and β2/3 subunits, no significant changes in intensity were detected for the α3 

subunit across all 4 sub-regions, although mild decreases were found across the entire nucleus 

(Figure 7.6). At the macroscopic level, no striking differences in staining intensity were observed in 

the STN for the α3 subunit between PD and control cases (Figure 7.7). At the regional level, no 

striking differences in receptor subunit localisation or intensity could be observed for the α3 subunit 

in both dorsolateral and ventromedial sub-regions. The localisation of the α3 receptor subunit 

continued to show high IR within the perikarya of immunopositive neurons and low neuropil 

staining. However, there seemed to be a slight decrease in the α3 intracellular staining intensity 

amongst several immunopositive neurons, which likely contributed to the small global decreases in 

optical density (Figure 7.6).  

 

Figure 7.6: Densitometric changes of the GABAA α3 receptor subunit in the human STN in 
PD. 

No significant differences were detected across all sub-regions examined for the α3 subunit in PD 
compared to control. However, modest decreases in intensity were found in all sub-regions. DL1: 
dorsolateral region 1, DL2: dorsolateral region 2, VM1: ventromedial region 1, VM2: ventromedial 
region 2. 

  

Graph showing densitometric changes of the GABAA α3 subunit in the human 
STN in PD 
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Figure 7.7 
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Figure 7.7: Macroscopic, regional and cellular changes of the GABAA α3 receptor subunit 
within the human STN in PD. 

A: Macroscopic image of the human STN stained with the GABAA .α3 receptor subunit in a 
neurologically normal control case. The macrograph showed light STN IR for the α3 receptor 
subunit across the entire nucleus with a lighter dorsolateral IR compared to the ventromedial. A 
mild increasing IR gradient can be observed from the dorsolateral to ventromedial pole, similar to 
that described in the normal human STN. 

A (a): High power light microscopy image showing IR of the α3 receptor subunit in the dorsolateral 
sub-region of the STN in the control case. Cellular staining pattern follows that described in the 
normal human STN, with very high IR observed within the perikarya and minimal neuropil IR.  

A (b): High power light microscopy image showing IR of the α3 receptor subunit in the 
ventromedial portion of the STN in the control case. Again, staining patterns mirrored that 
described in the normal human STN, showing similar intracellular IR for the α3 subunit but slight 
increases in neuropil staining intensity. 

B: Macrograph of the STN from a PD case stained with the GABAA α3 receptor subunit. Overall, no 
striking differences were observed in α3 IR across all sub-regions compared to control. The 
dorsolateral to ventromedial staining gradient could still be depicted in the macrograph. Although a 
global slight decrease in α3 IR could be depicted across the entire nucleus. 

B (a): High power light microscopy image showing IR of the GABAA α3 receptor subunit in 
dorsolateral sub-region of the STN in PD cases. Compared to the IR observed in controls (A, a), a 
slight decrease in intracellular neurons IR can be observed in this sub-region. However, IR within 
the neuropil remained the same as that of controls. 

B (b): High power light microscopy image showing IR of the GABAA β2/3 receptor subunit within 
the ventromedial sub-region of the STN in PD cases. Similar with B (a), subtle decreases in 
intracellular α3 IR was observed in the immunopositive neurons compared to the control. The 
neuropil also seemed to show slight decreases in α3 IR. 

DL: dorsolateral, VM: ventromedial 
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7.3.2.4. Densitometric	changes	of	the	GABAA	γ2	receptor	subunit	within	the	human	STN	

in	PD	

Similar to the GABAA α1 and β2/3 subunits, small increments in optical intensity for the GABAA γ2 

subunit were detected globally across all 4 sub-regions in PD. However, no statistically significant 

differences were found between the control and PD group (Figure 7.8). One interesting features 

regarding this receptor subunit is the relatively large inter-sample variability observed amongst the 

PD group whilst the other subunits have relatively small and uniform variability compared to their 

control counterpart. At the macroscopic level, a moderate increase in staining intensity can be 

observed in the dorsolateral portion of the STN in PD cases compared to control (Figure 7.9). 

Again, the increasing dorsolateral to ventromedial staining patterns disappeared in PD cases. At the 

regional level, the high intracellular γ2 IR found within immunopositive neurons are similar 

between control and PD cases in both the dorsolateral and ventromedial sub-regions. However, an 

increase in the number of neuronal processes stained positive for the γ2 subunit was observed in 

both sub-regions in the PD case. The increased IR within the neuropil most likely caused the global 

increase in γ2 IR within the nucleus. Cellular localisation of the γ2 subunit did not show striking 

differences to that of control. 
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Figure 7.8: Densitometric changes of the GABAA γ2 receptor subunit in the human STN in 
PD. 

No significant differences were detected across all sub-regions examined for the γ2 subunit in PD 
compared to control. However, small increases in intensity were found in all sub-regions. DL1: 
dorsolateral region 1, DL2: dorsolateral region 2, VM1: ventromedial region 1, VM2: ventromedial 
region 2.  

  

Graph showing densitometric changes of the GABAA γ2 subunit in the human 
STN in PD 
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Figure 7.9  
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Figure 7.9: Macroscopic, regional and cellular changes of the GABAA γ2 receptor subunit 
within the human STN in PD. 

A: Macroscopic image showing the human STN stained with the GABAA .γ2 receptor subunit in a 
neurologically normal control case. The macrograph showed high levels of IR for the γ2 receptor 
subunit across the entire nucleus with a lighter dorsolateral IR compared to ventromedial. An 
increasing IR gradient can be observed, similar to that described in in the normal human STN 
(chapter 5). 

A (a): High power light microscopy image showing IR of the γ2 receptor subunit in the dorsolateral 
sub-region of the STN in the control case. Cellular staining pattern follows that described in the 
normal human STN (Chapter 5), with very high IR observed within the perikarya and modest 
neuropil IR.  

A (b): High power light microscopy image showing IR of the γ2 receptor subunit in the 
ventromedial portion of the STN in the control case. Again, staining patterns mirrored that 
described in the normal human STN (chapter 5), showing high intracellular IR for the γ2 subunit 
and modest neuropil IR. 

B: Macrograph of the STN from a PD case stained with the GABAA γ2 receptor subunit. A slight 
increase in γ2 IR can be observed in the dorsolateral portion of the STN, making the entire nucleus 
homogeneous. The increasing dorsolateral to ventromedial staining gradient was no longer 
observed. 

B (a): High power light microscopy image showing IR of the GABAA γ2 receptor subunit in 
dorsolateral sub-region of the STN in PD cases. Compared to the IR observed in controls (A, a), a 
slight increase in IR of the γ2 subunit can be observed within the neuropil, where more processes 
were labelled compared to control. However, the intracellular IR remained the same to that of 
control. 

B (b): High power light microscopy image showing IR of the GABAA γ2 receptor subunit within the 
ventromedial sub-region of the STN in PD cases. Similar with B (a), increases in neuropil IR for the 
γ2 subunit can be observed whilst the neuronal IR remained the same. 

DL: dorsolateral, VM: ventromedial 
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7.3.3. Pathological	changes	within	the	human	STN	in	PD	

The main pathological hallmark of PD in post-mortem tissue is the detection of α-synuclein 

aggregates within neuronal cell bodies or dendritic processes termed Lewy bodies or neurites. The 

most severely affected brain region in PD is the SNc. However, the occurrence of Lewy body and 

neurites was known to spread from the brain stem anteriorly toward the cerebral cortex as the 

disease progresses. The occurrence of Lewy bodies and neurites within the STN in post-mortem 

human brain tissue has not previously been investigated; therefore, this study attempts to examine 

the pathological α-synuclein changes in PD brain.  

7.3.3.1. No	detection	of	pathological	Lewy	bodies	or	neurites	in	the	human	STN	in	PD	

The α-synuclein deposits in post-mortem human brains are abnormally phosphorylated at several 

amino acids. One of the most common modifications of α-synuclein in Lewy bodies is a single 

phosphorylation at Ser-129 (S129P, Fujiwara et al., 2002, Anderson et al., 2006). Therefore this 

study uses an antibody that specifically targets S129P α-synulcien molecules to achieve a more 

specific detection of Lewy bodies.  

Immunostaining of post-mortem basal ganglia PD sections with the S129P α-synuclein antibody 

revealed presence of prominent Lewy bodies and neurites in the pigmented dopaminergic neurons 

of the SN (E & G, Figure 7.10). The Lewy bodies displayed a circular appearance with a clear halo 

centre and are typically found within the perikarya of large pigmented neurons of the nigra (black 

arrow, G, Figure 7.10). Concomitantly, multiple small halo centred structures can be found in the 

Lewy neurites (blue arrow, G, Figure 7.10). However, several surviving pigmented neurons does 

not exhibit α-synuclein aggregates (white arrow, G, Figure 7.10). Comparing to control sections 

stained with the same antibody, no labelling of Lewy bodies or neurites can be observed (A & C, 

Figure 7.10).  

In contrary to the SN, the adjacent STN did not show staining of Lewy bodies or neurites in 

neuronal perikarya and neuropil (F & H, Figure 7.10), indicating that the α-synuclein pathology 

does not severely affect the STN in PD. However, closer examinations of the STN revealed 

numerous thin fibres traversing within the boundaries of the STN (H, Figure 7.10). Examination of 

the STN in control cases also revealed presence of thin S129P α-synuclein positive fibres. These 

thin fibres were occasionally seen to cluster together and form small fibre bundles (D, Figure 7.10). 
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To verify whether these fibres are specific to the S129P form of α-synuclein, the same PD case was 

stained with an antibody targeting non-phosphorylated forms of α-synuclein (Figure 7.11). The SN 

stained with the normal non-phosphorylated α-synuclein was heavily packed with α-synuclein 

fibres amongst the pigmented neurons (A & C, Figure 7.11). A close examination of the pigmented 

neurons revealed presence of circular intracellular Lewy bodies similar to those observed in S129P 

α-synuclein stained sections (black arrow, C, Figure 7.11). However, the adjacent STN did showed 

no IR for the normal α-synuclein stain. No specific cellular structures were stained within the 

boundaries of the STN (B & D, Figure 7.11). This therefore confirmed that the fibre bundles 

observed were of a specific nature for S129P α-synuclein species.  

7.3.3.2. Presence	of	S129P	α‐synuclein	fibres	within	the	control	and	PD	STN	

Following the detection of the S129P α-synuclein positive fibres, several control and PD cases were 

simultaneously stained for S129P α-synuclein. As expected, both the PD and control cases showed 

staining of S129P α-synuclein positive fibres (A-C, Figure 7.12). The small fibre bundles observed 

in several control cases often have the same orientation, which may represent extrinsic S129P α-

synuclein pathways traversing through the STN (A & B, Figure 7.12). The PD cases also 

consistently showed presence of S129P α-synuclein fibres, however, no specific fibre bundles was 

observed. These observations are indicative that perhaps these passing fibres contribute a functional 

role in normal brain physiology. 

7.3.3.3. Co‐localisation	of	S129P	α‐synuclein	positive	 fibres	with	neuronal,	GABAergic,	

astrocytic	and	vasculature	markers	within	the	control	human	STN	

Co-localisation studies were then performed on the S129P α-synuclein positive sections, with the 

intention to establish relationships between these fibres and the neurochemistry of the human STN. 

In sections double-labelled for PV/CR with S129 α-synuclein, both PV and CR positive neurons 

were observed to lie in close proximity to the S129P α-synuclein fibres. However, no co-

localisation was observed between the immunopositive neurons and the fibres (A-F, Figure 7.13). 

Interestingly, the PV fibre bundles seemed to travel in parallel with the S129P α-synuclein fibres 

The GABAA α1 double-labelled sections however, showed no co-localisation with the fibres (G-I, 

Figure 7.13). Subsequent double labelling of S129P α-synuclein with the astrocytic marker, GFAP, 

or the microvasculature marker, collagen 4, showed no co-localisation (Figure 7.14). These results 

suggest further established the extrinsic nature of these S129P α-synuclein fibres. 
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Figure 7.10 
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Figure 7.10: Low and high power light microscopy images comparing expression of S129P α-
synuclein in the human SN and STN. 

A. Low magnification image showing pigmented dopaminergic neurons of the human SN in a 
control case stained with S129P α-synuclein. These large SN dopaminergic neurons displayed the 
typical expression of neuromalanin, giving the SN a dark hue. Fine S129P α-synuclein fibres were 
lightly stained in the neuropil. 

B. Low magnification image of the human STN stained with S129P α-synuclein in the same control 
case. Overall the STN displayed light IR for S129P α-synuclein, distinguishing the region from the 
surrounding fibre bundles.  

C. High magnification image showing pigmented neurons of the SN stained with S129P α-
syunclein in the control case. The large pigmented neurons displayed healthy expression of 
neuromalanin within the perikarya and no intracellular expression of S129P α-synuclein. Similarly, 
the neuropil displayed very light expression of S129P α-synuclein, but thin fibres were detected 
amongst the pigmented neurons.  

D. High magnificantion image showing expression of S129P α-synuclein in the adjacent STN. 
Within this region, numerous thin S129P α-synuclein fibre bundles were detected (ellipses) in the 
neuropil. However, no obvious IR was detected in the perikarya. 

E. Low magnification image showing the SN labelled with S129P α-synuclein in a PD case. Similar 
to control case (A), the SN of this PD case also inhabit numerous pigmented neurons. However, 
compared to control, the neuropil of the PD SN seemed to be completely devoid of S129P α-
synuclein fibres. The neurons also appeared darker, which may imply expression of pathological 
intracellular α-synuclein aggregates. 

F. Low magnification image showing the adjacent STN labelled with S129P α-synuclein in the 
same PD case. Compared to control the PD STN seemed to have lost all regional IR for the S129P 
α-synuclein antibody. However, very light IR can still be observed within the STN boundaries 
(dotted ellipse).  

G. High magnification image of the PD SN labelled with S129P α-synuclein. As oppose to the 
brown intracellular neuromalanin pigments found in control SN neurons, the neurons of the PD SN 
appeared black. Very thick and intensely labelled neurites or Lewy neurites are also found within 
the neuropil (blue arrow). A closer examination revealed intensely labelled circular structures 
within the perikarya, representative of Lewy bodies (black arrow). They have a clear centre and can 
be distinguished clearly from the brown neuromalanin (white arrow). Surviving SN neurons 
typically held 1-2 Lewy bodies.  

H. High magnification image of the PD STN labelled with S129P α-synuclein. As opposed to the 
adjacent SN, no intracellular Lewy bodies or neurites can be observed. Similar to controls, the PD 
STN displayed numerous S129P α-synuclein positive fibres.  
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Figure 7.11 
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Figure 7.11: Low and high power images of the SN and STN labelled with non-
phosphorylated α-synuclein in PD. 

A. Low magnification image of the human SN labelled with non-phosphorylated α-synuclein in the 
PD case (same as Figure 7.10). As opposed to adjacent S129P α-synuclein labelled sections, the SN 
showed high IR for non-phosphorylated α-syuclein in the neuropil. The pigmented neurons seemed 
to be scattered amongst the fibrous α-synuclein network.  

B. High magnification image of the human SN labelled with non-phosphorylated α-synuclein in PD. 
Similar to sections labelled with S129P α-synuclein, the pigmented neurons also displayed 
intracellular Lewy bodies (black arrow). However the neuropil are densely labelled with α-
synuclein puncta, whilst the S129P form showed light staining of thin phosphorylated α-synuclein 
fibres.  

C. Low magnification image of the human STN labelled with non-phosphorylated α-synuclein in 
PD. At the regional level, no IR for non-phosphorylated α-synuclein was detected in the STN. The 
entire region appeared pale in the basal ganglia section. 

D. High magnification image of the human STN labelled with non-phosphorylated α-synuclein in 
PD. No staining of cellular structures was observed for non-phosphorylated α-synuclein in the 
human STN. This confirmed that the thin α-synuclein fibres detected (Figure 7.10) are specific for 
the serine phosphorylated form.  
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Figure 7.12 
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Figure 7.12: Detection of S129P α-synuclein fibres within the human STN in both control and 
PD post-mortem tissue, all taken at the same magnification. 

A-C: Low power microscopic confocal images of S129P α-synuclein staining within the human 
STN in neurologically normal control cases. Similar to the PD cases, the STN of neurologically 
normal control cases also showed staining of intense S129P α-synuclein fibres. The fibres 
transverse individually through the nucleus (C), or form dense fibre bundles occurring in similar 
orientations within the nucleus (circles, A & B).  

D-F: Low power confocal images of S129P α-synuclein staining within the human STN in PD. The 
fibrous S129P α-synuclein staining are consistently present in all PD cases examined. However, in 
contrast to the control cases, the thick fibre bundles were not as dense in the PD cases (D, E, and F). 
Instead, thin fibres occurred in random orientations throughout the nucleus.  

lipofusin granules are abundant in these cases, as indicated by * 
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Figure 7.13 
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Figure 7.13: Localisation of S129P α-synuclein fibres with PV, CR and GABAA α1 receptor 
subunit in the STN of neurologically normal controls. 

A-C: Low power confocal microscopic images showing localisation of the S129P α-synuclein fibres 
with PV positive neurons and fibres. The occurrence of the short and thick S129P α-synuclein fibre 
bundles within the control cases seem to run in parallel with the PV positive fibre bundles. 
However, the degree of co-localisation between the 2 fibre groups is low (circles and insets, A, B & 
C). The PV positive neurons lie in proximity to these traversing fibres and are scattered amongst the 
fibre network (arrows, C). 

D-F: Low power confocal microscopy images showing localisation of the S129P α-synuclein fibres 
with CR positive neurons. Similar to the PV positive neurons, the neuronal cell bodies of CR 
positive neurons are scattered amongst the traversing S129P α-synuclein fibre bundles (arrow, F). 
The thin CR positive neuropil fibres showed no co-localisation with the S129P α-synuclein fibre 
bundles (F). 

G-I: Low power confocal microscopic images showing localisation of the S129P α-synuclein fibres 
with GABAA α1 receptor subunits. The thin α1 enriched neuropil did not show any degree of co-
localisation with the thick traversing S129P α-synuclein fibres (I). Again, neuronal cell bodies are 
scattered amongst the traversing fibre bundles. 

*, cellular lipofusin granules 
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Figure 7.14: Localisation of S129P α-synuclein fibres with astrocytes and blood vessels in the 
STN of neurologically normal controls. 

A-C: High power confocal microscopy images showing localisation of S129P α-synuclein with the 
astrocytic marker, GFAP, in control human STN. Overall the astrocytes and fibres showed very 
little co-localisation with the S129P α-synuclein fibres found within the STN (circles, B & C). 

D-F: High power confocal microscopy images showing localisation of S129P α-synuclein within 
microvasculature marker, collagen 4, in control human STN. Again, only a few spots of S129P α-
synuclein were found in the blood vessels. Very little co-localisation was observed between the 
microvasculature and the S129P α-synuclein fibres (F). 
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7.4. Discussion	

7.4.1. 	Summary	of	results:	

This chapter quantified the expression of 4 of the most prominently expressed GABAA receptor 

subunits, α1, β2/3, α3 and γ2, within the human STN in PD. Overall, the human STN showed minimal 

change in expression of GABAA receptors in PD. However, small but significant changes were 

measured in the dorsolateral sub-regions. For the α1 receptor subunits, a significant increase of 

12.34% in optical density of the PD group compared to the control group was detected in the DL1 

sub-region. For the β2/3 receptor subunit, a significant increase of 9.37% in optical density was 

detected, also in the DL1 sub-region. However, despite statistically non-significant results detected 

in the other sub-regions for the α1 and β2/3 subunits, they all showed a trend of increasing optical 

density, with the exception of the VM2 sub-region. No statistically significant results were detected 

in any respective sub-regions for the α3 and γ2 receptor subunits. However, overall trends of optical 

intensity increases were measured for the γ2 subunit across the entire nucleus. Minimal changes 

were observed for the α3 receptor subunit. Similar to the HD study, the cellular morphology of PV, 

CR and SMI32 neurons did not show striking differences in PD compared to the control group. The 

optical intensity for all 3 neuronal markers and the proportion of double/tripled labelled neurons 

also did not show any striking qualitative differences.  

The study then continued to investigate the expression of S129P α-synuclein aggregates or presence 

of Lewy bodies within STN neurons in PD. In the adjacent SN, a strong expression of S129P α-

synuclein aggregates was found to be present within neuronal cell bodies and short neurites. The 

morphologies of these features closely resembled those of Lewy bodies and neurites found in post-

mortem human brains. The STN however, showed a completely different staining pattern in which 

long and numerous fibre structures were detected traversing through the nucleus. Surprisingly, these 

S129P α-synuclein positive fibres were detected in both control and PD STN. They transverse 

through the nucleus in random orientations or formed multiple small fibre bundles running in 

parallel to each other. Co-labelling the S129P α-synuclein positive fibres with GABAA receptors, 

neuronal markers such as CR and PV, astrocytic markers GFAP and microvasculature marker Col 4 

did not show any real degree of co-localisation. This suggests that the fibres might be extrinsic 

structures coursing through the nucleus. The orientation of the S129P α-synuclein fibres however, 

seemed to be similar to that of PV labelled fibres. 
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7.4.2. GABAergic	changes	within	the	human	STN	in	PD	

Results in this chapter revealed significant increases in GABAA α1 and β2/3 subunit expression in the 

extreme dorsolateral portion of the STN in PD. These results are in good agreement with animal 

studies  which demonstrated a substantial increase in synaptic strength between the GPe and STN 

projections (Baufreton et al., 2009, Fan et al., 2012) in the dopamine depleted state. Both 

electrophysiological and histological techniques have demonstrated increases in GABAA mediated 

receptor current and receptor binding in the STN ipsilateral to dopamine depletion hemisphere 

relative to the STN in the intact hemisphere (Yu et al., 2001, Shen and Johnson, 2005, Mallet et al., 

2008a, Fan et al., 2012). This increase in post-synaptic GABAergic response was found to be 

mediated by pre-synaptic changes where computational modelling and electrophysiological 

evidence have revealed an increased number of synapses per GPe-STN terminal with no alterations 

in the dimensions of the terminals (Baufreton et al., 2009, Moran et al., 2011, Tachibana et al., 

2011). This increase in pre-synaptic GABAergic GPe-STN terminals during the dopamine depleted 

state could thus explain why most of our subunit staining showed robust increases in neuropil IR 

and the number of immunopositive processes. Since the STN of small animals is not functionally 

segregated (Parent and Hazrati, 1995b), our data further enhanced the previous findings by 

confirming that the main pathological GABAergic changes occur within the dorsolateral portion of 

the STN. This sub-region is functionally categorised as the somatosensory-motor region responsive 

to voluntary movement regulation, according to the tripartite model (Parent and Hazrati, 1995b, 

Alkemade et al., 2015).  

Hyperactivity within the STN in PD due to upstream hypo-activation of the GPe was predicted to 

underlie the hypokinetic movement symptoms of PD patients. Indeed, a rich literature described 

bursting and altered patterns of firing within the STN during the dopamine depleted state (Galvan 

and Wichmann, 2008). The increased inhibitory post-synaptic STN current described above was 

hence proposed to be a homeostatic mechanism which fine tunes GPe-STN interaction to counteract 

the STN hyperactivity during the dopamine depleted state (Fan et al., 2012). However, this 

homeostatic response to increase GPe inhibition of the STN might not be beneficial to PD motor 

symptoms. In fact, the strengthened connection could provoke synchronous, rhythmic burst firing of 

STN neurons (Wilson and Bevan, 2011). During the dopamine depleted state, activities between 

GPe, STN and GPi became rhythmic and highly correlated. Rhythmic firing of the STN in the beta 

frequency (13-30Hz) had frequently been found in PD models and are profoundly anti-kinetic 

(Weinberger et al., 2006, Zaidel et al., 2009). One hypothesis regarding the origin of such highly 

correlated rhythmic activity comes from excitatory cortical-STN inputs. This is because under 
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normal physiology, the cortex sends autonomic rhythmic excitatory inputs into the STN, which by-

passed the indirect pathway in demand of powerful basal ganglia inhibitory feedback (Nambu et al., 

2002, Engel and Fries, 2010, Brunenberg et al., 2012). However, during the PD state, strengthening 

of the GPe-STN connection enhanced feedback excitation of rhythmic cortical-STN inputs into the 

GPe. The GPe then in-turn rhythmically entrain the STN and feed-forward to downstream basal 

ganglia structures (Bevan et al., 2006, Brown, 2007). The circuitry hence became rhythmic and 

enhances PD motor symptoms. Deep brain stimulation therapies were hence thought to have altered 

this pathological rhythmic pattern. In small animal studies, stimulation of the STN at high 

frequencies (>60 HZ), reduced beta band firing oscillations which improves PD motor symptoms 

whilst stimulation at low frequencies (<30 Hz), enhanced rhythmic oscillations and exacerbate PD 

motor symptoms (Benabid, 2003, Eusebio and Brown, 2009). Furthermore, global depletion of 

dopamine during PD could further enhance rhythmic activities within the basal ganglia. This is 

because dopaminergic inputs into the STN during normal physiology decrease responsiveness of 

STN neurons to cortical inputs. Therefore during PD, cortical entrainment of the STN enhances and 

promote resonation of rhythmic activities into the basal ganglia (Mallet et al., 2008a, Mallet et al., 

2008b). Our results hence provide evidence of a strengthened GPe-STN connection during PD in 

post-mortem human brains that may have similar characteristics as those described in small 

animals. Therapeutically targeting the strengthened GPe-STN connection may hence be a new niche 

for PD treatment. 

7.4.3. The	detection	of	α‐synuclein	aggregates	within	the	human	STN	in	PD	

Immunostaining of representative basal ganglia sections from PD brains with S129P and wild-type 

α-synuclein antibodies showed profound regional differences between the STN and SN. In the SN, 

clear circular structures representative of intracellular Lewy bodies and neurites (Spillantini et al., 

1997) were detected. The adjacent STN however, showed no signs of pathological Lewy bodies or 

neurites. Instead, numerous, thin S129P α-synuclein fibres bundles were seen coursing through the 

region. These fibres were found in both PD and control cases, which indicates that they held a 

certain functional integrity rather than a result of PD pathogenesis. The lack of co-localisation with 

neuronal, vasculature and receptor markers suggests that these fibres might not be intrinsic to the 

STN but rather fibre bundles passing through the region.  

Two forms of α-synuclein antibodies were used in this study to detect pathological Lewy bodies’ 

deposits in the human STN, the S129P form and the wild form. The S129P form was preferred due 

to the high levels of phosphorylation detected in Lewy bodies of post-mortem human brains 
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(Fujiwara et al., 2002, Anderson et al., 2006). As seen in our results, sections stained with S129P 

antibodies greatly reduced excessive wild-type fibrous α-synuclein staining in the neuropil and 

clearly distinguished intracellular aggregates. Since the distinct fibres within the STN were not 

detected in sections labelled with the non-phosphorylated α-synuclein antibody, the fibres are 

specific to the S129P form of α-synuclein. In terms of antibody specificity, the rabbit S129P α-

synuclein (Abcam, ab51253) and the mouse α-synuclein (Abcam, ab1903) had been used and 

validated rigorously by previous studies in both human and animals (see methods 3.4.1). The mouse 

S129P α-synuclein however, was developed more recently. Specificity of this antibody mirrored 

that of the rabbit form and had been confirmed in post-mortem PD human brains (manufacture’s’ 

note, methods 3.4.1). However, future experiments may need to include additional controls to 

confirm specificity in human tissue. This may include reabsorption peptides or western blots.  

To our knowledge S129 phosphorylated α-synuclein fibres have not previously been observed in 

post-mortem human brains and possibly convey a novel function of the α-synuclein protein. 

Although the aggregation of α-synuclein has long been recognised as the main pathological 

hallmark in PD brains, the normal physiological function of the small α-synuclein protein remain to 

be fully elucidated. Several cellular functions of α-synuclein have been described, including the 

ability to regulate synaptic plasticity, the ability to interact with negatively charged phospholipid 

vesicles or mitochondria-associated membranes to control lipid or calcium homeostasis and more 

recently have been shown to exhibit antimicrobial activity (Bellani et al., 2010, Bendor et al., 2013, 

Calì et al., 2014, Park et al., 2016). A particularly interesting function of α-synuclein is the ability to 

regulate the polymerisation and de-polymerisation of microtubules (Wersinger and Sidhu, 2005, 

Esposito et al., 2007, Esteves et al., 2010). The ability of native monomeric α-synuclein to promote 

microtubule assembly has been reported, although the results are controversial across different 

studies (Alim et al., 2004, Oikawa et al., 2016). However, the recombinant fibril of α-synuclein has 

been shown in vitro to inhibit the formation of microtubules through interactions with microtubule 

associated proteins such as tau and MAP2 (Oikawa et al., 2016). This could ultimately lead to the 

disintegration of neuronal cytoskeleton and subsequent neurodegeneration. The dopaminergic 

neurons had been shown to be selectively vulnerable to microtubule depolymerisation (Ren et al., 

2005). Hence, the fibrous structures detected in our study could very likely be native, α-synuclein 

fibrils interacting with microtubule machineries along the axon originating from various brain 

structures. However, since the fibres are present in both PD and control, these α-synuclein fibrils 

may not be cytotoxic as suggested by the in vitro studies (Esposito et al., 2007, Oikawa et al., 

2016). Perhaps under normal physiology, the inhibitory effect of the α-synuclein fibril may act as a 

feedback mechanism to trim and prune the cellular microtubule network. Perhaps neuronal death 
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only occurs when imbalance occurs between polymerization and de-polymerization, leading to 

disintegration of the cytoskeleton. Whichever is the case, further experiments are needed to better 

understand and characterise these fibres. Our small study here hence confirmed that the STN 

appears unaffected by α-synuclein pathology, with no observation of Lewy body or neurites. In 

contrast, the α-synuclein fibres detected could reveal novel functional integrity of the α-synuclein 

protein.  
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Chapter	8. Gene	 expression	 changes	 in	 the	 human	 subthalamic	

nucleus	in	Parkinson’s	disease	(PD)	

8.1. Introduction	

As reviewed in Chapter 2, Parkinson’s disease (PD) is one of the most common progressive 

neurodegenerative disorders (de Lau and Breteler, 2006a). The cardinal motor symptoms observed 

include rigidity, bradykinesia and resting tremor (Gelb et al., 1999, O'Sullivan et al., 2008). The 

main histopathological hallmark of PD is the progressive degeneration of midbrain dopaminergic 

neurons in the substantia nigra pars compacta (SNc) Thus far, dopamine replacement therapy in the 

form of L-DOPA, a dopamine precursor, is the most successful in treating motor symptoms of  PD 

(Olanow et al., 2009). However, such approaches are often associated with long-term loss of 

efficacy and development of major side effects. Hence, advanced PD patients are often referred to 

undergo the surgical procedure of deep brain stimulation (DBS), which alleviates PD motor 

symptoms as well as L-DOPA induced side effects (Temel et al., 2006, Benabid et al., 2009a, 

Benabid et al., 2009b). However, mechanisms of DBS are not fully understood and are often 

associated with severe psychiatric side effects after surgery.  

The subthalamic nucleus (STN) is currently the favoured target of DBS. Electrical stimulation of 

this structure relieves motor symptoms of bradykinesia, rigidity and tremor (Benabid et al., 2009b). 

Compared to other basal ganglia structures, the STN is fairly resistant to neurodegeneration 

(Hardman et al., 1997). Conversely, a recent MRI paper found a 14% increase in STN volume 

amongst PD patients compared to control. (Camlidag et al., 2014). The DBS procedure presumably 

corrected neuronal hyperactivities within the nucleus, caused by upstream striatal dopamine level 

reductions (Bergman et al., 1990, Bloem et al., 1990, Albin, 1995). However, pathological cellular 

changes caused by the upstream pathology in PD patients have not been fully elucidated. Results 

from Chapter 7 of this study and animal studies by others have confirmed an increase of GABAA 

receptor expression  within the STN during PD, induced by the massive reduction of upstream 

inhibitory GPe afferents (Baufreton et al., 2009, Wilson and Bevan, 2011, Fan et al., 2012). 

Therefore, the next step would be to fully investigate cellular mechanistic changes of STN neurons 

under the prolonged pathological state. This chapter hence used gene expression profiling 

approaches to elucidate major biological pathways altered in the STN during PD. 
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Gene expression profiling (GEP) studies to date in post-mortem human PD brains have mainly 

focused on the SNc due to selective degeneration of dopaminergic neurons. A landmark study in 

2010 (Zheng et al.) conducted genome-wide meta-analysis of 17 microarray studies comparing 

genetic changes in the SNc between control and PD patients. Genes from 10 biological pathways 

were identified as being differentially expressed. Key dysregulated pathways include mitochondrial 

electron transport, glucose utilization, and pyruvate metabolism. Overall the most severely 

degenerated lateral sub-region showed an up-regulation of proinflammatory genes and down-

regulation of genes involved in glutathione synthesis, making the neurons more susceptible to 

oxidative stress (Fearnley and Lees, 1991, Duke et al., 2007). Gene expression analysis of the 

putamen, a crucial region associated with PD, also showed consensus with the dysregulated genes 

found within SNc. (Zhang et al., 2005, Vogt et al., 2006). The STN is one of the most robust brain 

regions against neurodegeneration in PD (Hardman et al., 1997). There are currently no GEP 

studies examining the STN of post-mortem PD brains or animals. Therefore investigating 

dysregulated gene expression in surviving neurons within the region is crucial in identifying novel 

biological entities that may differ to vulnerable regions such as the SNc. Furthermore, identification 

of these crucial genetic changes may also elucidate the pathological cellular phenotypes reversed by 

DBS. Hence this chapter describes efforts to quantify transcriptome expression changes within the 

entire human STN, to allow discovery of key pathophysiological pathways within the STN during 

PD. 

8.2. Methods	

See chapter 3, section 3.7 for RNA-seq and Nanostring protocols and analysis. 

8.3. Results	

8.3.1. Total	 RNA	 extraction	 from	 post‐mortem	 human	 STN	 in	 both	 control	 and	 PD	

groups	

In total, 9 control and 9 PD post-mortem brain cases were chosen for the RNA-seq experiment. The 

average age of the control group was 70.67 ± 2.38 years, with the PD group slightly older at 76.00 ± 

3.84 years of age. This age difference between the groups is not significant (p-value = 0.2554). 

Both groups have equal numbers of male and female cases, consisting of 6 males and 3 females. 

Post-mortem (PM) delay between the 2 groups was also comparable at 9.28 ± 0.81 hours for the 

control and 11.17 ± 1.91 hours for the PD group (p-value = 0.3837).  
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Total RNA extraction was successfully performed from STN tissue dissected from the basal ganglia 

blocks. In total, 30µl of total RNA was eluted from each sample, 10µl was used for quality and 

quantity assessments with the remainder frozen at -80°C. All 18 samples were tested for quality 

with the bioanalyser nanochip. The RIN numbers returned from the bioanalyser traces however, 

showed partially degraded status for the entire cohort. The 2 populations, however, had relatively 

comparable RIN values (Figure 8.1). Overall, the control group showed an average RIN value of 

5.74 ± 0.26 and the PD group showed an average RIN value of 4.71 ± 0.45 (p-value = 0.0638, Table 

8.1 and Figure 8.1). The less than ideal RNA qualities observed here were not unexpected given 

RNA was isolated from a specifically dissected nucleus within frozen post mortem human brain 

blocks with extended PM delay and after long term storage. 

Case Sex Age PM delay 
(hrs) 

Conc. (ng/ul) RIN DV200 (%)

H204 M 66 9 686 4.7 69 

H123 M 78 7.5 187.8 6.1 74 

H109 M 81 8 218 5.7 69 

H131 M 73 13 490 5.2 76 

H120 M 62 11 484 7 98 

H168 M 63 9 730 6.1 96 

H122 F 72 9 240 5 67 

H121 F 64 5 246 6.6 98 

H137 F 77 12 216 5.3 71 

Average  70.67 9.28 388.64 5.74 79.78 

PD50 M 88 6 282 5.7 73 

PD54 M 78 6 468 5.8 84 

PD16 M 79 8.5 396 5.3 82 

PD33 M 91 12 186.4 3.6 52 

PD20 M 73 14 216 3.1 49 

PD15 M 76 11 684 3 69 

PD5 F 62 21 576 6.3 84 

PD8 F 55 4 186.4 3.6 52 

PD58 F 82 18 790 6 96 

Average  76.00 11.17 420.53 4.71 71.22 

Table 8.1: Post-mortem STN tissue cases from which total RNA extraction was successfully 
performed. 

Quality RIN and DV200 values were extracted from the bioanalyser traces and RNA quantity 
measured from Qubit fluorometer. 
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Under the advice of NZGL, DV200 values were calculated from respective bioanalyser traces to 

more accurately access quality of all extracted RNA for the Truseq RNA Access Library kit (Table 

8.1 and Figure 8.1). Overall, the control group achieved an average DV200 value of 79.78 ± 4.48% 

and the PD group achieved an average value of 71.22 ± 5.65. Looking at the stripchart in Figure 

8.1, it can be inferred that the average and distribution of the DV200 values between both groups are 

relatively similar, with all cases achieving a DV200 above 50%, expect for one PD case which had a 

DV200 of 49% (Figure 8.1). However, with reference to the Truseq RNA Access protocol, all 

samples achieving a DV200 over 30% should achieve sufficient sequencing via the Illumina platform 

if adequate input RNA were supplied (Evaluating RNA Quality from FFPE Samples, Technical 

Note: RNA-seq, Illumina). With respect to quantity, all our samples achieved very high total RNA 

concentrations, with the control group yielding an average of 388.64 ± 71.30ng/ul and the PD group 

yielding an average of 420.53 ± 74.87ng/µl. Hence, all our samples passed the quality control 

required for library construction via the Truseq RNA Access Kit, which were used to construct 

targeted libraries from our samples and sequenced on the Illumina platform with New Zealand 

Genomic Limited (NZGL). 

Figure 8.1: Stripcharts showing distribution of RIN (A) and DV200 (B) values in the control 
and PD cohort. 
No significant differences were detected for both RIN and DV200 values between control and PD. 
However, 3 PD cases do seem to have lower RIN and DV200 values compared to the rest of the 
cohort. The 3 PD cases were PD15, PD33 and PD20. 
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8.3.2. Differential	gene	expression	in	the	post‐mortem	STN	in	PD	

8.3.2.1. Paired‐end	read	files	quality	control	and	trimming	

The bioinfoamtic .fastq format files containing paired-end reads were returned following 

completion of RNA-sequencing. Overall, all samples from the control and PD groups achieved 

sufficient amount of data, with the control groups yielding an average of 51,587,040 ± 5,306,402 

paired-end reads per case and the PD group yielding an average of 63,210,197 ± 7,884,147 paired-

end reads per case (Figure 8.2). Each fastq file was accompanied by a quality control (fastQC) 

report which summarised the overall quality of the sequencing data. Base calls within each 

sequence were associated with a quality (Q) value of which an average above 30 was considered of 

a good quality base call. All of our samples achieved high quality base calls, with the 91.92% of all 

base calls in all sequencings achieving > Q30 in the control group and 91.88% achieving > Q30 in 

the PD group. Further quality trimming using the Trimmomatics software refined the reads by 

removing poorer quality bases at the end of the paired-end reads (Figure 8.3). Adapter content 

warnings and reads aligning to polyA sequences were also trimmed to improve purity of reads in 

our fastq files (Figure 8.4 and 8.5). Other FastQC warnings associated with our samples, including 

Kmer content and overrepresented sequences are typical features of sequencing a targeted library 

with increased sequencing cycles. 
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Figure 8.2: Flowchart showing processing of control and PD sequencing reads through the 
data analysis pipeline. 

Samples of both cohorts produced sufficient paired-end reads for analysis, with an average of 51.6 million 
reads in the control and 63.2 million reads in the PD group. Over 95% of the paired-end reads from both 
groups survived trimming for quality, adaptors and polyA sequences. From the surviving reads, 93.9% were 
mapped to the hg19 reference genome per case for the control group and 92.9% mapped per case for the PD 
group. The mapped reads were then taken for further downstream analysis described in Methods 3.7.
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Figure 8.3: Per base sequence quality graphs from fastQC reports before and after quality 
trimming with Trimmomatics. 

It can be observed that base calls in all sequences achieved high quality readings >Q30 in 
untrimmed files (A), with the exception of a few base calls at the end of the sequences. After 
trimming (B), the qualities of all reads were improved by removing the few end base calls of lower 
quality. 
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Figure 8.4: Adapter content warnings from FastQC reports before and after adapter 
trimming with Trimmomatics. 

Prior to adapter trimming, the raw FastQC reports found a warning for an overrepresentation of 
Illumina Universal Adapter sequences amongst the paired-end reads (A). After trimming the 
adapter sequencing supplied by NZGL, the warning was eliminated; increasing purity of our paired-
end reads (B). 
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Figure 8.5: Coverage map of the calbindin gene presented in the Geneius software from a 
representative fasta file before and after polyA tail trimming with Trimmomatics. 

Prior to polyA trimming, a vast number of reads aligned to the 3’ end of the calbindin transcript 
(A). Examination of the end coverage map revealed PolyA sequence read sequences generated 
during sequencing in this sample from all the genes. After trimming, thePolyA sequences were 
removed, ensuring that no reads within our samples align to polyA regions (B). 
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8.3.2.2. Overview	of	RNA‐seq	data	

After pre-analysis trimming procedures, the bioinformatics fastq files were analysed via the 

Tophat/Bowtie/Cufflinks analysis pipeline developed by Trapnell and colleagues. The output files 

from Cuffdiff containing run analysis results were summarised and visualised in CummeRbund and 

Rstudio. Overall the dataset contained CuffDiff results of 27434 genes, 116127 isoforms, 44867 

Transcription start site (TSS), 34372 coding DNA sequence (CDS), 27434 promoters, 44867 

splicing events and 18339 regulated transcripts (relCDS). For the purpose of this study, only the 

genes analysed by CuffDiff were extensively investigated.   

The entire dataset was first visualised in a dispersion plot to evaluate inter-sample variability, as 

overdispersion is a common problem in RNA-seq data. Dispersion is a measure of variance or 

deviation from the mean calculated by Cuffdiff using the negative binomial method. From the 

dispersion plot, both the control and PD sample did not show overdispersion, suggesting minimal 

variations in gene expression between cases within each group (Figure 8.6). 
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Figure 8.6: Dispersion plot showing inter-sample variability within each group for all RNA-
seq data. 

The dispersion (y-axis) were plotted again the mean FPKM (x-axis) of every gene. No major 
variations were observed in both groups which suggest minimal inter-sample variability between 
cases of each cohort. 
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A density plot showing fpkm values of all analysed genes showed a normal distribution in both the 

control and PD groups. Overall both groups showed very similar distributions in the fpkm readings 

of all genes with only a few areas of non-overlap areas (A, Figure 8.7). This indicates that only a 

small proportion of the 27434 genes analysed showed differential expression between the control 

and PD group. The box and whiskers plot again emphasise similar distributions in fpkm values 

between both groups (B, Figure 8.7). From the density plot, it can be estimated that majority of the 

genes analysed had an fpkm value of 10 (ie: log(1) = 10). 

 

Figure 8.7: Fpkm density plots for all genes investigated in RNA-seq within the STN of PD 
and controls. 

Density plot showing fpkm distribution for all genes analysed by CuffDiff in both control and PD 
groups (A). Areas of non-overlap indicate genes showing differential expression between control 
and PD: Box and whisker plot showing fpkm distribution of all genes analysed by CuffDiff (B). 
Both the control and PD groups showed similar distribution and mean fpkm for the entire 
population. 
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8.3.2.3. Differentially	expressed	genes	detected	between	control	and	PD	in	the	human	

STN	via	RNA‐sequencing	

Initially, the Cuffdiff algorithms returned 348 genes showing differential expression between the 

control and PD groups. However, after extensive analysis in PRISM, the extended list was 

narrowed down to 95 genes with 72 up-regulated and 23 down-regulated genes. These genes are 

listed in Table 8.2 and Table 8.3. 

Gene Name Gene symbol 
Log2 Fold 

Change 
p-value 

adjusted 
p-value 

multimerin 1 MMRN1 2.796 0.02182 ° 0.03600 

potassium voltage-gated channel, 
Isk-related family, member 4 

KCNE4 2.687 0.01098 ° 0.02848 

scinderin SCIN 2.310 0.04033 ° 0.04730 

v-maf musculoaponeurotic 
fibrosarcoma oncogene homolog F 

(avian) 
MAFF 2.254 0.00477 ° 0.02700 

nuclear protein, transcriptional 
regulator, 1 

NUPR1 2.005 0.00989 ° 0.02763 

chitinase 3-like 1 (cartilage 
glycoprotein-39) 

CHI3L1 2.000 0.01837ᵠ 0.03173 

lymphocyte antigen 96 LY96 1.989 0.01082 ° 0.02848 

serpin peptidase inhibitor, clade A 
(alpha-1 antiproteinase, antitrypsin), 

member 1 
SERPINA1 1.836 0.01913ᵠ 0.03245 

solute carrier organic anion 
transporter family, member 4A1 

SLCO4A1 1.749 0.03272ᵠ 0.04201 

maltase-glucoamylase (alpha-
glucosidase) 

MGAM 1.739 0.02413ᵠ 0.03764 

immediate early response 5-like IER5L 1.707 0.00906ᵠ 0.02700 

DNA-damage-inducible transcript 4 DDIT4 1.688 0.02442 ° 0.03764 

C-type lectin domain family 2, 
member B 

CLEC2B 1.591 0.00857ᵠ 0.02700 

CCAAT/enhancer binding protein 
(C/EBP), delta 

CEBPD 1.586 0.02963 ° 0.04963 

V-set and immunoglobulin domain 
containing 4 

VSIG4 1.580 0.00766ᵠ 0.02700 

membrane-spanning 4-domains, 
subfamily A, member 6A 

MS4A6A 1.558 0.03671 ° 0.04471 

Fc fragment of IgG binding protein; 
similar to IgGFc-binding protein 

precursor 
FCGBP 1.528 0.03746 ° 0.04848 

mitochondrial ribosomal protein S6 MRPS6 1.526 0.00285ᵠ 0.02700 

lysozyme (renal amyloidosis) LYZ 1.499 0.02976 ° 0.04201 

- NA 1.482 0.01643ᵠ 0.03060 

eukaryotic translation initiation 
factor 4E binding protein 1 

EIF4EBP1 1.467 0.01369ᵠ 0.03038 

Hypoxia Inducible Lipid Droplet-
Associated 

HILPDA 1.453 0.01553® 0.03038 

ceruloplasmin (ferroxidase) CP 1.405 0.02500® 0.03770 

adrenomedullin ADM 1.296 0.02347ᵠ 0.03764 
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aldo-keto reductase family 1, 
member C3 (3-alpha hydroxysteroid 

dehydrogenase, type II) 
AKR1C3 1.272 0.04505 ° 0.04765 

nuclear factor, interleukin 3 
regulated 

NFIL3 1.234 0.04462ᵠ 0.04765 

pim-1 oncogene PIM1 1.225 0.02457ᵠ 0.03764 

CCAAT/enhancer binding protein 
(C/EBP), beta 

CEBPB 1.213 0.01763ᵠ 0.03160 

vascular endothelial growth factor A VEGFA 1.201 0.01599ᵠ 0.03038 

tumor protein D52-like 1 TPD52L1 1.196 0.01556ᵠ 0.03038 

salt-inducible kinase 1 SIK1 1.194 0.03070ᵠ 0.04201 

pim-3 oncogene PIM3 1.162 0.00762ᵠ 0.02700 

dual-specificity tyrosine-(Y)-
phosphorylation regulated kinase 3 

DYRK3 1.138 0.01443ᵠ 0.03038 

jumonji domain containing 6 JMJD6 1.136 0.03074ᵠ 0.04201 

leukocyte immunoglobulin-like 
receptor, subfamily B (with TM and 

ITIM domains), member 1 
LILRB1 1.135 0.01402ᵠ 0.03038 

FOS-like antigen 2 FOSL2 1.121 0.04514® 0.04765 

UBA-Like Domain Containing 2 UBALD2 1.118 0.03259 ° 0.04201 

TGFB-induced factor homeobox 1 TGIF1 1.080 0.01433ᵠ 0.03038 

non-protein coding RNA 84 NEAT1 1.076 0.01712ᵠ 0.03128 

pyrroline-5-carboxylate reductase 1 PYCR1 1.052 0.00818ᵠ 0.02700 

epithelial membrane protein 3 EMP3 1.036 0.04652 ° 0.04804 

dual specificity phosphatase 1 DUSP1 1.033 0.00909 ° 0.02700 

caspase 7, apoptosis-related cysteine 
peptidase 

CASP7 1.028 0.01192ᵠ 0.02903 

lectin, galactoside-binding, soluble, 
3 

LGALS3 1.018 0.03536 ° 0.04888 

glycoprotein (transmembrane) nmb GPNMB 1.002 0.00965ᵠ 0.02763 

nuclear factor of kappa light 
polypeptide gene enhancer in B-cells 

2 (p49/p100) 
NFKB2 0.988 0.00592ᵠ 0.02700 

complement factor H CFH 0.978 0.03259ᵠ 0.04201 

dehydrogenase/reductase (SDR 
family) member 3 

DHRS3 0.926 0.00536ᵠ 0.02700 

Histone Cluster 1, H4b HIST1H4B 0.903 0.01180 ° 0.02903 

activating transcription factor 4 ATF4 0.898 0.03167ᵠ 0.04201 

caspase 1, apoptosis-related cysteine 
peptidase (interleukin 1, beta, 

convertase) 
CASP1 0.893 0.01262 ° 0.02998 

toll-like receptor 5 TLR5 0.878 0.03410ᵠ 0.04252 

similar to ferritin, light polypeptide; 
ferritin, light polypeptide 

FTL 0.841 0.04274 ° 0.04765 

solute carrier family 16, member 1 
(monocarboxylic acid transporter 1) 

SLC16A1 0.841 0.04328ᵠ 0.04765 

solute carrier family 3 (activators of 
dibasic and neutral amino acid 

transport), member 2 
SLC3A2 0.841 0.01579ᵠ 0.03038 

similar to Complement C3 precursor; 
complement component 3; 

hypothetical protein LOC100133511 
C3 0.839 0.00739ᵠ 0.02700 

sulfide quinone reductase-like 
(yeast) 

SQRDL 0.828 0.04018ᵠ 0.04730 



251 
 

interferon-related developmental 
regulator 1 

IFRD1 0.800 0.00678ᵠ 0.02700 

basic helix-loop-helix family, 
member e40 

BHLHE40 0.797 0.03447ᵠ 0.04252 

zinc finger protein 519 ZNF519 0.781 0.00651ᵠ 0.02700 

phosphoinositide-3-kinase adaptor 
protein 1 

PIK3AP1 0.772 0.04568ᵠ 0.04769 

solute carrier family 30 (zinc 
transporter), member 1 

SLC30A1 0.762 0.04094ᵠ 0.04743 

zinc finger protein 844 ZNF844 0.734 0.00167ᵠ 0.02700 

ribonuclease T2 RNASET2 0.732 0.00859ᵠ 0.02700 

DnaJ (Hsp40) homolog, subfamily 
A, member 1 

DNAJA1 0.729 0.03398 ° 0.04252 

arrestin domain containing 3 ARRDC3 0.694 0.00828® 0.02700 

phosphorylase, glycogen, liver PYGL 0.683 0.03842® 0.04620 

v-rel reticuloendotheliosis viral 
oncogene homolog (avian) 

REL 0.683 0.03248ᵠ 0.04201 

Zinc Finger Protein 271, Pseudogene ZNF271P 0.679 0.00366 ° 0.02700 

myoferlin MYOF 0.675 0.04251ᵠ 0.04765 

microRNA 3916 MIR3916 0.649 0.00481ᵠ 0.02800 

exportin 1 (CRM1 homolog, yeast) XPO1 0.584 0.00409ᵠ 0.02700 

Table 8.2: List of up-regulated genes detected in the human STN in PD via RNA-sequencing, 
ranked by log2 fold changes. 

°, p-values derived from non-parametric Mann-Whitney test. ᵠ, p-values derived from parametric 
Welch’s t-test. ®, p-values derived from parametric unpaired Student’s t-test. All p-values were then 
adjusted for FDR based on the Benjamimi-Hochberg method. 
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Gene Name Gene symbol 
Log2 Fold 

Change 
p-value 

adjusted p-
value 

solute carrier family 6 
(neurotransmitter transporter, 

dopamine), member 3 
SLC6A3 -5.186 0.04298 ° 0.04765 

tyrosine hydroxylase TH -3.268 0.02634 ° 0.03909 

dopa decarboxylase (aromatic L-
amino acid decarboxylase) 

DDC -3.124 0.02717 ° 0.03971 

hect domain and RLD 2 
pseudogene 4 

HERC2P4 -2.274 0.00295 ° 0.02700 

hypothetical protein FLJ30058 ARHGAP36 -1.676 0.01822ᵠ 0.03173 

carbonic anhydrase IV CA4 -1.496 0.00110® 0.02617 

zinc finger, CCHC domain 
containing 12 

ZCCHC12 -1.265 0.02198ᵠ 0.03600 

interferon-induced protein 44-like IFI44L -1.144 0.00017® 0.01035 

ATP-grasp domain containing 1 CARNS1 -1.109 0.00604® 0.02700 

cadherin 1, type 1, E-cadherin 
(epithelial) 

CDH1 -1.027 0.03076 ° 0.04201 

collagen, type XI, alpha 2 COL11A2 -1.011 0.00022® 0.01035 

immunoglobulin superfamily, 
member 1 

IGSF1 -0.943 0.00377® 0.02700 

ATPase, class V, type 10B ATP10B -0.934 0.00180® 0.02700 

D-amino-acid oxidase DAO -0.917 0.04363 ° 0.04765 

solute carrier family 7 (cationic 
amino acid transporter, y+ system), 

member 14 
SLC7A14 -0.883 0.00320® 0.02700 

Teneurin Transmembrane Protein 1 TENM1 -0.876 0.00579® 0.02700 

collagen, type IX, alpha 3 COL9A3 -0.865 0.00708® 0.02700 

1-acylglycerol-3-phosphate O-
acyltransferase 4 (lysophosphatidic 

acid acyltransferase, delta) 
AGPAT4 -0.842 0.00362® 0.02700 

fatty acid amide hydrolase FAAH -0.796 0.00090® 0.02617 

potassium voltage-gated channel, 
subfamily H (eag-related), member 

8 
KCNH8 -0.772 0.01109® 0.02848 

stearoyl-CoA desaturase (delta-9-
desaturase) 

SCD -0.740 0.01513® 0.03038 

solute carrier family 6 
(neurotransmitter transporter, 

GABA), member 11 
SLC6A11 -0.705 0.00647® 0.02700 

cold inducible RNA binding protein CIRBP -0.652 0.01554ᵠ 0.03038 

Table 8.3: List of down-regulated genes detected in the human STN in PD via RNA-
sequencing, ranked by log2 fold changes. 

°, p-values derived from non-parametric Mann-Whitney test. ᵠ, p-values derived from parametric 
Welch’s t-test. ®, p-values derived from parametric unpaired Student’s t-test. All p-values were then 
FDR-adjusted based on the Benjamimi-Hochberg method. 

  



253 
 

Amongst the up-regulated genes, the gene showing the biggest fold change was MMRN1, 

multimerin 1, a massive soluble protein found in platelets and in endothelium of blood vessels 

known to function as an extracellular matrix adhesive protein. Amongst the down-regulated genes, 

the SLC6A3 gene, the neurotransmitter transporter for dopamine, demonstrated the biggest negative 

fold change.  
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Figure 8.8: Clustering heatmap showing the 95 differentially expressed genes detected within the human STN in PD. 

A complementary gene expression profile was detected between majority of the cases within the control and PD groups. Case PD20 was a patient 
treated with bilateral pallidotomy prior to brain donation. Here the case showed close resemblance in gene expression to the control group. 
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The clustering heapmap showed chromatic intensities of all 95 genes detected to be differentially 

expressed in all 18 cases of PD and controls. Although a complete segregation in gene expression 

profiles cannot be detected between the control and PD group, the majority of PD patients showed 

complementary gene expression profiles to the control group.  The overall expression profile of 

each case clearly showed that gene expressions detected via RNA-seq were not severely affected by 

RIN or DV200 values. This is because the 3 PD cases with the lowest RIN (Figure 8.1), PD20, PD33 

and PD15, have considerably different expression profiles (Figure 8.8). The case PD20 was 

detected to have an overall gene expression profile similar to that of the control cases. The other 2 

cases however, do not show this feature and were more closely associated with other PD cases. 

Therefore, the spectrum of gene expression profiles observed in the PD group likely reflect different 

stages of disease progression. An interesting case to note is PD20, a patient that received bilateral 

pallidotomy therapy within the GP prior to brain donation, showed a STN gene expression profile 

more similar to the controls than the other PD cases. This may reflect therapeutic benefits of the 

procedure. 

8.3.2.4. Enrichment	and	pathway	analysis	of	differential	gene	expression	data		

Enrichment analysis was carried out in Enrichr, a web-based interactive software that detects 

enriched biological processes and pathways from a supplied list of genes. Both the up-regulated and 

down-regulated gene lists were passed into Enrichr with the default settings. The top 10 Gene 

Ontology (GO) terms, which are annotations describing the functions of specific genes, and the top 

5 pathways detected are presented below.  

From the up-regulated gene list, none of the GO terms generated by Enrichr were significantly 

enriched. The genes found to be up-regulated within the STN in PD originated from multiple 

cellular pathways and systems. This therefore implies that perhaps within the STN, multiple cellular 

pathways are mildly affected with no one particular system severely changing during the disease 

state. However, the top 10 GO terms listed by Enrichr, although insignificant statistically, all relate 

to inflammatory processes including complement activation, toll-like receptor signalling pathways, 

cytokine production and regulation of neuronal death (Figure 8.9). The top 5 up-regulated pathways 

emphasised by Enrichr reflect similarities to the GO terms including complement and coagulation 

cascades, viral carcinogenesis, Legionellosis (a bacterial respiratory disease), toll-like receptor 

signalling cascade and disease of the immune system. Overall, the up-regulated gene list mainly 

implicated processes of cellular inflammation within the STN in PD. 
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From the down-regulated gene list, all GO terms generated suggest significant enrichment of the 

dopamine biosynthesis pathways. The top 3 down regulated significant GO terms detected by 

Enrichr are the dopamine biosynthetic process, catechol-containing compound biosynthetic process 

and catecholamine biosynthetic process. The pathways detected again reflect the GO terms detected 

with the pathways revolving around dopamine or amino acid metabolism (Figure 8.10). The top 5 

pathways detected include dopaminergic synapse, metabolism of amino acids and derivative, 

arginine and proline metabolism, tyrosine metabolism and histidine metabolism. Therefore, the up-

regulated genes mainly depicted major cellular stress responses evoke by PD pathology. The down 

regulated genes on the other hand, depicted specific functional pathways disrupted by upstream 

neurodegeneration.  
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Figure 8.9: Top 10 GO terms and top 5 pathways derived from Enrichr for the up-regulated 
genes detected within the human STN in PD. 

Figure 8.10: Top 10 GO terms and top 5 pathways derived from Enrichr for the down-
regulated genes detected within the human STN in PD.  
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Protein-protein interactions (PPIs) can be predicted from the respective gene names and the protein 

they encode. Both the up-regulated and down-regulated gene lists were entered into STRING, a 

database of known and predicted PPIs, to generate predicted PPI networks. From the up-regulated 

gene PPI network, it can be observed that many genes did not link with any other genes, including 

KCNE4, a voltage-gated potassium channel (Figure 8.11A). On the contrary, numerous well-known 

inflammatory and immune response genes, including CASP1, NFKB2, TLR5, CEBPB and CEBPD, 

formed strong interactions with each other. From the down-regulated PPI network, it can be 

observed that the majority of the down-regulated genes did not have known PPIs. However, a very 

strong PPI exists between the genes related to dopamine synthesis and these include TH, SLC6A3, 

DDC and CARNS1, reflecting their strong enrichment detected via Enrichr (Figure 8.11B). 
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Figure 8.11: Predicted PPI networks derived from STRING for both the up-regulated and down-regulated genes detected within the human 
STN in PD. 

PPI network predicted from up-regulated genes PPI network predicted from down-regulated genes 
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8.3.3. Nanostring	validation	of	genes	detected	via	RNA‐sequencing		

8.3.3.1. Differential	expressed	genes	validated	by	Nanostring	

Nanostring technology was employed to validate 26 differentially expressed genes detected from 

RNA-sequencing to ensure that the changes we observed from sequencing were real biological 

changes rather than a by-product of experimental procedures. The 26 genes were chosen based on 

their respective biological function, statistical significance, fold change and graphical examination 

of differential gene expression between cohorts. Ideally all differentially expressed genes detected 

from RNA-seq should be validated via another experimental technique to be considered a real 

biological observation. However, due to financial and logistic constraints, 26 genes are an optimal 

dataset to validate. Three new cases were added to the cohort subjected to Nanostring including 2 

controls and 1 PD (Table 8.4). Although the RNA quality of the new PD case was not ideal, it was 

advised by NZGL that this should not hinder accurate results production due to extreme sensitivity 

and short probe lengths of the Nanostring systems. Furthermore, the DV200 of the newly added PD 

case was acceptable. 

Table 8.4: New cases added to cohort for Nanostring validation of the 24 chosen differentially 
expressed genes. 

 

 

  

Case Sex Age PM delay 
(hrs) 

Conc. (ng/ul) RIN DV200 (%)

Control 

H118 M 57 10 1000 6.2 97 

H155 M 61 7 442 7.3 98 

Parkinson’s Disease 

PD18 F 98 14 630 2.4 67 
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Overall, 26 genes of interest along with 4 housekeeping genes underwent Nanostring validation. 

After analysis within the nSolver software, 18 of the 26 genes were considered statistically 

significant (Table 8.5). All of the 18 genes showed the same direction and magnitude of fold change 

as those detected in the RNA-seq experiment. The gene showing the greatest up-regulated fold 

change was MAFF, a transcription factor known to regulate gene expression of oxytocin receptors. 

Conversely, the gene showing the greatest down-regulated fold change was FAAH, the fatty acid 

amide hydrolase known to be involved in the clearance of endocannabinoids within the CNS. 

Although 8 genes were not statistically significant from the nanostring platform, they still showed 

similar fold changes and in the same direction to the results from RNA-seq. It is interesting to note 

however, that the 8 non-significant genes were chosen mainly based on their intriguing biology, 

rather than level of significance in the RNAseq data. The housekeeping genes did not show 

differential expression in either cohort. 

Gene Name 
Gene 

symbol 

Control 
(normalised 

count) 

PD 
(normalised 

count) 

Fold 
Change 
(PD vs 

Control) 

p-value FDR 

Statistically significant 

ATPase, class V, type 10B ATP10B 164.39 99.15 -1.66 0.00517 0.04 
basic helix-loop-helix 
family, member e40 

BHLHE40 588.14 1140.84 1.94 0.00369 0.03 

chitinase 3-like 1 (cartilage 
glycoprotein-39) 

CHI3L1 818.92 4161.44 5.08 0.00009 0.01 

dehydrogenase/reductase 
(SDR family) member 3 

DHRS3 338.26 654.58 1.94 0.00063 0.01 

DnaJ (Hsp40) homolog, 
subfamily A, member 1 

DNAJA1 1229.23 2037.62 1.66 0.00788 0.05 

fatty acid amide hydrolase FAAH 190.83 103.69 -1.84 0.00022 0.01 
potassium voltage-gated 

channel, Isk-related family, 
member 4 

KCNE4 17.45 81.83 4.69 0.00190 0.02 

lymphocyte antigen 96 LY96 88.77 258.74 2.91 0.00035 0.01 
lysozyme (renal 

amyloidosis) 
LYZ 78.04 199.45 2.56 0.00022 0.01 

v-maf musculoaponeurotic 
fibrosarcoma oncogene 

homolog F (avian) 
MAFF 20.86 152.99 7.33 0.00026 0.01 

multimerin 1 MMRN1 17.25 92.78 5.38 0.00003 0.00 
mitochondrial ribosomal 

protein S6 
MRPS6 166.66 362.80 2.18 0.00052 0.01 

nuclear protein, 
transcriptional regulator, 1 

NUPR1 287.48 746.65 2.6 0.00065 0.01 

serpin peptidase inhibitor, 
clade A (alpha-1 

antiproteinase, antitrypsin), 
member 1 

SERPINA1 60.58 155.31 2.56 0.00182 0.02 

solute carrier family 16, 
member 1 (monocarboxylic 

acid transporter 1) 
SLC16A1 616.11 1051.97 1.71 0.00449 0.04 
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solute carrier family 3 
(activators of dibasic and 

neutral amino acid 
transport), member 2 

SLC3A2 1235.67 2237.19 1.81 0.00069 0.01 

solute carrier organic anion 
transporter family, member 

4A1 
SLCO4A1 61.09 196.47 3.22 0.00736 0.05 

V-set and immunoglobulin 
domain containing 4 

VSIG4 155.91 547.03 3.51 0.00018 0.01 

Statistically insignificant 

adrenomedullin ADM 332.23 621.48 1.87 0.03216 0.19 

collagen, type XI, alpha 2 COL11A2 57.60 39.15 -1.47 0.05700 0.33 
similar to ferritin, light 

polypeptide; ferritin, light 
polypeptide 

FTL 19170.69 26163.79 1.36 0.14985 0.75 

interferon-induced protein 
44-like 

IFI44L 939.63 535.26 -1.76 0.01567 0.10 

membrane-spanning 4-
domains, subfamily A, 

member 6A 
MS4A6A 12.03 19.83 1.65 0.23192 1.00 

solute carrier family 6 
(neurotransmitter 

transporter, GABA), 
member 11 

SLC6A11 2807.26 1830.73 -1.53 0.09084 0.49 

solute carrier family 6 
(neurotransmitter 

transporter, dopamine), 
member 3 

SLC6A3 25.42 10.29 -2.47 0.26555 1.00 

tyrosine hydroxylase TH 27.48 7.38 -3.72 0.12800 0.67 

Housekeeping genes 
ATP Binding Cassette 

Subfamily D Member 3 
ABCD3 1277.40 1215.24 -1.05 0.38282 1.00 

Nucleosome Assembly 
Protein 1 Like 4 

NAP1L4 2637.10 2578.12 -1.02 0.76221 1.00 

tetratricopeptide repeat 
domain 17 

TTC17 531.65 563.58 1.06 0.25701 1.00 

Zinc Finger And SCAN 
Domain Containing 32 

ZSCAN32 154.78 156.99 1.01 0.88382 1.00 

Table 8.5: List of genes selected for Nanostring validation along with the 4 selected 
housekeeping genes. 

Table shows information regarding gene name, symbol, respective control and PD normalised count, 
respective fold change between control and PD, p-value and FDR.  

 

The clustering heatmap of the 18 genes validated by nCounter also showed similar results to the 

RNA-seq experiment, with the majority of PD cases showing complementary expression profiles to 

the controls. The pallidotomy PD case, PD20, still showed a “normalised” gene expression profile 

compared to the rest of the PD cohort (Figure 8.12).  
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Figure 8.12: Clustering heatmap of the 18 genes validated by nanostring. 

Similar to the results of RNA-seq, the PD and control groups showed clear opposing patterns in terms of gene expression profiles. The bilateral 
pallidotomy case continues to show normalised gene expression compared to other cases. 
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8.3.3.2. Multiple	correlation	analysis	of	validated	Nanostring		

Multivariate correlation analysis was carried out in the statistics software JMP to investigate 

relationships of every gene validated with case-related variables such as age, PM delay, RIN, DV200 

and the weight of STN tissue extracted. Reassuringly, no correlations were found between PM 

delay, DV200, weight of STN tissue, gender and normalised count of the 18 validated genes. 

However, one gene, SLC16A1, was found to be correlated with RIN values (p value = 0.0006) 

when a regression model was fitted into the entire dataset. Further analysis of both control and PD 

cohorts revealed a weak linear correlation in both groups. In the control group, a weak positive 

correlation was detected between the normalised counts detected and respective RIN values (p-

value = 0.0064). Conversely, in the PD group, a weak negative correlation was detected between 

the normalised counts and RIN values (p-value = 0.0101, Figure 8.13). No other genes were found 

to correlate with RIN. 

 

Figure 8.13: Scatter plot showing relationships detected between normalised counts of the 
SLC16A1 gene and RIN values of each respective case. 

A negative weak linear relationship was detected between the normalised counts of SLC16A1 and 
the RIN values of all cases (black trendline). Further investigation found the effect to be primarily 
arising in the PD group (red trendline).  
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The normalised count of two other genes, FAAH and VISG4, were found to have weak correlations 

with the age of respective cases (p-value = 0.0027 for FAAH and p-value = 0.0005 for VISG4). 

Fitting linear regression models to both the control and PD groups revealed weak correlations with 

age within the PD group. A weak negative correlation was detected within the PD group between 

the FAAH counts and age (p-value = 0.0215, Figure 8.14). On the other hand, a weak positive 

correlation was found within the PD group between VSIG4 counts and age of the subjects (p-value 

= 0.0297, Figure 8.15). No other significant correlations were found between all other genes and 

case related variables.  

 

Figure 8.14: Scatter plot showing correlations between normalised count values of the FAAH 
gene and age of PD and controls. 

A weak negative correlation was found between normalised count of FAAH and age of all cases 
(black trendline). Further inter-cohort correlation found no significant correlations within the 
control group (blue trendline) and weak negative correlation within the PD group (red trendline). 
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Figure 8.15: Scatter plot showing correlation between normalised counts of the VSIG4 gene 
and age of control and PD cohorts. 

A weak positive correlation was found between normalised count of VSIG4 and age of all cases 
(black trendline). Further analysis within both cohorts revealed no significant relationship within 
the control group (blue trendline) and a weak positive correlation within the PD group (red 
trendline). 

In summary, three weak correlations between gene expression and RIN or age were identified, 

therefore future interpretations of SLC16A1, FAAH and VSIG4 will take these relationships into 

account 
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8.4. Discussion	

8.4.1. Summary	of	results:	

We undertook this study with the central aim of detecting gene expression changes within the 

human STN induced via upstream PD pathophysiology. In total, 9 control and 9 PD cases were 

selected.  The STN were successfully extracted from the basal ganglia frozen tissue blocks and total 

RNA extracted from all 18 cases. Although the quality of the extracted RNA was variable, 

development of a new Illumina library preparation kit allowed sequencing of the coding regions 

between control and PD within our valuable sample groups. Quality reports regarding sequencing of 

the target libraries showed good quality across the majority of paired-end reads produced. These 

data were refined through quality, adapter and polyQ tail trimming prior to differentially expressed 

genes analysis. In total, 95 differentially expressed coding genes were detected between control and 

PD groups with 72 up-regulated and 23 down-regulated genes. Pathway and enrichment analysis 

detected an up-regulation of inflammatory genes and down-regulation of genes involved in 

dopamine biosynthesis pathways. Finally, 26 genes of interested were selected for validation by 

Nanostring technologies. Eighteen of these out of the 26 genes were confirmed as differentially 

expressed with the STN in PD. Multivariate analysis of all validated genes with fixed sample effects 

revealed that three genes (SLC16A1, FAAH, VSIG4) display modest correlation with either RIN 

score or age, requiring consideration during interpretation. The validated gene most upregulated 

was the MAFF gene and that most down regulated was the FAAH gene. These genes may promote 

neuroprotective mechanisms in STN neurons. 

8.4.2. Enriched	up‐regulated	biological	pathways	detected	via	RNA‐seq	

Although enrichment analysis of the 72 up-regulated genes within the STN in PD found no 

significantly enriched GO (Gene Ontology) terms, pathway analysis found significant enrichment of 

several biological pathways. The top enriched pathways consisted of Legionellosis (a bacterial 

infection of the lungs, Stout and Yu, 1997), complement and coagulation cascades, diseases 

associated with the TLR (toll-like receptor signalling cascade), diseases of immune system and viral 

carcinogenesis. These pathways hence highly correlate with the GO terms detected amongst the up-

regulated genes. These include GO terms of inflammatory response, cytokine production and toll-

like receptor signalling pathways. Multiple genes were also found to be associated with immune 

response mechanisms. The specifically enriched complement and coagulation cascades pathways 

are an effector component of the innate immune system. Taken together, these results suggests that 
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the human STN has increased expression of genes involved in neuroinflammation and active 

immune response in PD.  

8.4.2.1. 	Neuroinflammation	and	immune	response	within	the	human	STN	in	PD	

Our study discovered up-regulation of several genes related to processes of inflammation and 

immune response within the human STN in PD. Neuroinflammation has long been implicated in 

neurodegenerative diseases including PD, Alzheimer’s disease, Huntington’s disease, amyotrophic 

lateral sclerosis and progressive supranuclear palsy (for full reviews see McGeer and McGeer, 

2004, De Virgilio et al., 2016, Hong et al., 2016, Ransohoff, 2016, Zhao et al., 2016). The first 

evidence of neuroinflammatory processes in the human brain in PD came from early histology 

studies where traces of activated microglia  was discovered within the substantia nigra (SN) of post-

mortem PD brains (McGeer et al., 1988, Mirza et al., 1999). Activation of microglia had been 

known to promote production of pro-inflammatory cytokines, chemokines, reactive oxygen and 

nitrogen species and adhesive molecules, which are toxic to surrounding neurons.  A similar form 

of microglial activation was also detected in the locus coeruleus, a small brain stem nucleus which 

also degenerates in PD (Imamura et al., 2003). Concurrent with microglial activation, increased 

concentrations of pro-inflammatory cytokines and growth factors including TNFα, β2-

microglobulin, epidermal growth factor, transforming growth factor (TGF)α, TGFβ, interleukin 1β, 

6, 2 and interferon γ were also detected in post-mortem PD human brain tissues (Mogi et al., 1994, 

Mogi et al., 1995a, Mogi et al., 1995b, 1996, Hunot et al., 1999).  Several transcriptome profiling 

studies in post-mortem brain tissue also found traces of neuroinflammation with RNA microarrays 

(Grünblatt et al., 2004, Mandel et al., 2005, Durrenberger et al., 2012). In particular, the lateral tier 

of the substantia nigra, which degenerates earlier and more severely than the medial portion, was 

enriched in  inflammatory genes (Moran et al., 2006, Duke et al., 2007). Typically, the severity of 

neuroinflammation seemed to correlate with susceptibility of brain regions to PD pathogenesis. 

Since the STN is particularly resistant to neurodegeneration (Hardman et al., 1997), the profound 

enrichment of genes involved or regulated by neuroinflammation in this study indicates an 

inflammatory response is underway, perhaps in response to the upstream cell loss. 

Genes correlated to the immune response system were also identified in our study, with specific 

enrichment of the complement and coagulation cascades pathway, an active component of the 

innate immune response system. Involvement of the immune system in perpetuating 

neuroinflammation and cell death had been implicated in multiple PD studies (Fiszer et al., 1994, 

Liu et al., 2003, Huang and Halliday, 2012). The origin of these destructive processes was thought 
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to be related to the aetiology of PD. Although the aetiology of PD was not fully understood, one of 

the most well-known hypotheses involves an initial environmental stress trigger. This trigger can be 

in the form of a bacterial or viral infection, certain environmental toxins (such as MPTP and 

pesticides), neuronal injuries such as stroke or chronic peripheral inflammatory syndromes such as 

rheumatoid arthritis and Crohn’s disease (Carvey et al., 2003, Dale et al., 2004, Kamel et al., 2007, 

Jang et al., 2009, Noyce et al., 2012). The trigger could be of a CNS or peripheral origin, causing 

immediate activation of the immune system to clear the pathogen. However, one of the many 

consequences is an increase in blood-brain barrier (BBB) permeability which leads to the 

infiltration of immune response vehicles such as lymphocytes and macrophages into the brain 

parenchyma (Kortekaas et al., 2005, Benner et al., 2008, Brochard et al., 2009). This factor hence 

activates microglia and astrocytes to promote neuroinflammation. Since SN dopaminergic neurons 

are naturally under prolonged cytosolic stress, the sudden neuroinflammatory perturbance could 

ultimately lead to cell death. Neurodegeneration then fuelled further glial-mediated 

neuroinflammation and a vicious cycle of chronic inflammation with extensive cell death long after 

the initial injury (Tansey and Goldberg, 2010). Indeed, prevalence of idiopathic PD had been found 

to be higher in rural suburbs (Firestone et al., 2005, De Lau and Breteler, 2006b). Animal studies 

have also found that systemic injection of bacterial toxins or infectious viral components eventually 

caused PD neuropathological hallmarks after initial clearance of infection (Perry, 2004, Dutta et al., 

2008, Frank-Cannon et al., 2008).  More recent evidence suggested possible autoimmune 

mechanisms against the pigmented neuromelanin accumulated within dopaminergic neurons, which 

can cause activation of local CNS innate immune responses (Double et al., 2009, Yanamandra et al., 

2011, Benkler et al., 2012). Furthermore, a significant increase in immune response components 

including complement factors, cytokines and cytotoxic T lymphocytes had been found in peripheral 

blood and CSF of PD patients (Grozdanov et al., 2014, Infante et al., 2015, 2016).  Hence, no matter 

what the initial trigger was, these studies suggested strong involvement of the immune system in 

sustaining self-perpetuating neuroinflammation through a damaged BBB in PD progression. The 

up-regulation of these processes in our data hence implied the breakdown of STN vasculature and 

infiltration of proinflammatory vehicles in PD.  

8.4.2.2. 	Deteriorated	microvasculature	within	the	human	STN	in	PD	

Compared to other brain structures, the STN receives a very rich supply of blood vessels relative to 

its small volume. Evidence of STN microvasculature deterioration in PD  was provided by a recent 

immunohistochemical study where a decrease in capillary density, endothelial cell thickness and  

expression levels of microvascular tight junction proteins was observed in post-mortem PD cases 
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(Pienaar et al., 2015). Furthermore, an increase in extravascular immunoglobin G molecule staining 

was also found in the brain parenchyma of post-mortem PD brains, suggesting increased leakage of 

the BBB. An increased numbers of activated microglial cells were also detected along with 

microvascular degeneration. Our study further consolidated these observations by providing 

evidence of neuroinflammation from a gene expression perspective. Intriguingly, the complement 

and coagulation cascade pathway that was particularly enriched in our study was also discovered to 

be enriched in a recent RNA-sequencing study of peripheral blood transcriptome in PD cases 

(Infante et al., 2016). Concurrently, several genes related to erythrocyte differentiation and blood 

coagulation (JMJD6, DYK3, MMRN1) were identified in our study. The MMRN1 gene, which 

showed a massive increase in expression, was also found to be upregulated in peripheral blood and 

identified as a PD risk gene in several GWAS studies (Do et al., 2011, Rhodes et al., 2011, Nalls et 

al., 2014). The similarity between the blood transcriptome profile and our whole tissue STN profile 

could be an indication of increased blood infiltration within the STN. Furthermore, several up-

regulated genes correlated with angiogenesis and epithelium morphogenesis (VEFG, JMJD6, ADM, 

and MYOF) were also detected, suggesting occurrence of microvascular remodelling within the 

region.  

8.4.3. Enriched	down‐regulated	pathways	detected	via	RNA‐seq	

8.4.3.1. Deterioration	 of	 the	 microvasculature,	 extracellular	 matrix	 and	 lipid	

biosynthetic	pathways	within	the	human	STN	in	PD	

Compared to the vast amount of genes detected to be up-regulated, only 23 genes were found to be 

down-regulated in the STN in Parkinson’s disease. A critical gene which further supports 

deterioration of the microvasculature and infiltration of blood immune factors is the down 

regulation of the cadherin (CDH1) gene, a protein which governs interactions between vascular 

endothelial cells. This gene was also  shown to have decreased protein expression in a recent 

histological study within the post-mortem human STN in PD (Pienaar et al., 2015). The other 

down-regulated genes detected in this study are mainly involved in extracellular matrix organisation 

and lipid biosynthesis. The extracellular matrix is known to regulate neuronal cell development as 

well as provide structural stabilisation of neuronal processes and synaptic contacts. Destruction and 

remodelling of the extracellular matrix and cell adhesive molecules during neurodegenerative 

disease was a common observation and had been implicated in the SN in PD, as well as in AD and 

multiple sclerosis (Soleman et al., 2013). Intriguingly, neuroinflammation was predicted to be one 

of the causal factors for the breakdown of extracellular matrix components. Our data hence suggests 
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that the damaged vasculature and subsequent neuroinflammation may begin to cause deterioration 

of the brain parenchyma within the STN in PD. This may severely impact on the functionality of 

STN neurons. The simultaneous deterioration of lipid biosynthetic molecules detected also supports 

this hypothesis. Deterioration of the lipid biosynthetic system or changes in lipid molecules was not 

explicitly explored within the STN or other brain structures in PD to our knowledge. ATP10B is 

one of the interesting lipid regulatory gene detected amongst the down-regulated gene group. This 

gene is known to modulate the integrity of the phospholipid bilayer (Halleck et al., 1999). 

Specifically, the gene codes for an ATPase that acts as a catalytic component of the P4-ATPase 

flippase complex. The complex in turn mediates the transport of amiophospholipids from the outer 

to the inner leaflet of cellular membranes to maintain the asymmetric properties of the bilayer 

(Nagase et al., 1998, Halleck et al., 1999). Translocation of phospholipids could have major 

implications in vesicle formation and release, which can directly influence cell-cell interaction. 

Therefore signalling between STN and other basal ganglia centres could be compromised in PD. 

However, the direct functional influence of these gene dysregulatory effects requires further 

investigation 

8.4.3.2. Diminished	dopaminergic	activities	within	the	human	STN	in	PD	

Another heavily implicated down-regulated pathway that was especially enriched amongst the 

down-regulated genes was dopamine biosynthesis. The 3 genes detected that were well-known to be 

involved in dopamine biosynthesis (DDC, TH and SLC6A3) were detected to be weakly expressed 

within the STN of the control group. However, this weak expression was reduced to negligible 

levels in the PD samples. Under normal physiology, the STN receives a moderate dopaminergic 

innervation from the SNc (Hassani et al., 1997, Cragg et al., 2004). This connection had been 

shown to be critical in regulating neuronal signalling activities amongst STN neurons. Degeneration 

of this dopaminergic innervation had been implicated to at least contribute to the hyperactivation of 

STN neurons in PD (Wilson and Bevan, 2011). However, the detection of putative dopamine 

biosynthetic markers was unusual as no observations were recorded previously regarding dopamine 

synthetic properties within STN neurons. Decreased expression of the dopamine transporter gene 

(SLC6A3) within the nucleus however, aligns well with the hypothesis of prolonging dopaminergic 

innervation during the dopamine depleted state of PD (Wilson and Bevan, 2011).Overall, the 

expression of the dopamine transporter has not been previously studied at the protein level in the 

STN of post-mortem human brains and therefore functional protein expression of this transporter 

cannot be inferred from current literature. Differential expression detected for the dopaminergic 

genes however, is unlikely caused by experimental artefacts as the same changes were detected in 
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both the RNA-seq and nanostring platform, with added samples. However, this reduction in gene 

expression was not deemed statistically significant in nanostring, as opposed to RNA-seq. This was 

because the nanostring platform detected weak gene expression of TH and SLC6A3 in PD cases of 

which showed null expression in the sequencing platform. This reflects the increased sensitivity of 

nanostring and further consolidated gene expression of dopaminergic factors within the STN. 

However, since these properties were not previously recorded in functional studies, the RNA 

molecules detected within our samples most likely originate from afferent dopaminergic fibres, or 

within the STN that does not code for functional proteins.  

8.4.4. Summary	of	RNA‐seq	results	within	the	human	STN	in	PD	

Taken together, results from our RNA-seq study within the STN in PD discovered an up-regulation 

of neuroinflammation, immune response vehicles and blood vessel homeostatic factors. These up-

regulated domains are concurrently coupled with down-regulated genes involved in microvascular 

stability, extracellular matrix integrity, lipid biosynthetic processes and dopaminergic biosynthetic 

processes. These observations hence supported the hypothesis that in PD, an initial pathological 

trigger (either central or systemic) distant from the STN may have triggered local inflammations 

and host immune response which travelled into multiple brain regions, including the STN, after the 

initial insult through a deteriorated BBB. Infiltration of pro-inflammatory cytokines and immune 

response lymphocytes activates local microglia and possibly astrocytes to initiate further 

neuroinflammation and destruction of the brain parenchyma. Within susceptible areas such as the 

SN, these insults eventually cause neurodegeneration and self-sustaining neuroinflammation. 

Within the STN however, neurodegeneration is not severe, but a disruption to the extracellular 

matrix organisation and lipid bilayer integrity was implied in this study, which may have 

contributed to the dysregulated signalling within this critical nucleus in PD (Figure 8.16).  
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Figure 8.16
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Figure 8.16: Schematic diagram showing pathological mechanisms predicted from differential 
gene expression of the human STN in PD. 

Results of dysregulated gene expression pathways from our study supports the PD aetiology 
hypothesis of an initial pathological trigger, which can range from micro-organisms to 
environmental toxins. Invasion of these factors caused local inflammation and activation of the 
immune response system. This leads to immediate clearance of invading pathological factors, as 
well as a leaky BBB. The infiltration of immune vehicles along with pro-inflammatory factors 
promotes chronic CNS inflammation and neurodegeneration in PD susceptible regions such as the 
substantia nigra (SN) and locus coeruleus (LC). Within the STN, the damaged BBB likely caused 
infiltration of immune response cells, activation of glial cells (astrocytes and microglial) to promote 
further inflammation and breakdown of extracellular matrix proteins, as indicated by our results. 
The STN neurons however, are likely to remain functional as our results did not detect enrichment 
of neurodegenerative pathways. 
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8.4.5. Interesting	pallidotomy	case	that	showed	normalised	STN	gene	expression	

One peculiar case included in this study was a patient whom underwent bilateral pallidotomy during 

the course of his PD. The differential gene expression profile of this particular case appeared more 

like that of controls than of the other patients, suggestive of a “normalisation” as a result of surgery. 

Differential gene expression profiles with the human STN after pallidotomy surgeries have not been 

investigated previously. However, changes in an overall decrease in neuronal firing rate post-

pallidotomy have been observed in two studies (Mogilner et al., 2002, Zaidel et al., 2008), but a 

third study did not observe these neuronal activity alterations (Kleiner‐Fisman et al., 2004). A 

relatively recent study reported suppression of beta band oscillation within the STN after ipsilateral 

pallidotomy (Contarino et al., 2011). Therefore, pallidotomy seems to produced similar therapeutic 

benefits to deep brain stimulation (DBS) therapies (Benabid et al., 2009a). Gene expression changes 

post-DBS therapies have been shown in patient and animal model studies. In particular, a down-

regulation of MHC class I and II genes, which modulates the acquired immune system, was shown 

in the neocortex of mice after STN-HFS (Grieb et al., 2014). Furthermore, improvements in STN 

microvasculature and reduced numbers of activated microglia cells in post-mortem PD patients 

whom was treated with STN-DBS had been showed histologically (Pienaar et al., 2015). These 

observations therefore suggest that a manipulation of brain regions in PD can result in a reversal of 

neuroinflammation and possibly PD related neuropathology. The normalisation of gene expression 

within the pallidotomy case observed in our study hence supports this hypothesis.  

8.4.6. Differentially	expressed	genes	validation	by	Nanostring	

Twenty six differentially expressed genes detected via RNA-sequencing were put forward for 

validation by nanostring. The main objective of this experiment was to ensure the validity of our 

observations. The 18 genes validated consist of representative genes from each of the processes 

discussed above. The inflammatory genes validated include CHI3L1, LYZ, NURP1 and 

SERPINA1. In particular, the LYZ gene encodes for human lysozymes, which are enzymes that 

damage bacterial cell walls, suggesting an infectious pathogenic origin of PD in this NZ cohort 

(Peters et al., 1989). The immune response genes validated include LY96 and VSIG4. The LY96 

gene specifically encodes a protein that associate with toll-like receptor 4 signalling which are 

pathways of the innate immune response (Kim et al., 2007). Other genes validated include the 

aforementioned MMRN1 and ATP10B, a few ion and amino acid transporter and transcription 

factors. Although 8 genes sent for nanostring validation was not deemed significant, an important 

feature to note is that all genes showed the same direction and magnitude of fold change as detected 
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via RNA-sequencing. The difference in statistical testing may be due to the increased sensitivity of 

nanostring compared to RNA-seq, like the aforementioned putative dopaminergic markers. In an 

effort to look for effect from fixed attributes of the samples, such as age, RIN values, DV200, PM 

delay and weight of STN tissue used, a multivariate analysis was conducted for the normalised 

nanostring data. Correlation plots were then examined for relationships deemed statistically 

significant between gene expression and the fixed variables. Only one gene, SLC16A1, a gene 

encoding a proton-linked monocarboxylate transporter, was found to be weakly associated with 

RIN values (Garcia et al., 1994). Two other genes, FAAH and VSIG4, were found to be weakly 

associated with age. The nanostring platforms, like the gold-standard qPCR technique for gene 

expression validation, are fairly robust against sample degradation. Therefore, the correlations 

observed for SLC16A1 are highly unlikely to be due to sample degradation. Provided that the 

relationships detected were fairly weak, these observations could well be attributed to the high 

sample variability in post-mortem human brain tissue. However, future investigations of these genes 

should take these factors into consideration. 

8.4.7. Resilience	of	STN	neurons	to	neurodegeneration	

Our study found enrichment of neuroinflammatory and immune response gene expression in the 

human STN in PD. Previous transcriptome studies all supported neuroinflammation as one of the 

core mechanisms hastening neurodegeneration in areas like the SN or locus coeruleus (Grünblatt et 

al., 2004, Botta-Orfila et al., 2012). The STN however, were considered to be one of the few 

regions not affected by neurodegeneration in PD. The changing gene expression discovered here 

may help to explain the resilience of STN neurons against degeneration. Two main genes are 

discussed below.  

8.4.7.1. Predicted	protective	mechanisms	of	the	MAFF	gene	up‐regulation	

One gene detected in our study which could be protective against neurodegeneration is the MAFF 

gene, which showed a striking 7.33 fold increase within the PD group compared to control. The 

gene codes for a member of the small Maf proteins (sMafs) which are approx. 18kDa basic region 

leucine zipper (bZIP)-type transcription factors, belonging to the Maf superfamily (Katsuoka and 

Yamamoto, 2016). The sMaf proteins consist of 3 members, MafK, MafG and MafF (the last of 

which are encoded by the MAFF gene). Cellular functions of these small proteins are complex and 

involve the dual role of transcriptional activation and repression. Specifically, sMaf molecules can 

form homodimers amongst themselves or heterodimers with other transcription factors, including 
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the cap n collar protein, CNC (Katsuoka and Yamamoto, 2016). Homodimers of sMafs typically 

acts as transcriptional repressors whilst heterodimers alters an array of downstream gene 

expression. Although limited studies have been conducted regarding sMaf proteins and their 

binding partners within the CNS, a direct knockout of MafG in mice resulted in abnormal limb 

grasping and impaired coordination (Shavit et al., 1998, Onodera et al., 2000). A further compound 

knockout of both MafG and MafK produced more severe phenotypes such as ataxia and progressive 

neurodegeneration (Katsuoka et al., 2003). Similar phenotypes could also be induced by a knockout 

model of the CNC protein Nrf1, supporting the notion of CNC-sMaf heterodimers in neuronal 

homeostasis (Kobayashi et al., 2011, Lee et al., 2011). The sMaf proteins are hence correlated 

directly with motor disabilities  

One of the CNC proteins critical in modulating neuroinflammation is Nrf2; a master regulator of 

antioxidant and anti-inflammatory responses (Itoh et al., 1997). This transcription factor is normally 

ubiquitinated by the Keap 1 E3-ubiquitin ligase complex and degraded through the proteasome 

under unstressed situations. Under cellular oxidative or electrophilic stress conditions however, the 

Nrf2 factors are not degraded but stabilised and imported into the nucleus, where they 

heterodimerise with sMaf to regulate an array of gene expression (Harder et al., 2015, Suzuki and 

Yamamoto, 2015). In PD, several lines of evidence supported the neuroprotective role of Nrf2. A 

complete knockout of Nrf2 in mice showed exacerbated degeneration within the SN in MPTP 

models (Chen et al., 2009, Innamorato et al., 2010, Rojo et al., 2010). Furthermore, primary cortical 

cultures obtained from Nrf2 knockout mice also exhibited susceptibility to rotenone and MPP+ (Lee 

et al., 2003). With regards to our study, MafF was the only sMaf that could be induced by 

proinflammatory cytokines such as IL1b and TNF, as shown in unterine smooth muscle cells, both 

at the transcriptome and protein level (Massrieh et al., 2006). Hence, the massive up-regulation of 

the MAFF gene observed in our study could potentially be induced via the proinflammatory 

processes. Since MafF was shown to be involved in Nrf2 signalling, a potent anti-inflammatory 

effect could be prompted within the STN during PD progression which protected the normal 

physiology of STN neurons. Concomitantly, the increase in MAFF gene expression was also 

detected in the putamen of PD (Vogt et al., 2006) and caudate nucleus of HD cases (Hodges et al., 

2006). However, dysregulation of the MAFF gene was not detected in previous transcriptome 

studies of the substantia nigra in PD patients. Future studies should hence focus on the functional 

implications of this transcription factor in model systems.  
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8.4.7.2. Predicted	protective	mechanism	of	the	FAAH	gene	down‐regulation	

Another gene which could potentially have a neuroprotective effect is the FAAH gene, which 

encodes an enzyme called fatty acid amide hydrolase. This enzyme regulates clearance of 

endocanabinoids (eCB) such as anandamide and 2-AG. There are two main eCB receptors in the 

CNS known as cannabinoid receptors of type 1 (CB1) and 2 (CB2), both of which are G-protein 

coupled receptors (Bisogno and Di Marzo, 2010). A rich literature exist for the involvement of the 

eCB system during PD. Specifically, the CB1 receptors are mostly expressed in neurons where they 

regulate neurotransmitter release and synaptic strength (Brotchie, 2003). The CB2 receptors on the 

other hand are found in glial and microglia cells (García-Arencibia et al., 2009). The decrease of the 

FAAH gene observed in this study potentially reflects an increase in eCB levels within the STN. 

This was supported recently by a study involving the neurotoxin 6-OHDA and bacterial 

inflammagen LPS rat model where a direct unilateral injected of either vector into the striatum 

induced an elevation of local eCBs and CB2 receptor expression in the activated microglial cells 

(Concannon et al., 2015). Furthermore, anti-inflammatory and antioxidant activities mediated 

through the CB2 receptors were recently demonstrated in a rotenone rat model of PD where 

proinflammatory cytokine levels were reduced via treatment with a CB2 agonist (Javed et al., 

2016). Hence the reduction of FAAH accompanied by increased neuroinflammaion observed within 

the STN could potentially reflect anti-inflammatory effects of CB2 receptors.  

8.4.8. Limitations	of	Study	

One of the major limitations working with post-mortem human tissue is tissue availability. Due to 

the small size of the STN and the pattern of brain dissection, the STN was often not present in 

respective basal ganglia blocks or very limited amounts were available. This drastically limited the 

number of cases available for this study, which resulted in a small cohort of PD and controls. 

Therefore age-matching between control and PD groups were not possible but a similar age group 

between the control and PD were achieved, with the PD group being slightly older. This may have 

contributed to the weak correlation between the normalised counts of FAAH and VSIG4 in the PD 

group. On the other hand, genders between the two groups were perfectly balanced with regards to 

the sequencing experiment with an equal number of males and females in both control and PD. 

However, no gender effect in differential gene expression was observed, suggesting similar 

pathophysiology in both male and females. Another limitation was the amount of tissue that could 

be extracted from the basal ganglia blocks. As shown in the results, the weight of STN tissue 

extracted from each case was variable. This was because the method of brain dissection throughout 
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the basal ganglia often divides the STN in half onto 2 brain blocks or completely embedded within 

the middle of the one block (Waldvogel et al., 2006). All cases were chosen based on the surface 

presence of STN to ensure the precision of STN extraction. Therefore, the amount of STN tissue 

extracted is different in each case as it’s highly unlikely that the STN will be divided equally 

amongst 2 blocks. However, tissue extraction generally aimed to achieve 50-100mg of STN tissue 

and cases where there was insufficient STN present were omitted from the study. None of the 

differentially expressed genes detected showed correlation with the weight of tissue extracted. A 

final limitation was the difficulty of RNA extraction from post-mortem human brain tissues. 

Although extreme care was taken when conducting RNA extraction procedures, the quality of RNA 

was still poor for all cases. This was not entirely surprising as some of the cases, especially the PD 

cases, were donated 2 decades ago with variable PM delay. Furthermore, since the basal ganglia is a 

popular region of study in neurodegenerative diseases, these blocks  have been utilised for earlier 

studies, requiring periods of time at temperatures above -80. . However, although the RNA quality 

was poor, the average quality between control and PD was similar, making comparisons between 

the 2 groups more viable as opposed to comparing between 2 groups of variable quality. In terms of 

sequencing result quality, the Illumina TruSeq Access library preparation kit was a newly 

developed kit to directly target coding genes within poor quality or formalin-fixed, paraffin-

embedded (FFPE) samples (Penland et al., 2007, Von Ahlfen et al., 2007). Furthermore, 

simultaneous sequencing of libraries prepared using the TruSeq Access kit from FFPE or RNAlater 

preserved biopsies from clear cell renal cell carcinoma patients yielded similar results in terms of 

numbers of genes detected, differentially expressed transcripts and enriched pathways (Eikrem et 

al., 2016). Therefore, the results of our sequencing study should be of reliable quality, reflected by 

the satisfying fastQC files. One of the downside of targeted sequencing however, was the loss of 

data from other RNA species such as non-coding, circular- and micro-RNAs.  
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Chapter	9. General	discussion	

9.1. Summary	of	results		

The main objective of this thesis is to discover changes in neuronal parameters (cellular, chemical 

and genetic) in the human STN in HD and PD. The study began with the characterisation of normal 

neurochemical and neurotransmitter receptor organisations at the regional and cellular level in the 

human STN. Then, the study focused on exploring changes in expression of the fast-acting GABAA 

receptor subunits within specific sub-regions of the STN in both HD and PD post-mortem human 

brains. Expressions of well recognised pathological proteinaceous intracellular inclusions, such as 

the mHtt and α-synuclein aggregates, were also investigated in both diseases. Finally, levels of gene 

expression for all functional genes within the human genome were compared, within the STN, for 

PD and control brains through the RNA-seq and nanostring platform. Detailed results and 

discussions can be found in each respective chapter. The main findings and implications of each 

study will be summarised here.  

Chapter 4 and 5 of this thesis presented, in the normal STN, the detailed results characterising the 

calcium binding proteins (CR and PV), non-phosphorylated neurofilaments (SMI32) and the main 

receptor subunits of 3 neurotransmission systems (GABA, glutamate and dopamine). Consistent 

with previous studies, the human STN showed a global high expression of PV, moderate expression 

of CR and low expression of SMI32 (Augood et al., 1999, Morel et al., 2002, Lévesque and Parent, 

2005). Regional expressions of both PV and CR but not SMI32 were found within the STN 

boundaries. Co-localisation of neurochemical markers found that the majority of STN neurons co-

expressed CR, PV and SMI32, a small number of neurons co-expressed 2 of 3 neurochemical 

markers and a very small number expressed only 1 marker. A small number of GAD65/67 positive 

interneurons were also found within the normal STN. These interneurons did not show expression 

of any of the 3 neurochemical markers. The study then investigated the expression of receptor 

subunits from each of the major neurotransmitter systems. Overall, the GABAergic receptor system 

displayed the highest level and diversity of expression within the normal human STN. For the 

GABAergic receptor system, expression of fast-acting GABAA α1, β2/3, α3 and γ2 receptor subunits 

as well as the 2 major GABAB (R1 and R2) receptor subunits were found on major STN principle 

neurons. Interestingly, the GAD65/67 expressing interneurons did not show expression of any of the 

GABAA receptors subunits studied. For the dopaminergic receptor system, STN expression of D1 

and D5 receptor subtypes were detected from the D1 subfamily and expression of D2 and D4 were 
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detected from the D2 family. Finally, the ionotropic glutamate AMPA GluA2 receptor subunit and 

the mGluR1/5 metabotropic glutamate receptors were found to be weakly expressed in STN 

neurons. 

Chapter 6 and 7 of this thesis investigated respective changes of the 4 prominently expressed 

GABAA receptor subunits, characterised in chapter 5, in the STN of HD and PD human brains. 

Expression of pathological mHtt and α-synuclein aggregates were also investigated. In HD, 

expression of the 4 GABAA receptor subunits showed no striking macroscopic differences 

compared to that of control. Overall, a small but significant decrease of 15% was found for the α3 

receptor subunit in the ventromedial sub-regions of the STN in HD. In contrast, the STN in PD 

brains showed a significant increase in expression of both the α1 (12.34%) and β2/3 (9.37%) receptor 

subunits in the dorsolateral sub-regions. No other significant changes were detected for other 

GABAA receptor subunits. In terms of pathological hallmarks, mHtt protein inclusions were found 

to be expressed in numerous STN neurons of the HD brains. The number of neurons containing 

mHtt inclusions seemed to increase in HD cases of higher grades compared to lower. By contrast, 

no intracellular α-synuclein inclusions were found within the STN in PD brains, as opposed to the 

adjacent SN. However, long α-synuclein containing fibres were detected traversing through the 

STN in close proximity to PV and CR fibres.  

Finally, chapter 8 investigated changes within the STN at the genetic level in PD using the latest 

sequencing technologies. Overall, 95 genes were found to be significantly differentially expressed 

between control and PD STN. A total of 72 up-regulated and 23 down-regulated genes were 

detected. The 72 up-regulated genes showed enrichment of pathways relevant to 

neuroinflammation, microvascular homeostasis and immune response reactions. The 23 down-

regulated genes on the other hand showed enrichment in dopamine and lipid biosynthesis, 

microvasculature stability and extracellular matrix proteins. A surprising finding was that a case 

that underwent bilateral pallidotomy surgery to treat PD showed a gene expression profile closer to 

control compared to the rest of the PD group. Out of the 95 genes discovered via RNA-seq, 26 

genes were sent for further validation with nanostring. From the 26 genes sent for validation, 18 

returned showing significant changes similar to that observed in RNA-seq. Out of all validated 

genes, the MAFF gene showed the biggest fold change of a striking 7.33 increase compared to that 

of the control group.   
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9.2. The	 neurochemical	 and	 receptor	 organisation	 in	 the	 human	 subthalamic	

nucleus	

The organisation of basal ganglia structures is generally considered to be functionally segregated 

into the so-called tripartite functional compartmentalisation model that is, sensorimotor, associative 

and limbic territories, based on the partial segregation of corticostriatal inputs that is generally 

maintained to throughout the basal ganglia-thalamocortical circuitry (Haber et al., 1990, Hedreen 

and Delong, 1991, Haber et al., 1995, Joel and Weiner, 1997, Middleton and Strick, 2000, Liu et al., 

2002, Yelnik, 2008). In this regard, each basal ganglia structure can be loosely defined into sub-

regions corresponding to sensorimotor, associative and limbic territories using anatomical tracers or 

cytoarchitectural markers.  

Labelling of human basal ganglia using classic neurochemical markers such as the calcium binding 

proteins and SMI32 had previously distinguished intra-regional functional zones enriched in certain 

neurochemical markers. The segregation was particularly obvious in heterogeneous structures like 

the caudate nucleus, putamen and globus pallidus (Waldvogel and Faull, 1993, Bennett and Bolam, 

1994, Morel et al., 2002). In particular, the major caudal and lateral portions of both structures are 

enhanced in PV and SMI32 IR but absent in CR and CB IR. Conversely, the rostroventral portions 

exhibit enriched CR and CB IR in the neuropil and perikarya (Morel et al., 2002). Collectively, 

together with evidence obtained from tracing experiments (Alexander and Crutcher, 1990, Inase et 

al., 1996, Takada et al., 1998, Inase et al., 1999), the dorsal and caudal PV/SMI32 enhanced striatal 

and pallidal sub-regions corresponds to that receiving afferents from somatosensory and motor 

cortices. These PV/SMI32 enriched tissues extend rostrally and ventrally, with decreasing 

PV/SMI32 IR and increasing CB IR. Gradually, the sub-region devoid of PV/SMI32 fibres but 

replaced with enhanced IR for CB are considered the associative regions (Haber et al., 1993, 

Francois et al., 1994, Parent and Hazrati, 1995a). The final limbic and paralimbic sub-regions reside 

in the ventral striatal and pallidal extremities, which showed profound expression of CR and sparse 

CB IR. These limbic territories encompass the accumbens nucleus ventral to the striatum and 

ventral pallidal regions (Morel et al., 2002). 

However, compared to the elaborated heterogeneity detected in the striatum and GP, the STN does 

contain such major changes in expression of neurochemical markers. The gradient changes 

observed for PV and CR are found throughout the extent of the entire nucleus but no specific sub-

regions devoid of any classic neurochemical marker (Augood et al., 1999, Morel et al., 2002). 

Furthermore, co-localisation of all 3 neurochemical markers showed that the majority of STN 
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neurons express PV, CR and SMI32, which had not been quantified in detail previously. However, 

the zonation of dorsolateral PV and ventromedial CR expression observed in this study are 

consistent with those previously reported (Augood et al., 1999, Morel et al., 2002, Lévesque and 

Parent, 2005), reflective of the loosely preserved dorsal sensorimotor and ventral limbic topography 

observed in the striatum and GP.  

The current popular hypothesis regarding functional subdivisions within the STN follows that of the 

tripartite compartmentalisation model (Parent and Hazrati, 1995b, Alkemade et al., 2015). Evidence 

in support of this model originate from primate tracing experiments pertaining to the topographical 

organisation of STN afferents from the STN and reciprocal STN-GP afferents (Joel and Weiner, 

1997). Since then, numerous studies utilising neuroimaging, electrophysiology and STN DBS 

patient analysis had all found evidence in support of this hypothesis (Sauleau et al., 2005, Lambert 

et al., 2012, Haynes and Haber, 2013). In particular, patients experiencing post-surgical 

neuropsychiatric events including mania, hypomania, impulsivity or depression were correlated 

with anterior-ventral STN electrode placement (Temel et al., 2005, Trottenberg et al., 2007, Tsai et 

al., 2007). However, the exact location and boundaries for each respective functional subdivision 

could not be fully discerned. Furthermore results from various tracing studies were often 

controversial in terms of the number and localisation of each subdivision as tracing observations are 

highly dependent on the injection sites and dye volume, which varies greatly amongst studies 

(Keuken et al., 2012). Therefore the popular tripartite hypothesis is still a popular subject of debate.  

Nevertheless, despite continuous debate, evidence of co-existing sensorimotor/limbic territories are 

strong (Haegelen et al., 2009, Rossi et al., 2015). More recent findings support a more overlapping 

model where boundaries of the functional territories merge throughout the nucleus (Haynes and 

Haber, 2013). The neurochemical organisation we described here tends to support this model. 

Similar to classic cytoarchitectural studies, our data could not discern distinct sub-regions based on 

the two calcium binding proteins or SMI32. Triple-label experiments of all 3 neurochemical 

markers showed a large proportion of triple-labelled neurons localised in the central portion (DL1 

and VM1 sub-regions) of the nucleus and spreading towards the dorsolateral and ventromedial 

poles. The dorsolateral pole was highly populated with PV or PV/SMI32 positive neurons whilst the 

ventromedial poles were occupied by CR or CR/SMI32 neurons. Therefore PV/SMI32 dominating 

characteristics of the dorsolateral pole seemed to spread towards the ventromedial extremity and 

gradually change into the CR/SMI32 characteristic (Figure 9.1). This gradual changing from PV to 

CR characteristics was reflective of the overlapping functional territories recently described, as 

opposed to the neurochemically distinct sub-regions observed in the striatum or GP. Furthermore, 
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the density of STN neurons labelled with either marker increased in ventromedial portions of the 

nucleus, reflecting increased complexity of limbic/associative processes (Lévesque and Parent, 

2005, Rossi et al., 2015). Since the functional territories could not be discerned via neurochemical 

characteristics, we’ve decided to analyse the nucleus in 4 equal quadrants in the dorsolateral to 

ventromedial axis to respect the profoundly different functional sub-regions.  
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Figure 9.1 
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Figure 9.1: Schematic diagrammatic representation of the neurochemical organisation within 
the normal human STN showing distributions of single labelled PV, CR, SMI32, double 
labelled PV/CR, PV/SMI32, CR/SMI32 and triple labelled PV/CR/SMI32 neurons. 

Overall, 8 types of neurochemically distinct neurons could be discerned in the normal human STN. 
The following description relates to Figure 9.1. A large population of triple-labelled PV/CR/SMI32 
neurons occupies the middle portion of the STN and spreads towards both dorsolateral and 
ventromedial poles (white zone). At the dorsolateral pole, the PV positive and double labelled 
PV/SMI32 neurons prevail (green zone). In contrast, the ventromedial pole was populated with CR 
positive and double labelled CR/SMI32 neurons (red zone). A very small population of PV/CR 
double labelled neurons occupies the middle portion where the triple labelled neurons prevail. 
Finally a small population of neurons labelled positive for SMI32 only scatters throughout the STN. 
In addition, a very small population of GAD65/67 positive interneurons were found scattered 
throughout the STN. These neurons are half the size of the principle neurons and have seemingly a 
higher density in the ventromedial zone.  
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9.3. Receptor	expression	within	the	normal	human	STN		

Although the STN is known as the only glutamatergic structure within the basal ganglia, the nucleus 

highly expresses GABA receptors due to the GABAergic afferents it receives from other basal 

ganglia structures closely associated with it (Fritschy and Mohler, 1995, Smith et al., 2001, Galvan 

et al., 2004). The GPe in particular, sends massive GABAergic innervations to the STN to modulate 

excitation within the circuitry. Therefore expressions of ionotropic and metabotropic GABA 

receptors are particularly enhanced amongst neurons of the STN. Our results here were similar to 

that observed in rats and primate, where a variety of GABAA and GABAB subunits were 

characterised in the normal STN. The localisation of GABAA α1 and β2/3 receptor subunits to 

neuronal membranes found here in the normal human STN are similar to the expression pattern 

observed in the human striatum, GP and SN (Waldvogel et al., 1999, Waldvogel et al., 2004, 

Waldvogel et al., 2008a). Similarly, the intracellular localisation of GABAA α3 receptor subunit was 

also similar to those previously described. This suggests that the types of fast-acting ionotropic 

GABAA receptors within the human STN are similar to the rest of the basal ganglia. Concordantly, 

the intracellular expression of GABAB R1 and R2 receptor subunits are also similar to those 

described in other basal ganglia regions of the human brain (Waldvogel et al., 2004). An interesting 

finding from this study is the observation of changing staining intensity of GABAA receptor 

subunits from the dorsolateral to ventromedial extremities. This zonation pattern of GABAA 

receptors has not been previously described in rodent or primate STN studies (Alkemade et al., 

2015). The increasing IR within the ventromedial portions most likely attributes to the increasing 

neuronal density and complex neuropil arrangements. An observation that supports this hypothesis 

is that individual neurons show similar perikarya IR for the GABAA subunits in either dorsolateral 

or ventromedial sub-regions, but the neuropil IR are highly enhanced in the ventromedial portion. 

This may reflect the increased complexity of limbic/associative signal processing (Rossi et al., 

2015). In addition to receiving input from regions of the GPe, the ventromedial STN also receives 

substantial innervation from ventral pallidal regions associated with limbic signalling.  

In addition to the high levels of GABAergic receptor expression, this study also detected light 

expressions of dopamine and glutamate receptors. The STN receives direct glutamatergic 

projections from the cerebral cortex, the so-called hyper-direct pathway, which by-pass the 

striatum-GP axis to elicit inhibition within the thalamus (Nambu et al., 2002, Brunenberg et al., 

2012). The presence of both ionotropic and metabotropic glutamate receptor species hence supports 

existence of the hyper-direct connection in human brain. Similarly, the presence of dopamine 

receptors within the STN supported the existence of dopaminergic SN-STN connection in human 
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brains (François et al., 2000, Magill et al., 2001). The light expression of all 4 dopamine receptors 

reflects the diffuse nature of the connection. This was not surprising as only a small bundle of TH 

positive fibres were detected to traverse through the STN in rodents (Hedreen, 1999). However, the 

SN-STN connection was considered to be of great importance in modulating the activity of STN 

neurons. In particular, the hyperactive nature and rhythmic beta oscillation activities of STN 

neurons recorded in animal PD models (Kühn et al., 2006a, Weinberger et al., 2006, Hammond et 

al., 2007) and patients (Kühn et al., 2008, Canessa et al., 2016) can be correlated to the decreased 

SN-STN dopaminergic innervation. This is because both post- and pre-synaptic activation of 

dopamine receptors modulates neuronal response to both glutamatergic and GABAergic afferents. 

Specifically, postsynaptic activation of D2-like and possibly D1-like receptors decreases the 

regularity of intrinsic STN activity and therefore alters the efficacy of synaptic transmission (Zhu et 

al., 2002b, Loucif et al., 2008, Ramanathan et al., 2008). Presynaptic activation of D2-like receptors 

can also reduce the probability of neurotransmission from either the GPe or cerebral cortex, and 

thus reduce the capability for rhythmic patterning within the STN and other basal ganglia structures 

(Shen and Johnson, 2000, Ibanez-Sandoval et al., 2006, Baufreton and Bevan, 2008, de Jesús 

Aceves et al., 2011). Hence, the normal irregular, arrhythmic and sporadic spiking activities of STN 

neurons are specifically maintained by dopaminergic inputs. One drawback of this study was the 

inability to determine sub-cellular localisation of these receptors, whether they are of a pre- or post- 

synaptic nature, which can be determined with further experiments utilising electron microscopy. 
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Figure 9.2 
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Figure 9.2: Summary schematic diagram of GABAergic, glutamatergic and dopaminergic 
receptors found in principle STN neurons. 

A high representation of GABAergic, dopaminergic and glutamatergic receptors and receptor 
subunits were found to be expressed on large principle neurons of the normal human STN. Overall, 
4 fact-acting GABAA receptor subunits were found to be expressed on STN neurons. The GABAA 
α1 and β2/3 subunits showed high co-expression along the membrane of STN neurons. On the other 
hand, the GABAA α3 and γ2 subunits showed an intracellular expression profile. In contrast the α2 
receptor subunit showed no expression on STN neurons. For the slow-acting G-protein coupled 
GABAB receptor, both putative R1 and R2 subunits were found to be expressed within the perikarya 
of STN neurons. For the dopaminergic receptors, expressions of 4 receptors from both the D1 and 
D2 subfamilies were investigated. Overall, all 4 receptors showed light expression within the 
perikarya of STN neurons. For the glutamatergic receptors, the expression of the ionotropic GluA2 
receptor subunit and mGluR1/5 receptors were investigated. Both class of receptors showed light 
expression within STN neurons, with an intracellular expression profile.  

NB: the receptors shown to have an intracellular localisation profile are not related to the 
cytoplasmic topography shown in the diagram. 
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9.4. The	human	subthalamic	nucleus	in	Huntington’s	disease	

The subthalamic nucleus holds a critical position within the basal ganglia circuitry to facilitate 

voluntary movement. It has a pivotal role between the major afferent (ie: the striatum) and major 

efferent (ie: GPi and SNr) nucleus of the basal ganglia. In movement disorders such as HD and PD, 

normal physiology of STN neurons is disrupted by altered upstream neurodegeneration which 

contributes massively to symptoms of these movement disorders (Roze et al., 2008, Raymond et al., 

2011). Therefore elucidating changes within the STN in these disorders is crucial to enhance our 

understanding of the disease pathophysiology. In this study, the highly expressed GABAA receptor 

subunits as well as the expression of mHtt inclusions were investigated for the first time in HD 

human brains.  

Changes in GABAergic receptor expression within the STN gives a prediction of pathological 

synaptic and pre-synaptic neurotransmission within the STN as well as altered STN activation of 

downstream signalling systems. Overall, the GABAA α3 receptor subunit was the only subunit 

found to have a significant decrease in expression in HD brains. The unchanged expression of major 

GABAA
 subunit such as α1 and β2/3 was surprising as these subunits are critical for expression of 

functional GABAA receptors (Olsen and Tobin, 1990, Sigel and Steinmann, 2012). The unchanged 

expression hence implied that the GABAergic neurotransmission systems in HD brains are 

relatively intact and seemingly unaffected by upstream pathophysiology. These results hence do not 

agree with the classic basal ganglia model (Albin, 1995, Wichmann and Dostrovsky, 2011). 

According to the model, neurodegeneration of indirect MSNs within the striatum in HD causes 

decreased inhibition of the GPe. This in turn increases GPe inhibition of the STN due to the loss of 

pre-synaptic inhibition. The inhibited STN would then decrease excitation of the GPi and SNr 

which leads to decreased inhibition of the thalamus and hence increased cortical excitation and 

symptoms of chorea (Huntington, 2003). Hence, the increased pre-synaptic GPe-STN GABAergic 

transmission should encourage internalisation or deactivation of functional surface GABAA 

receptors within the STN due to homeostatic synaptic mechanisms (Davis and Bezprozvanny, 2001, 

Davis, 2006, Turrigiano, 2012). This response was hypothesised in the GP, where pre-synaptic 

decrease in inhibition massively increased expression of all putative GABAA receptor subunits in 

HD human brains (Thompson-Vest et al., 2003, Allen et al., 2009). Indeed, a slight decrease in the 

α3 receptor subunit was detected. As opposed to the α1 receptor subunit, the α3 subunit was not 

essential to the functionality of GABAA receptors (Upton and Blackburn, 1997). However, 

incorporation of the α3 subunit does change gating mechanisms of existing receptors; GABAA 

receptors containing α3 subunits tend to confer slower chloride current conduction compared to 
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receptors composed of α1 subunits (Puia et al., 1991, Gingrich et al., 1995). Therefore the decrease 

expression of this subunit observed in our results may imply a change in functionality of GABAA 

receptors rather than expression.  

The seemingly robust STN GABAergic system observed here in HD does not rule out possible 

development of pathophysiological signalling activities in STN neurons, since the STN holds a 

critical position within the indirect pathway and heavily impacts downstream GABAergic inhibition 

of the thalamus. Unfortunately electrophysiological data pertaining to HD induced neuronal 

pathophysiology within the STN are currently limited to animal models. Data from a small number 

of existing studies have also shown mixed results (Vlamings et al., 2012, Callahan and 

Abercrombie, 2015b, a). This may also stem from the issue of not having a unified HD model 

across studies, with current models having widely different disease progression and severity to each 

other. However, the fact that HD induces some form of pathological firing rate and pattern within 

the STN is undeniable. This was also supported by recent human case studies where DBS surgery 

of the GP or STN in HD patients produced improvement of both choreatic and mood symptoms 

(Gruber et al., 2014, Delorme et al., 2016). Although DBS therapies are not currently a common 

treatment regime for HD patients, an improvement of symptoms post-STN DBS implied a reversal 

of pathophysiology within the STN. In recent years there is increased speculation of altered patterns 

of STN firing during PD that are corrected during DBS (Eusebio and Brown, 2009, Accolla et al., 

2016). Perhaps a change in STN firing pattern could also occur in HD that may be reversed by 

electrical stimulation. 

A few confounding factors must be considered which may help explain the relatively unchanged 

expression of GABAA receptors observed in HD human brains. Firstly, unlike PD, the movement 

symptoms of HD change throughout disease progression from the initial choreatic phase towards 

the end bradykinetic phase (Thompson et al., 1988, Berardelli et al., 1999). The change gradually 

progresses as the striatum further degenerates until the direct MSNs are also affected, inducing 

signal dysregulation in the direct pathway (Albin et al., 1992). Although the basal ganglia was 

considered previously as a closed circuit with complete separation of direct and indirect pathways, 

more recent evidence suggests interconnection between all structures and pathways (Nambu, 2015). 

Therefore signal changes at later disease progression would be more complex compared to the early 

stages. Due to the scarcity of human brains and the small size and specific location of the STN, only 

a small number of HD brains were available for this study and these are of varying striatal 

pathological grades (only 1-2 cases per grade). Statistical testing of differences between different 

grading and control data were hence not meaningful. Secondly, unlike the GP, the STN held a 
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position further downstream from the site of neurodegeneration. The GPe/GPi complex was also 

found to degenerate extensively in HD of the human brain (Singh‐Bains et al., 2016a). Therefore 

the initial effect of GPe disinhibition due to striatal degeneration might be neutralised by the 

subsequent degeneration of GPe neurons and thus nullifying the effect of excessive GPe-STN 

inhibition. Thirdly, symptoms of HD consist of both motor and mood profiles, with some patients 

mainly experiencing mood symptoms whilst others mainly motor with a middle cohort having 

mixed motor and mood symptoms. Patients of different clinical symptomatic profiles also displayed 

different post-mortem neuropathology (Thu et al., 2010, Kim et al., 2014). The group of HD cases 

used in our study consists of a mixture of mood, motor and mixed cases. Therefore the changes 

within the basal ganglia might be different for each patient. Overall, a larger number of HD cases 

are needed to dissect these confounding variables.  

In addition to the investigation of GABAergic receptor changes within the STN in HD brains, this 

study also investigated the expression of mHtt aggregates. Both the nucleic and cytoplasmic form 

was detected in STN neurons, similar to that found in the neocortex and striatum (DiFiglia et al., 

1997a). Thus far, the STN was one of the structures most resilient to neurodegeneration in HD, with 

only an average of 20%-25% loss of neurons in advanced grades (Lange et al., 1976a, Guo et al., 

2012). Therefore clearly the detection of mHtt aggregates does not fully correlate with 

neurodegeneration. This trend was also reflected in other brain regions. The striatum is a perfect 

example where neurodegeneration is the most severe but the number of mHtt aggregates is less than 

that detected in cortical regions where neurodegeneration is less severe (Maat-Schieman et al., 1999, 

van Roon-Mom et al., 2006, Herndon et al., 2009). Therefore, to date, whether mHtt aggregates 

confer cellular toxicity is a subject of continuous debate. There is also the alternative view that 

mHtt aggregates are a cellular protective mechanism that sequester neurotoxic fragments of mHtt 

(Arrasate et al., 2004). Instead, the nucleic transfer of cleaved mHtt protein fragments was predicted 

to be more toxic for neurons (Ross and Poirier, 2004, Kaltenbach et al., 2007). Therefore from our 

results we can hypothesise that perhaps the STN exhibits a similar protective mechanism to combat 

mHtt protein’s toxic gain of function. 
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Figure 9.3: Schematic diagram showing dysregulated basal ganglia pathways in HD and PD 
with respective GABAA receptor subunit changes found in this thesis. 

Based on the current basal ganglia model, in HD (A), severe degeneration within the striatum 
causes decreased GABAergic input into the GPe within the indirect pathway. This in turn causes 
excessive downstream inhibition of the STN which decreases excitation of the GPi and SNr. The 
final dysregulated inhibition of the thalamus causes excessive feedback excitation into the cerebral 
cortex which contributes to choreatic symptoms of HD. The direct pathways on the other hand are 
fairly intact until later in disease progression. The present study has found a slight decrease in 
GABAA α3 receptor subunit within the STN in response to the enhanced GPe inhibition. 

In PD (B), degeneration of the SNc causes global decreasing levels of dopaminergic 
neurotransmission. Within the striatum, dysregulated dopaminergic transmission causes enhanced 
excitation of indirect MSNs and reduced excitation of direct MSNs. Within the indirect pathway, 
excessive striatal inhibition of the GPe causes reduced inhibitory GPe outputs into the STN. The 
disinhibited STN in turn over-excites the GPi and SNr which leads to downstream over inhibition of 
the thalamus and reduced cortical excitatory feedback. In addition, reduced activities of direct 
MSNs further enhance the overall thalamic inhibition due to reduced inhibition of the GPi and SNr 
from the direct pathway. Therefore signalling output from both pathways contributes to the 
development of bradykinetic PD symptoms. With regards to the changes in fast-acting inhibitory 
GABAA receptors, this study found an overall increase in the α1 and β2/3 subunit within the 
sensorimotor portion of the STN in response to the decreased upstream GPe inhibition.  

Green: GABAergic signalling, Red: glutamatergic signalling, Yellow: dopaminergic signalling 
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9.5. The	human	subthalamic	nucleus	in	Parkinson’s	disease	

The respective GABAergic changes were also investigated within the STN in PD brains. Overall, 

increased expression of GABAA α1 and β2/3 receptor subunit was detected in the dorsolateral portion 

of the STN, albeit the changes detected were not great. Although no significant changes were 

observed for the other subunits or in other sub-regions, a general trend of increased expression 

compared to the control group was observed. This therefore indicates an overall tendency of the 

STN to increase GABAA receptor expression in PD. The statistically insignificant results are hence 

most likely a product of inter-case variability and the small sample size, which are two common 

limitations in post-mortem human studies.  

The GABAergic changes in the STN of PD human brains observed in this study generally agrees 

with the current basal ganglia model. In PD, a global basal ganglia decrease in dopaminergic 

neurotransmission alters striatal neuronal activity where the indirect MSNs are excessively 

activated and direct MSNs activities are diminished. The subsequent enhanced inhibition of the GPe 

and disinhibition of STN within the indirect pathway results in an increase of excitation to basal 

ganglia output structures, SNr and GPi, and over inhibition of the thalamus. Furthermore, within the 

direct pathway, decreased striatal inhibition of the SNr and GPi also results in additional inhibition 

of the thalamus. Therefore convergence of both direct and indirect thalamic inhibition results in 

decreased basal ganglia-thalamic-cortical feedback and bradykinetic symptoms of PD (Albin, 1995, 

Mandir and Vaughan, 2000). Hence, according to this model, decreased ambient GPe-STN GABA 

release would provoke homeostatic feedback mechanisms within STN neurons to enhance capture 

of GABA via increasing surface expression of GABAA receptors. Indeed, our results observed here, 

along with those from a dopamine depleted animal PD model supported this hypothesis where 

increased expressions of major GABAA receptor subunits are detected (Fan et al., 2012). 

Furthermore, following dopamine depletion, the number of GPe-STN terminals also increased, 

reflecting a pallidal homeostatic mechanism to strengthen plasticity between the GPe and STN (Fan 

et al., 2012). These homeostatic mechanisms may hence explain why an increase in STN firing rate 

was not always detected in PD animal models. However, the persistent motor symptoms of PD 

implied an inability of an innate homeostatic mechanism to rebalance dysregulated signalling within 

the indirect pathway. Furthermore, strengthening of the GPe-STN connection in an attempt to 

enhance STN inhibition may not benefit PD pathophysiology of basal ganglia overall as multiple 

electrophysiological evidence has suggested that the strengthened connection, along with decrease 

dopamine entrainment of cortical-STN glutamatergic input, causes synchronous and rhythmic 

activities between GPe, STN and GPi (Wilson and Bevan, 2011, Fan et al., 2012). Indeed, the 
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typical rhythmic STN firing pattern around the beta frequency (~30Hz) during the dopamine 

depleted state was found to especially induce akinesia (Brown, 2007, Weinberger et al., 2009). In 

fact, one of the hypothesised mechanisms for STN DBS procedures was the ‘reseting’ of global 

neuronal activities in basal ganglia structures, potentially correcting the beta oscillation (Miocinovic 

et al., 2008).  

Investigation of pathological α-synuclein aggregates within the human STN in PD yielded no 

obvious intracellular inclusions suggestive of classic Lewy bodies or neurites. Hence the STN could 

be considered as one of the few brain structures not affected by α-synuclein pathology. The 

appearances of Lewy bodies throughout the brain during PD progression are highly specific, 

plaguing some regions whilst avoiding others (Braak et al., 2003, Braak et al., 2004). Therefore the 

absence of α-synuclein pathology does not rule out possible occurrence of PD pathogenic processes 

in STN neurons. Although Lewy body inclusions were not found in STN neurons, the study 

discovered a new form of α-synuclein positive fibres in post-mortem human brains. These fibres lie 

in close proximity to neurons, blood vessels and glial cells, but do not seem to be integral to the 

STN. The presence of these fibres in normal cases and their similar orientation to passing PV fibres 

suggests that these are possibly white matter fibres passing through the STN from an unknown 

source. As it was not possible to determine whether these fibres terminated in the STN it is unclear 

if these fibres affect the STN in PD. 

9.6. Gene	expression	changes	in	the	human	STN	in	PD	

The final chapter of this thesis described a study investigating gene expression changes within the 

human STN in PD using the RNA-seq and nanostring platform. Due to the high frequency 

screening capabilities of these techniques, a large quantity of differentially expressed genes within 

the STN in PD was discovered. The full analyses of physiological function of every single gene 

detected to be differentially expressed are beyond the scope of this thesis. Therefore the overall 

functionality of gene groups and affected pathways were derived from large online gene ontology 

databases. Overall the list of differential genes detected reflects possible mechanisms of PD 

etiology and cellular consequences post initial pathological insults. The altered pathways, up- and 

down-regulated expression profiles, as well as possible gene candidate protective of STN neurons 

were discussed in detail at the end of Chapter 8 (section 8.4). One gene which stood out from the 

list is a small transcription factor called MafF, encoded by the MAFF gene. This gene showed an 

impressive 7 fold increased expression in the PD group compared to control. This transcription 

factor is a member of the small Mafs family, which are obligatory binding partners for major 
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transcription factors in order to control gene expression (Katsuoka and Yamamoto, 2016). The 

MafF protein however, was the only member that can be induced by pro-inflammatory factors. 

Furthermore, one of the binding partners of MaFf, confers anti-inflammatory responses in neuronal 

cultures (Massrieh et al., 2006, Yamazaki et al., 2015). This, together with the discovery of chronic 

neuroinflammation enrichment in the up-regulated gene list, suggests a possible neuroprotective 

role of the MAFF gene. However, this hypothesis requires further testing in functional assays.  

9.7. Methodological	considerations	and	limitations	

9.7.1. Human	Brain	Tissue	

Two of the major limitations when working with post-mortem brain tissue are the very high inter-

individual variability and the small numbers of brain cases available. Both factors are beyond the 

control of the experimenter. The inter-individual variability was especially prominent amongst the 

diseased groups as every single individual showed a slightly different pattern of symptomatology 

and had different mechanisms for combating the disease. The progression of the disease condition 

for each person also vastly differs and depends on an array of factors including medication, personal 

care, living environments and interaction with society. Therefore, although all brains are generally 

at the end stage of disease progression, the severity and clinical symptoms of each individual varies. 

These confounding variables are hence beyond the control of the experimenter. However, the post-

donation processing for each brain was the same across all cases and this study only considered 

cases fixed by the perfusion method described in Waldvogel et al (2006). Methods of dissection and 

storage were also kept the same for every case.  Therefore the only way to reduce inter-individual 

variability was to increase sample size. Unfortunately the cases used for this study were the only 

ones that matched all of our criteria such as tissue availability, match for age, sex, PM delay and 

pure idiopathic PD clinical diagnosis. The anatomical location of the STN makes it a challenge to 

dissect. It lies ventral to the thalamus and dorsal to the substantia nigra. This means that the 

structure lies on the border between the diencephalon and mesencephalon. The dissection methods 

utilised by the human brain bank severs the entire brainstem from the forebrain. Unfortunately this 

specific cut borders the ventral extremities of the STN, which may or may not intrude into the STN 

interior, depending on the location of the incision, which is slightly different for every case. 

Therefore only cases with an intact STN from both the rostro-caudal and dorso-ventral axes were 

considered. Hence the numbers of cases which fit the disease/control criteria and contain the whole 

intact STN are relatively limited, resulting in a small sample size. In the HD group, current sample 

consists of cases from varying grades and clinical symptoms. The neuropathology of PD was based 
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mainly on cell loss in the SNc and on the appearance of Lewy bodies in the brain stem and 

throughout the cortical regions. For most cases no cortical Lewy bodies were found. For the small 

number where traces of Lewy bodies were found in cortical regions, they are further classified as 

PD mixed with cortical Lewy body disease (CLBD). Like HD, these variables could only be 

controlled with a larger sample size. Future studies should hence utilise a larger number of post-

mortem brains in order to investigate trends relative to these confounding variables. 

9.7.2. Immunohistochemistry	and	Antibody	specificity	

All immunoperoxidase and immunofluorecent protocols used in this study were the same as those 

of previous post-mortem human brain studies. The only difference between each experiment was 

the DAB incubation time which differs depending on the antibody and the dilution used for specific 

experiments. For large quantitative experiments, the antibody dilution as well as the DAB 

incubation time was carefully controlled so that all brain sections were incubated for the same 

period of time in the same antibody dilution. Therefore the amount of DAB reaction product 

achieved in each section should only represent the amount of epitopes available. Similarly, for 

image acquisition, the vslide and confocal microscopy settings were kept the same for all cases. 

Furthermore, in post-acquisition intensity analysis of GABAA receptor images, all images were 

processed and thresholded in the same manner for comparison. For the qualitative experiments, the 

antibodies were optimised to achieve the ideal level of IR for visualisation. However, due to the 

nature of the antibodies and other technical issues, a few co-labelling experiments could not be 

completed. One of those experiments is the co-labelling of both GABAB R1 and R2 receptor 

subunits. Unfortunately both antibodies were raised in guinea pig and hence making co-labelling of 

both antibodies very difficult. To solve this problem, future experiments should seek antibodies 

raised by a variety of animals. Another co-labelling experiment which was unsuccessful was the co-

labelling of GABAA α3 and γ2 receptor subunits, which both exhibit an intracellular expression 

profile. The STN was one of the brain regions with the densest distribution of large intracellular 

lipofuscin granules which autofluoresce in all excitation channels causing confusing non-specific 

immunofluorescence. However most of this is intracellular and not membranous. The common 

measure to reduce autofluorescence is to incubate co-labelled sections for a short period of time in a 

solution of Sudan black. As mentioned in Methods 3.3.2, Sudan black solutions reduce fluorescent 

signals of some antibodies. The neurochemical markers were fairly unaffected due to their high 

expression in STN neurons. Fluorescent signals of the GABAA α3 and γ2 receptor subunits 

antibodies however, were highly affected by Sudan black incubation, reducing signals to that of the 

background. On the other hand, signals from sections not treated with Sudan black were masked by 
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autofluorescence to discern co-expression. Therefore the question whether co-expression exists for 

the GABAA α3 and γ2 receptor subunits could not currently be answered.  

In terms of antibody specificity, the majority of antibodies used had been rigorously validated, 

optimised and used in multiple peer reviewed studies involving human brain tissue, cell lines or 

animal work (see Methods 3.4). Therefore specificity of primary antibodies should not be of a 

major concern for the quantitative experiments conducted in this thesis. However, specificity of the 

recently developed antibodies used for qualitative observations were not validated by previous 

work. These include the rabbit anti-GABAA α1 receptor subunit (Abcam, ab15173); rabbit anti D4 

(Abcam, ab93398) and D5 (Abcam, ab40656) receptors and mouse anti-α-Synulcein S129 

phosphoryalted. The rabbit anti-GABAA α1 receptor subunit antibody and the mouse anti-α-

Synuclein S129 phosphorylated showed the exact same tissue expression profile as that of 

antibodies targeting the same epitope as in other animals, which implied their specificity. However, 

since no current publications provide data showing validity of these antibodies, they must be tested 

in suitable controls in future experiments. Such control experiments could include a knockout 

animal or, if not possible, correct molecular weight identification in western blots with human tissue 

homogenates and confirm elimination of staining after pre-absorption of antibody with immunising 

antigen serum. 

9.7.3. Limitation	of	gene	expression	study	

Limitations for the study investigating gene expression changes within the human STN in PD can 

be found in Chapter 8 (section 8.4.8). 
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9.8. Functional	considerations	and	Future	directions		

This thesis presented the first major study investigating changes of biological entities within the 

human STN in degenerative motor diseases. Overall the study covered respective changes in the 

GABAergic system, pathological expression of intracellular protein inclusions in both HD and PD 

as well as gene expression changes in PD. Since the STN encompasses a complex neurochemical 

and neurotransmission organisation, the ultimate question regarding how the STN can be 

therapeutically targeted to revert disease induced pathophysiologies are far from complete. 

Likewise, the mysteries of DBS therapies remain to be elucidated, although this study does provide 

initial evidence regarding altered biological processes in PD. 

To investigate changes in the human STN in HD and PD, this study used immunohistochemistry to 

elucidate the change in expression of the GABAergic receptors to determine whether this could 

account for the effect of altered GPe-STN inhibition. In both diseases, the changes in GABAA 

receptor expression were minimal compared to that of the striatum or GP. Therefore the next 

objective would be to investigate the expression of GABA transporters. The STN is highly enriched 

in the expression of the GABA transporter, GAT1 gene (Augood et al., 1999). This implied that 

STN neurons exhibit the ability to control ambient GABA concentration as well as accumulate 

synaptically released GABA molecules, which may prevent over- or under- expression of GABA 

receptors induced by pre-synaptic changes. The disruption of this transportation system would 

hence compromise the normal physiology of STN neurons. Furthermore, the RNA-seq data 

presented in chapter 8 found decreased gene expression of the GAT3 gene, one of the putative 

GABA transporters. Another GABAergic entity which can be further investigated within the STN is 

the glutamate decarboxylase, GAD, protein. This enzyme catalyses the decarboxylation of 

glutamate to GABA molecules and is highly expressed in the small interneurons of the STN 

(Lévesque and Parent, 2005). Although the ability of principle STN neurons to produce GAD had 

not been previously demonstrated, gene therapy of GAD injections into the STN had provided 

remarkable improvements of movement symptoms in PD patients (Kaplitt et al., 2007). 

Another emerging biological process heavily implicated via RNA-seq in the PD STN was 

neuroinflammation. The necrotic effects of neuroinflammation in PD have increasingly been 

implicated in multiple brain regions including major regions of the basal ganglia (Hirsch and Hunot, 

2009, Miller et al., 2009, De Virgilio et al., 2016). Therefore it was of no major surprise that genetic 

traces of neuroinflammatory processes are found within the STN. However, a major gene, MAFF, 

was discovered to be massively increased within the STN in PD. This transcription factor belongs to 
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the small Maf protein family. These small Maf proteins function by forming obligatory 

heterodimers with other transcription factors to regulate gene expression (Katsuoka and Yamamoto, 

2016). One of the binding partners of Mafs, the Nrf2 transcription factor, was found to have anti-

neuroinflammatory effects (Yamazaki et al., 2015). Since expressions of MAFF can be directly 

induced by neuroinflammatory factors (Massrieh et al., 2006), the enhanced expression of MAFF 

within the STN could potentially induce anti-inflammatory effects. However, this hypothesis 

requires further experimentation to be validated. Furthermore, specific binding partners of Mafs 

within the CNS had never been investigated, but a complete knockout of small Mafs cause 

voluntary movement disabilities in small animals. Therefore this discovery opens an entire new 

niche for investigation, to further our understanding of movement disorders.  
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9.9. Conclusions:	

The STN was once considered to be a homogenous structure existing simply as a relay station for 

processing information between the afferent and efferent nucleus of the basal ganglia. However, 

this thesis has shown for the first time the detailed and complex neurochemical and neurotransmitter 

organisation within the normal human STN, proving the pivotal role the STN plays within the basal 

ganglia circuitry. The zonation of distinctive neurochemical STN neurons provides fundamental 

evidence of partial segregation of functional zones within the boundaries of the STN in humans. 

The complex expression of neurotransmitter receptors and receptor signals also implies a complex 

integration of signals onto STN neurons.  

Overall the data showed the robust nature of the STN in the neurodegenerative motor disorders of 

HD and PD. The complex STN neurochemical organisation in both HD and PD seemed to remain 

fairly intact. Similarly, the GABAergic receptor system also remained fairly intact. However, a few 

crucial receptor subunits were discovered to change their expression in HD and PD. In terms of the 

expression of pathological proteinaceous inclusions, numerous characteristic intra-nuclear and 

cytoplasmic mHtt inclusions were found in STN neurons across HD cases of varying striatal 

pathology grades. In PD brains however, classic forms of Lewy bodies or neurites were not detected 

within the STN.  

Finally the levels of gene expression for every single functional gene within the human genome 

were compared in the STN between neurologically healthy controls and PD. The high throughput 

screening discovered an array of genes showing significantly different expression levels between 

control and PD. From the list of genes, multiple biological processes were implied to have affected 

STN neurons in PD. These processes include neuroinflammation, microvascular homeostasis, 

immune response agitation, dopamine and lipid biosynthesis, and break down of the extracellular 

matrix. One of the discovered genes, MAFF, showed an impressive 7.33 fold increase in expression 

in PD compared to the control group. These data hence provide a good anatomical and gene basis 

for future studies intending to therapeutically target the STN for treatment of HD and PD. 
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Chapter	10. Appendix	

10.1. Experimental	solution	recipes	

10.1.1. General	buffers	

10x phosphate buffered saline (10x PBS). Dissolve in dH2O, 100 ml: 

 Potassium dihydrogen orthophosphate 0.22 g 

 Disodium hydrogen phosphate dehydrate 1.44 g 

 Sodium chloride 8.0 g 

 Potassium chloride  2.0 g 

0.4M phosphate buffer (0.4M PO4). Dissolve in dH2O, 100 ml: 

 Disodium hydrogen phosphate dihydrate 5.77 g 

 Sodium dihydrogen phosphate dehydrate 1.18 g 

 

10.1.2. Solutions	for	processing	human	brains	

1% sodium nitrite in PBS. Dissolve in dH2O, 100ml: 

 10x PBS 10 ml 

 Sodium nitrite 1.0 g 

15% formalin in 0.1M PO4. Dissolve in dH2O, 100ml: 

 0.4 M PO4 25.0 mL (combine with dH2O first) 

 37% formalin solution 15.0 mL (may require filtering to 
remove precipitates) 

Sucrose solution in 0.1 M PO4 with 1% sodium azide. Dissolve in dH2O, 100ml: 

 White sugar 20 g (for 20%) or 30 g (for 30%) 

 Sodium azide 0.1 g 

 0.4 M PO4 25 mL 

1% sodium azide solution in PBS. Dissolve in dH2O, 100ml: 

 10X PBS 10 mL 

 Sodium azide 0.1 g 
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10.1.3. Immunohistochemistry	solutions	

0.2% Triton X-100 in PBS (PBST). Dissolve in dH2O, 100 ml: 

 10x PBS 10 ml 

 Triton X-100 0.2 mL 

50% methanol solution with 1% H2O2. Dissolve in dH2O, 100 ml: 

 Methanol 50 ml 

 30% Hydrogen peroxide 3.33 mL 

1% serum in PBST with 0.04% merthiolate (immunobuffer). Dissolve in dH2O, 100 ml: 

 Serum (host of secondary antibody) 1 mL 

 10X PBS 10 mL 

 Triton X-100 0.2 mL 

 Merthiolate 0.04 g 

0.5% 3,3’-diaminobenzidine solution (10X DAB). Dissolve in dH2O, 100 ml: 

 DAB powder 0.5 g 

0.05% 3,3’-diaminobenzidine and 0.01% hydrogen peroxide in 0.1 M PO4 with nickel 

intensification (DAB solution). Dissolve in dH2O, 100 ml: 

 10X DAB 10 mL 

 1% H2O2 1 mL 

 0.4 M PO4 25 mL 

0.5% gelatine solution with 0.05% chrome alum. Dissolve in dH2O, 100 ml: 

 Gelatine 0.5 g (heat up to 60°C to dissolve) 

 Chrome alum 0.05 g (add after gelatine has 
dissolved) 

Sodium citrate buffer, pH 4.6. Dissolve in dH2O, 100 ml (adjust final solution to pH 4.6): 

 Citric acid, monohydrate 0.94 g 

 Tri-sodium citrate, dihydrate 1.63 g 

0.5% cresyl violet staining solution with 0.68% sodium acetate and 2% glacial acetic acid 

(ie: Nissl). Based upon the solution in Paxinos and Watson (2007). Dissolve in dH2O, 100 ml: 

 Cresyl violet 0.5 g 

 Sodium acetate 0.68 g 

 Glacial acetic acid 2 mL 
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10.2. Command	codes	for	RNA‐seq	analysis	

Trimmomatics v0.33 

Paired-end RNA-seq data trim code example 

java ‐jar trimmomatic‐0.33.jar PE ‐threads 16 ‐phred33 –trimlog 
forward_read_file.gz reverse_read_file.gz 
paired_surviving_forward_read_file.gz unpaired_ 
surviving_forward_read_file.gz paired_surviving_reverse_read_file.gz 
unpaired_surviving_reverse_read_file.gz 
ILLUMINACLIP:Adapter_sequence_file.fa:2:30:10:8:TRUE LEADING:3 TRAILING:3 
SLIDINGWINDOW:4:20 MINLEN:36 

Options: 

‐jar – pathway to trimmomatic.jar 
‐phred33 or –phred 64 – specifies base quality encoding 
‐trimlog – create log file containing all trimmed sequneces 
ILLUMINACLIP – remove illumina adapters 
LEADING ‐ quality trim, remove low quality bases from beginning of every read 

TRAILING ‐ quality trim, remove low quality bases from of every read 

SLIDINGWINDOW - quality trim, remove low quality bases within reads 
MINLEN - discard trimmed reads below a certain length 

Bowtie2 v2.2.6 & Tophat2 v2.1.0 
Bowtie2 index building code 

tophat2  ‐G  hg19_knowngenes.gtf  ‐‐transcriptome‐
index=transcriptome_data/hg19_knowngenes hg19genome  

Options: 

-G – reference genome .gtf file 
-transcriptome‐index= - pathway to bowtie index 

Paired-end RNA-seq reference genome alignment code example 

tophat2 ‐p 16 ‐r 100 ‐‐rg‐id=C7N0GANXX‐1522‐01‐28‐01 ‐‐rg‐
sample=C7N0GANXX‐1522‐01‐28‐01_L005 ‐o C7N0GANXX‐1522‐01‐28‐01_L005 ‐G 
hg19_knowngenes.gtf ‐‐transcriptome‐
index=transcriptome_data/hg19_knowngenes hg19genome  

Options: 

‐p – number of processing CPU cores 
‐r 100 – shortest read length to align 
‐rg‐id & ‐rg‐sample – sample/group indicator 
‐o output file specifics 
‐G reference genome .gtf file 
‐‐transcriptome‐index= ‐pathway to bowtie index 
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Cufflinks v2.2.1 

cufflinks ‐p 16 ‐o cufflink_C7N0GANXX‐1522‐01‐28‐01_L006 C7N0GANXX‐1522‐
01‐28‐01_L006/norm0106.bam 

Options: 

‐p – number of processing CPU cores 
‐o output file specifics 

cuffmerge ‐g hg19_knowngenes.gtf ‐s hg19genome.fa ‐p 16 assemblies.txt 

Options: 

‐g – reference genome .gtf file 

‐s – reference genome .fa file 

‐p – number of processing CPU cores 

cuffdiff ‐o diff_out_3 ‐b hg19genome.fa ‐p 16 ‐L norm,PD ‐u 
merged_asm/merged.gtf 
H204/accepted_hits.bam,H137/accepted_hits.bam,H123/accepted_hits.bam,H109
/accepted_hits.bam,H122/accepted_hits.bam,H131/accepted_hits.bam,H120/acc
epted_hits.bam,H121/accepted_hits.bam,H168/accepted_hits.bam 
PD50/accepted_hits.bam,PD54/accepted_hits.bam,PD16/accepted_hits.bam,PD5/
accepted_hits.bam,PD8/accepted_hits.bam,PD33/accepted_hits.bam,PD20/accep
ted_hits.bam,PD15/accepted_hits.bam,PD58/accepted_hits.bam 

Options: 

‐o output file specifics 
-b reference genome .fa file 
-L group prefix 
-u merged .gtf files 
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