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Abstract 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder 

characterised by variable symptoms (choreiform movements, cognitive, mood and 

neuropsychological changes), with variable neuropathology of the basal ganglia and cerebral 

cortex. Recent studies from our laboratory have shown that the pattern of cortical pyramidal 

cell loss in 8 different cortical regions correlates with the phenotypic variability in HD; and 

that in 2 regions of the cerebral cortex (the primary motor cortex, and the anterior cingulate 

gyrus) the pattern of interneuronal degeneration correlates with pyramidal cell death and 

variable HD symptom profiles. The present study completes this overview of human cortical 

neuronal degeneration in the human brain in HD. This study of the HD human brain 

specifically examines the pattern of interneuronal degeneration in the primary sensory 

cortex, superior frontal cortex, and superior parietal cortex, and correlates these findings 

with the well characterised clinical and pathological history of the HD cases. To undertake 

this investigation, unbiased stereological counting methods were used to quantify the three 

major types of interneurons immunoreactive for calbindin-D28k, calretinin, and parvalbumin 

in the three cortical regions of 14 HD and 13 control cases of post-mortem human brain. 

Based on their predominant symptom, the HD cases were categorised into three groups 

(“motor”, “mood”, “mixed”). The results demonstrated a heterogeneous loss of interneurons 

across the three cortical regions, which paralleled the heterogeneous pattern of pyramidal cell 

loss in the same cortical areas. Most interestingly, the pattern of GABAergic interneuronal 

loss in these cortical regions correlated with the variable symptom profiles in different human 

HD cases. These findings extend our understanding about the role of the cerebral cortex in 

the HD pathogenesis and symptomatology by showing a precise correlation between the 

cortical interneuronal loss and heterogeneous symptomatology in HD.  
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Chapter 1: General introduction 

Huntington’s disease (HD) is a progressive neurodegenerative disorder characterised by 

motor disturbances, cognitive loss, and psychiatric manifestations (Nance and Myers, 2001, 

Walker, 2007). HD is caused by an expansion of CAG trinucleotide repeats in the IT15 

(Interesting Transcript 15) gene on chromosome 4, which encodes a mutant protein called 

huntingtin (Zoghbi and Orr, 2000). The exact mechanism through which the mutant 

huntingtin causes degeneration and dysfunction of neurons is not entirely understood. 

However, abnormal depositions of huntingtin fragments (huntingtin aggregates) in the nuclei 

and cytoplasm of neurons have been suggested to initiate a pathogenic cascade leading to 

neuronal death throughout widespread regions of the forebrain, especially the basal ganglia 

and the cerebral cortex (DiFiglia et al., 1997, Gutekunst et al., 1999).  

In the basal ganglia, the progressive loss of medium spiny GABAergic projection neurons of 

the striatum, with the slow atrophy of other nuclei were considered as the main 

neuropathological hallmarks of Huntington’s disease (Vonsattel and DiFiglia, 1998, 

Vonsattel et al., 2007). However, it is now well established that the HD symptoms and brain 

dysfunction result from degeneration in both the cerebral cortex and basal ganglia (Rosas et 

al., 2002, Kassubek et al., 2004, Petersén and Björkqvist, 2006, Rosas et al., 2008a). The 

cerebral cortex is closely connected to the striatum via the direct glutamatergic corticostriatal 

projections. Thus, the degeneration in both of these structures in HD may be very closely 

linked. 

Despite the single-gene aetiology, individuals with HD can show clear and considerable 

phenotypic variability. Previous studies from our laboratory have established that variation in 

symptom profile correlates very closely with the pattern of cortical and striatal degeneration 

(Tippett et al., 2007, Thu et al., 2010, Kim et al., 2014, Nana et al., 2014). The cerebral cortex 

comprises of two types of neurons: the efferent pyramidal neurons which project in part to 

the striatum, and interneurons which modulate the output from the pyramidal neurons. Our 

studies, to date, have shown that heterogeneous loss of pyramidal cells across 8 regions of 

the cerebral cortex correlates with variable symptom profiles in HD (Thu et al., 2010, Nana et 

al., 2014), and that in 2 of these cortical regions so far investigated (the primary motor cortex 

and the anterior cingulate gyrus) the pattern of interneuronal degeneration is closely related 

with pyramidal cell death and HD symptom profile (Kim et al., 2014). The present study 
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completes this overview of cortical cell degeneration in HD by specifically examining the 

pattern of interneuronal degeneration in the primary sensory cortex, superior frontal cortex, 

and superior parietal cortex;  and correlating these findings with our previous studies in the 

same cortical regions. The overall aim of this thesis is to determine, for the very first time, 

whether there is a fundamental principle in the variable pattern of cell death across the 

cerebral cortex which correlates with symptom profile in HD. That is, to investigate whether 

cortical pathogenesis directly relates and explains HD symptom heterogeneity in the human 

brain.  
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Chapter 2: Literature review 

2.1 Huntington’s disease 

2.1.1 Introduction to Huntington’s disease 

Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder that is 

caused by an expansion of CAG trinucleotide repeats in the IT15 (Interesting Transcript 15) 

gene on chromosome 4, which encodes a mutant protein called huntingtin (Zoghbi and Orr, 

2000). The age of onset for the disease usually ranges from 35-44 years, depending on the 

individual CAG expansion (Harper, 1992). The pathology of HD is predominantly brain 

specific, with prominent loss of GABAergic medium-sized spiny projection neurons (MSNs) 

in the striatum (Reiner et al., 1988, Vonsattel and DiFiglia, 1998), although changes in 

peripheral tissues have also been reported (Sassone et al., 2009). HD-related 

neuropathological changes have also been identified in many other parts of the brain, 

including the cerebral cortex (Hedreen et al., 1991, Heinsen et al., 1994, Halliday et al., 1998, 

Rosas et al., 2005, Rosas et al., 2008b).  

 

2.1.2 Genetic features of Huntington’s disease 

The prevalence of HD is highest amongst European populations (5-10 per 100,000), and 

lowest amongst African populations (< 0.5 per 100,000) (Walker, 2007). In New Zealand, 

HD affects approximately 7 per 100,000 individuals (MacDonald et al., 1993). The gene for 

HD, IT15, is located on the short arm of chromosome 4. This gene is associated with an 

expanded trinucleotide CAG (cytosine-adenosine-guanosine) repeat, which codes for 

glutamine within the N-terminal coding region of the gene, encoding a mutant ~350 kDa 

protein termed huntingtin (Htt) with an expanded stretch of polyglutamine tracts (Walker, 

2007). Normal alleles at this site have 36 or less CAG repeats, and do not cause HD. 

However, incomplete penetrance of symptoms is associated with 36-39 repeats, and complete 

penetrance of HD phenotype occurs when the repeat length reaches more than 39 repeats 

(Rubinsztein et al., 1996, McNeil et al., 1997, Rubinsztein, 2003).  

The length of the CAG repeat expansion in HD has been suggested to be accountable for 

about 60% of the variation in age of onset, with the remainder represented by modifying 
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genes and environment (MacDonald et al., 1999, Rosenblatt et al., 2001, Djoussé et al., 2004, 

Wexler, 2004, Chattopadhyay et al., 2005). The majority of adult-onset HD patients have 40 

to 55 CAG repeats, with expansions of greater than 70 being associated with juvenile HD 

(MacDonald et al., 1993, McNeil et al., 1997, Vonsattel and DiFiglia, 1998, Wexler, 2004). 

Furthermore, previous studies have revealed that some individuals with no symptoms, who 

show “intermediate-sized” CAG repeats ranging from ~27 to 35, are at risk of transmitting 

the disease to their children due to a phenomenon known as “genetic anticipation” (Ashizawa 

et al., 1994, Baquet et al., 2004). This phenomenon is explained by the fact that the expanded 

CAG repeats are not stable and tend to expand from generation to generation, especially 

when the disease gene is inherited from the father (Kremer et al., 1995, Ranen et al., 1995).  

 

2.1.3 Role of huntingtin protein in the pathogenesis of HD (Figure 2.1) 

Although it is established that HD occurs as a consequence of an expanded CAG repeat 

above 35, the precise pathogenesis from the genetic mutation to neuronal dysfunction in HD 

is yet to be understood. The wild-type huntingtin is a large protein that is predominantly 

expressed in the cytoplasm, dendrites and axons of neurons across the brain (DiFiglia et al., 

1995, Trottier et al., 1995). The normal function of huntingtin is yet to be completely 

understood. However, huntingtin has been shown to play an important role in protein 

trafficking, development, signalling pathways, anti-apoptotic mechanisms, and transcriptional 

regulation (Gauthier et al., 2004, Li and Li, 2004, Cattaneo et al., 2005, Yanai et al., 2006, 

Zuccato et al., 2010). In HD, the mutant huntingtin (Htt) protein has been associated with 

both gain of function alterations, where mutant huntingtin is toxic, and loss of function 

alterations, in which suppression of normal huntingtin functions leads to activation of 

different pathogenic pathways (Cattaneo et al., 2001, Zuccato et al., 2001, Cattaneo et al., 

2005, Zuccato et al., 2010). 

 

The mutant huntingtin shows a similar expression level and regional distribution as the wild-

type huntingtin in the brain (Aronin et al., 1995). However, abnormal accumulation of N-

terminal fragments of mutant huntingtin, also known as inclusions, in the nucleus and 

cytoplasm of neurons has been observed in post-mortem human brains, animal and cell 

models of HD (Goldberg et al., 1996, Davies et al., 1997, Gutekunst et al., 1999, Wellington 
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et al., 2002). Whether these aggregates are neurotoxic or neuroprotective is still unclear. The 

toxicity of inclusions is based on previous studies where inclusion formation was shown to be 

strongly correlated with susceptibility to cell death (Hackam et al., 1998, Ho et al., 2001). 

Also, aggregation has been shown to increase with disease progression in HD mice. The same 

study showed that the aggregates disappeared after the expression of the mutant huntingtin 

gene was turned off, leading to improvement of behavioural and cognitive deficits 

(Yamamoto et al., 2000). Huntingtin aggregates are thought to recruit other poly-Q proteins, 

including the normal huntingtin protein, and thereby disturb their normal physiological 

functions. For example, Htt aggregates have been shown to accumulate in the nucleus and 

sequester transcriptional regulators (Nucifora et al., 2003, Cha, 2007). Htt inclusions are also 

known to interact with mitochondria directly, and alter the metabolic activity and motility 

within the cells, which in turn leads to the production of free radicals, oxidative stress, 

excitotoxicity and ultimately cell death (Figure 2.1) (Panov et al., 2002, Choo et al., 2004, 

Orr et al., 2008). 

 

On the other hand, several studies support the idea that mutant huntingtin inclusions are not 

pathogenic, but rather an attempt to remove the toxic soluble fragments (Saudou et al., 1998, 

Seppi et al., 2001). For example, an in vitro study reported that neurons bearing Htt 

aggregates survive significantly longer than those without aggregates (Arrasate et al., 2004). 

Also, other studies have observed no clear correlation between the formation of aggregates 

and cortical/striatal pathogenesis (Gu et al., 2005, Gu et al., 2007). Therefore, these studies 

demonstrate that the nature and role of Htt aggregates in the clinical basis of HD 

pathogenesis is still the subject of current debate. The role of mutant huntingtin protein in HD 

is summarised in Figure 2.1.  
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The HD allele with more than 36 CAG repeats in the IT15 gene produces a mutant ~350kDa protein, 

termed huntingtin (Htt), which contains an expanded stretch of polyglutamine repeats. This mutant Htt 

protein may lead to cell death via several proposed mechanisms including synaptic dysfunction, 

protein dyshomeostasis, autophagy, transcriptional dysregulation, mitochondria dysfunction, and 

impaired axonal transport. Each process can be directly influenced by the mutant Htt and contribute to 

neuronal dysfunction and death. Neuronal/cell dysfunction is a key aspect, as many HD models show 
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full symptoms prior to onset of cell death. Also, each process could modulate other processes, 

enhancing neuronal dysfunction through many pathways. Although the role of Htt aggregates in 

neuronal dysfunction in HD is under current debate, many argue that Htt inclusions may be 

neurotoxic; while others suggest that they could be inert or even neuroprotective.   
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2.1.4 Clinical features and symptom heterogeneity in HD 

Clinically, HD is characterised by a triad of movement (i.e. chorea and bradykinesia), 

psychiatric, and cognitive deficits (Nance and Myers, 2001, Gu et al., 2005, Walker, 2007). 

As mentioned earlier, the length of CAG expansion is inversely correlated with age at 

diagnosis; however, it is a poor indicator of symptom variability. For example, the age of 

onset in identical twins with HD is within several years of each other, but they could show 

very different clinical phenotypes (Georgiou et al., 1999, Wexler, 2004, Walker, 2007). This 

could be indicative of the involvement of other factors, such as gene modifiers and 

environmental influences, which may play an important role in symptom heterogeneity in HD 

(Wexler, 2004). The HD symptoms typically develop in mid-life, with the duration of the 

disease ranging from 10 to 20 years (Reiner et al., 2011). 

 

Despite the single-gene aetiology, individuals with HD can show clear and considerable 

phenotypic variability. Some patients experience early severe motor abnormalities, while 

others may suffer from major mood/cognitive dysfunctions, with motor symptoms 

developing only later in the course of the disease. Still, others may experience marked motor, 

mood, and cognitive symptoms from the time of clinical onset (Myers et al., 1991, Claes et 

al., 1995, Thompson et al., 2002, Tippett et al., 2007). As a result, there is considerable 

interest in understanding whether there are any underlying cortical and striatal pathological 

differences in HD brains that may account for the variable symptomatology of the disease. 

Indeed, understanding the neuropathology in brain regions implicated in functions which are 

impaired in HD could aid us in understanding the heterogeneity of HD symptomatology. 

Below is a brief description of the main clinical phenotypes of HD. 

 

Motor dysfunction:  

The clinical onset of HD is usually defined by the onset of motor symptoms (MacDonald et 

al., 1993, Waldvogel et al., 2012). HD associated motor abnormalities affect both voluntary 

and involuntary actions. Involuntary, choreiform (dance-like) movements is the most common 

and well-recognised motor symptom associated with HD, which was documented in George 

Huntington’s original description of the disease in 1872 (Huntington, 1967). Sudden, quick, 
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and unintended movements of almost any part of the body, including the face and limbs, are 

the main characteristics of chorea (Folstein, 1989). Although useful for diagnosis, chorea is a 

poor indicator of disease severity. Hyperkinetic movements, such as chorea, usually represent 

the early motor dysfunctions, and are progressively replaced by a more hypokinetic (akinetic-

rigid) syndrome which is characterised by bradykinesia, rigidity, and dystonia. Other motor 

dysfunctions associated with HD include dyskinesia, oculomotor deficits, incoordination, and 

failure of initiation and execution of voluntary movements. In addition, HD could affect the 

patient’s ability to speak and swallow, which leaves the patient susceptible to aspiration 

pneumonia, the most common cause of death in HD (Young et al., 1986, Folstein, 1989, 

Berardelli et al., 1999, Mahant et al., 2003, Walker, 2007). 

 

Cognitive impairment:  

Many previous studies have reported the appearance of subtle cognitive symptoms prior to 

the onset of motor symptoms in HD (Paulsen et al., 2001, Paulsen, 2011, Stout et al., 2011). 

Indeed, early loss of mental flexibility and progressive decline of intellectual processes that 

leads to profound dementia was depicted by George Huntington (Huntington, 1967). Some of 

the early cognitive deficits include dysfunction of short-term memory (sparing long-term 

memory), delay in acquisition of new motor skills, impaired concentration and impairment of 

executive functions such as organising, planning, decision making, or adapting alternatives 

(Lawrence et al., 2000, Kirkwood et al., 2001, Montoya et al., 2006). With the progression of 

the disease, these cognitive deficits may advance into dementia, deterioration of verbal 

language skills, and difficulties in visuo-spatial functions (Lawrence et al., 2000, Kirkwood et 

al., 2001, Montoya et al., 2006). 

 

Mood, behavioural and psychiatric changes: 

There is a wide range of mood and neuropsychiatric complications associated with HD. Most 

HD patients suffer from depression, dysphoria, agitation, irritability, labile mood, anxiety, 

and apathy (Paulsen et al., 2001). In addition, obsessive-compulsive behaviours, sleep 

disturbances, personality changes, psychosis, and suicidal ideation have also been associated 

with HD (Robins Wahlin et al., 2000, Anderson and Marder, 2001, Baliko et al., 2004, 
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Beglinger et al., 2007). These symptoms are thought to be the result of widespread neuronal 

degeneration in the striatum and cerebral cortex. 

 

2.2 The cerebral cortex 

2.2.1 Introduction to the cerebral cortex 

The cerebral cortex is an ultra-complex structure that forms the outer most layer of the 

cerebrum (Nieuwenhuys et al., 2008). The cerebral cortex is divided into two hemispheres by 

the medial longitudinal fissure. The phylogenetically most recent part of the cerebral cortex, 

known as neocortex or isocortex, is differentiated into a six layered structure. On the other 

hand, the most ancient part of the cerebral cortex, known as the hippocampus, has at most 

three cellular layers (Kandel et al., 2000). Vertical connections between neurons in various 

layers of the cortex form small microcircuits, called cortical columns. Anatomically, the 

cerebral cortex can be divided into five different lobes. Cytoarchitectonically (histological 

structure), the cortex can be divided into 44 different regions, known as Brodmann areas 

(Kandel et al., 2000, Nieuwenhuys et al., 2008, Brodmann, 1908). Below is a brief 

description of the anatomical and structural organisations of the cerebral cortex. 

 

2.2.2 Anatomical organisation of the cerebral cortex (Figure 2.2) 

Anatomically, the human cerebral cortex can be divided into five major lobes: frontal, 

parietal, occipital, temporal, and limbic lobes (Figure 2.2). The anatomical boundaries of the 

five lobes are defined by prominent sulci (or fissures) and gyri (or convolutions) of the cortex 

(Nieuwenhuys et al., 2008). The frontal and parietal lobes are separated by the deep central 

sulcus (fissure of Rolando). The temporal lobe is separated from the frontal and parietal lobes 

by the lateral sulcus (or Sylvian fissure). The border between the parietal and occipital lobes 

is defined by the parieto-occipital sulcus. At the ventral surface, the preoccipital notch 

indicates the border between the temporal and occipital lobes. The gyri located at the inner 

edge of the hemisphere, just above the corpus callosum, are known as the limbic lobe (Figure 

2.2) (Broca, 1878). 
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The frontal lobe is highly developed in the human brain and occupies approximately one 

third of the entire hemispheric surface (Nieuwenhuys et al., 2008). Cytoarchitectonically, the 

frontal lobe can be divided into 14 different regions (see Section 2.2.4). Functionally, the 

frontal lobe can be divided into two large domains, the motor cortex and the (associative) 

prefrontal cortex. The motor cortex is located anterior to the central sulcus and extends over 

the medial surface of the hemisphere. The prefrontal cortex occupies the large region that lies 

rostral to the precentral motor cortex (Figure 2.2) (Nieuwenhuys et al., 2008). 

The parietal lobe is bounded anteriorly by the central sulcus, posteriorly by the parieto-

occipital sulcus, and inferiorly by the posterior part of the lateral fissure and an arbitrary 

parieto-temporal line. Cytoarchitectonically, the parietal lobe has been divided into 9 

different regions (see Section 2.2.4) (Brodmann and Garey, 2007, Nieuwenhuys et al., 2008). 

Functionally, this area of the brain is thought to be mainly occupied by the primary sensory 

cortex, located posterior to the central sulcus, and associative sensory cortex (Nieuwenhuys 

et al., 2008). 

The most posterior portion of the hemisphere is occupied by the occipital lobe, which 

contains the primary visual cortex (V1) and associative visual areas (Nieuwenhuys et al., 

2008). 

The temporal lobe presents a large part of the lateral and basal surfaces of the hemisphere, 

and is divided into eight cytoarchitectonic areas. Functionally, the temporal lobe can be 

divided into five different regions, the primary auditory cortex, the auditory association 

cortex, the temporal visual association cortex, the superior temporal polymodal cortex and the 

temporopolar cortex (Nieuwenhuys et al., 2008).  

The limbic lobe has been defined as the arciform convolution on the medial aspect of the 

cerebral hemisphere, which surrounds the interhemispheric commissures and the upper brain 

stem (Figure 2.2) (Broca, 1878). Cytoarchitectonically, the limbic lobe encompasses 9 

different regions (see Section 2.2.4). The limbic lobe is thought to be part of a large 

functional entity, designated as the greater limbic system (Nieuwenhuys, 1996). 
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Figure 2.2 Schematic diagram outlining the five different lobes of the cerebral cortex 

 

 

 

 

 

 

This figure shows a general overview of the five lobes of the cerebral cortex from the (A) lateral and 

(B) medial views. Detailed descriptions of the key anatomical landmarks used to define the 

boundaries between the lobes are provided in Section 2.2.2. 

 

2.2.3 Laminar organisation of the cerebral cortex (Figure 2.3) 

The neocortex shows a laminated structure throughout its extent. As mentioned earlier, the 

piriform and hippocampal parts of the cerebral cortex have a three-layered structure, whereas 

in the neocortex, six layers are usually recognised. The four main elements that make up the 

six layers of the neocortex are: the two principal neuronal types (pyramidal neurons and 

local-circuit interneurons), glia (astrocytes, microglia, and oligodendrocytes), nerve fibres 

(extrinsic and intrinsic connections), and blood vessels. Beginning at the surface, the six 

neocortical layers are described as follows: 

(I) Molecular layer (lamina molecularis): this is the most superficial layer of the neocortex, 

and it contains only few cell bodies. This layer is mainly composed of tangentially oriented 

dendritic processes of the cells. 

(II) External granular layer (lamina granularis externa): This layer is composed of small, 

densely packed granule cells. However, some small pyramidal neurons also reside in this 

layer.  

(III) External pyramidal layer (lamina pyramidalis externa): This is a thick layer in which 

medium sized pyramidal neurons can be found. The size of the pyramidal neurons increases 

progressively from the surface to the deep layers.  

A 

B 
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(IV) Internal granular layer (lamina granularis interna): this layer consists of small, 

densely packed granule cells. Some small pyramidal neurons can also be found in this layer. 

(V) Internal pyramidal layer (lamina pyramidalis interna): this layer consists mainly of 

medium to large sized pyramidal neurons. 

(VI) Multiform layer (lamina multiformis): also known as the polymorphic layer, this layer 

is composed of a heterogeneous population of cells that are densely packed (Figure 2.2). 

 

Figure 2.3 Laminar organisation of the human cerebral cortex 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cytoarchitecture of the superior frontal cortex (A), and primary sensory cortex (B). Note the variation 

in the thickness and cell density of different layers in the two cortical regions. Figure adapted from 

“Atlas of Cytoarchitectonics of the Adult Human Cerebral Cortex” (von Economo et al., 2008). 

A B 
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2.2.4 Structural organisation of the cerebral cortex (Figure 2.4) 

The systematic study of the arrangement of neurons in the brain is known as 

cytoarchitectonics (Brodmann and Garey, 2007, von Economo et al., 2008). Although the 

laminar pattern is present throughout the neocortex, this structure is not homogenous. Indeed, 

the thickness and cell density of these six layers differ across the cerebral cortex. Also, there 

are differences in the size, shape and arrangement of the neurons perikarya. These differences 

have been used to divide the cerebral cortex into different cytoarchitectural areas (Brodmann 

and Garey, 2007, Nieuwenhuys et al., 2008, von Economo et al., 2008). 

 

During the first half of the twentieth century, many investigators focused on parcellating the 

cerebral cortex into different cytoarchitectonic areas. Brodmann’s map, which is by far the 

most commonly used, is shown in Figure 2.4. According to this map, the cerebral cortex can 

be divided into 44 sharply delineated areas. Note that the boundaries between these areas do 

not coincide with the sulci on the cerebral surface (Brodmann and Garey, 2007).    

 

 

  

 

 

 

 

 

 

 

 

  

A 

B 

Figure 2.4 Brodmann’s map of the 
cytoarchitecture of the human 
cerebral cortex 

This figure shows the lateral (A) and 
medial (B) views of the latest version of 
Brodmann’s famous map. Brodmann 
identified 44 cytoarchitectonically 
different cortical areas.  

Figure adapted from Brodmann K 

(1908) Beiträge  zur  histologischen 

Lokalisation der Grosshirnrinde.  
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2.2.5 Functional organisation of the cerebral cortex 

The first systematic attempt to localize different functional regions of the cerebral cortex was 

made by Franz Joseph Gall and his collaborator John Spurzheim in the 1790s (Simpson, 

2005). The prospects for mapping different functionally specialised areas in the human 

cerebral cortex have been enhanced greatly due to recent advances in non-invasive 

neuroimaging techniques, such as positron emission topography (PET) and functional 

magnetic resonance imaging (fMRI) (Van Essen et al., 1998). Based on previous 

neuroimaging studies, different areas of the cerebral cortex can be classified into three 

general functional groups: sensory areas, motor areas, and association areas. 

 

Sensory areas include specific regions of the cortex that are known to be involved in 

receiving and interpreting somatic sensory information, e.g. olfaction in the frontal lobe, 

cutaneous sensation in the parietal lobe, taste, hearing  and equilibrium in the temporal lobe, 

and visual sensation in the occipital lobe (Jones and Powell, 1970, Woolsey et al., 1979). 

Motor areas of the cerebral cortex interact closely with the sensory areas, and are 

responsible for the generation and execution of voluntary and involuntary movements 

(Donoghue and Sanes, 1994). Association areas are specific regions of the cerebral cortex 

that are thought to be involved in higher mental processes such as memory, learning, 

attention, thought processing and emotions (Purves et al., 2001). The three cortical areas used 

in the present study can be classified as either sensory (the primary sensory cortex) or 

association areas (the superior frontal cortex, the superior parietal cortex). These three 

cortical areas are briefly described in Sections 2.2.6-2.2.8. 

 

2.2.6 The primary sensory cortex (Figure 2.5) 

The primary sensory cortex (S1) is located on the post-central gyrus, immediately posterior to 

the central sulcus, and extends over the medial surface of the hemisphere (Figure 2.5). 

Cytoarchitectonically, four different regions can be defined in the post-central gyrus: 

Brodmann areas 1, 2, 3a, and 3b (Geyer et al., 1999, Brodmann and Garey, 2007). S1, 

Brodmann area 3b, maintains extensive reciprocal connections with the primary motor cortex 

(M1), limbic cortex, premotor and prefrontal cortices (Vogt and Pandya, 1978, Kaas, 1983, 
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Krubitzer and Kaas, 1990, Rizzolatti et al., 1998, Nieuwenhuys et al., 2008). It is interesting 

to note that sub-areas of the primary sensory cortex (Brodmann area 1, 2, 3a, and 3b) project 

to the same striatal area, and these projections overlap with those from the primary motor 

cortex (Jones et al., 1977). It is believed that the anatomical connectivity of a brain region is 

reflective of its function. Therefore, the primary sensory cortex is suggested to have a major 

role in learning, planning and execution of movement (Pavlides et al., 1993).  

 

2.2.7 The superior frontal cortex (Figure 2.5) 

The superior frontal cortex is located anterior to the pre-central gyrus (the primary motor 

cortex, Brodmann area 4), and posterior to the frontal pole. It is separated from the middle 

frontal gyrus by the superior frontal sulcus (Nieuwenhuys et al., 2008). The superior frontal 

cortex consists of cytoarchitectonically transitional areas (Brodmann areas 6, 8, and 9) which 

are involved in integrating motor, mood and cognitive information based on their 

connectivity with the relevant sensory, motor and limbic areas of the brain (Fuster, 1988, 

Goldman-Rakic et al., 1996). The main connections of the superior frontal cortex with other 

cortical and sub-cortical regions are as follows: 1) reciprocal connections with anterior and 

dorsal nuclei of the thalamus, 2) Reciprocal connections with several parietal sensory 

association areas, 3) Afferent inputs from various sensory systems (somatic, visual, auditory, 

and olfactory), 4) Reciprocal connections with areas involved in the limbic system, especially 

amygdala, hypothalamus, and hippocampus which are involved in emotion, motivation and 

memory, 5) Direct and indirect connections with the primary motor cortex, and 6) Efferent 

connections with subcortical structures involved in the control of movement (thalamus, 

cerebellum and basal ganglia) (Fuster, 1988, Nieuwenhuys et al., 2008). Due to its extensive 

connections with other parts of the brain, the superior frontal cortex is known to be involved 

in a great range of motor, sensory, cognitive and mood-related functions. The main functions 

of the superior frontal cortex are briefly described below. 

 

Motor: Previous studies have shown that lesions of the superior frontal cortex cause subtle 

disruptions in learning and execution of “voluntary” movements, which are distinguishable 

from those resulted from dysfunction of the primary motor cortex (Kolb and Milner, 1981, 

Kolb, 1984). Also, a previous study has shown an increase in the level of superior frontal 
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cortical activity when subjects were programming a sequence of isolated movements of 

individual fingers, without executing the motor action (Roland et al., 1980b). Therefore, 

Roland and colleagues (1980) suggested that the superior frontal cortex has a major role in 

programming motor subroutines.  

Mood and cognition: The superior frontal cortex is active, not only during demanding motor 

tasks, but also during various cognitive tasks (Roland et al., 1980a, Arikuni et al., 1988, 

Deiber et al., 1991, Deiber et al., 1997, Grafton et al., 1998, Hanakawa et al., 2002). This area 

of the cortex has been associated with working memory, attention, verbal and spatial learning 

(Milham et al., 2001, Benedict et al., 2002, Curtis and D'Esposito, 2003). Also, the 

dysfunction of this area has been shown in different mood disorders, such as depression and 

bipolar disorder (Hashimoto et al., 2007). These observations suggest that the superior frontal 

cortex plays a major role in processing mood and cognitive information.  

 

2.2.8 The superior parietal cortex (Figure 2.5) 

The superior parietal cortex, also known as the somatosensory association cortex, is located 

posterior to the post-central sulcus and anterior to the parieto-occipital sulcus (Nieuwenhuys 

et al., 2008). This polymodal region is known to be involved in a range of visual and 

motor/sensory functions including spatial recognition, goal-directed movement, eye 

movement, vestibulo-ocular reflex, and normal control of saccades (Bonda et al., 1996, 

Connolly et al., 2000, Fielding et al., 2004). The superior parietal cortex is reciprocally 

connected to the primary visual and association visual cortices, somatosensory area 5, and the 

dorsal part of the superior frontal area 8, which contains the smooth eye movement-related 

frontal eye field (Leichnetz, 2001). The superior parietal cortex also projects to the dorsal part 

of the premotor cortex (area 6), and to the supplementary area of the middle frontal cortex 

(Matelli et al., 1998, Petrides and Pandya, 2002).   



18 
 

Figure 2.5 Schematic diagram outlining the three cortical areas investigated in the 
present study 

 

 

 

 

 

 

 

2.3 Interneurons 

2.3.1 Different types of neurons of the cerebral cortex 

The pyramidal projecting neurons and locally-projecting GABAergic interneurons are the 

main neuronal populations in the cerebral cortex (Peters and Jones, 1984b, DeFelipe et al., 

2002). The pyramidal neurons, also known as the projection neurons, constitute the largest 

population of cortical cells (approximately 70-80% of the total cortical cell population), and 

are located mainly in layers III, V, and VI (Peters and Jones, 1984b, Peters and Sethares, 

1991, DeFelipe and Fariñas, 1992). These cells make asymmetric spiny (excitatory) synapses, 

and use glutamate (GLU) as their excitatory neurotransmitter. They typically have ovoid or 

pyramidal shaped soma, and possess a single dominant apical dendrite directed radially 

towards the surface (layers I and II). From the base of the cell soma emerge a large number of 

dendrites that are directed laterally or vertically (DeFelipe and Fariñas, 1992). Also, from the 

base of the pyramidal cells an axon originates, which is directed downwards to the white 

matter where it travels to terminate in other cortical or sub-cortical regions. All dendritic 

surfaces carry a large number of spines, with the exception of the most proximal segments 

arising directly from the cell soma (DeFelipe and Fariñas, 1992). The activity of these 

excitatory projection neurons is thought to be modulated by interneurons. 

The remaining 20-30% of cortical neurons includes inhibitory interneurons, which use 

GABA (γ- amino butyric acid) as their principle neurotransmitter, have aspiny dendrites, and 

Figure adapted from Nieuwenhuys R, 
Voogd j, Van Huijzen C. The human 
central nervous system. 4th ed. New 
York: Springer; 2008. 
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receive both excitatory and inhibitory synapses onto their somata. The axons of interneurons 

do not typically project towards the white matter to contact distal brain regions; hence they 

are also called “local circuit neurons”. Despite their common features, inhibitory interneurons 

have diverse morphological, biochemical, physiological and synaptic characteristics, which 

can be used to classify them into different groups (Douglas and Martin, 1998, Markram et al., 

2004). 

 

2.3.2 Classification of cortical interneurons based on their morphological features (see 

Figure 2.6) 

The main morphological features used to classify interneurons are the size and shape of their 

soma, which vary in diameter from 10-30 µm, and their axonal and dendritic branching 

(Markram et al., 2004). According to these features, interneurons can be classified into the 

following three groups: 1) Cells with long vertically oriented axonal and dendritic fields; 2) 

Cells with horizontal axon collaterals; 3) Cells with multiple axonal polarities. 

 

Group 1: cells with vertically oriented axonal and dendritic fields  

Double bouquet cells: double bouquet cells have bitufted dendritic morphology with long, 

vertically oriented arrays of axonal branches resembling a “horse-tail”. They can be found in 

layers II-V, but are preferentially concentrated in layers II-III (White and Keller, 1989, 

Markram et al., 2004). 

Bipolar cells: bipolar cells have small spindle or ovoid-shaped soma, with narrow bipolar or 

bitufted dendrites that extend vertically toward layer I and down to layer VI. These cells can 

be found in layers II-VI. The axons usually arise from one of the main dendrites, and project 

in the same direction as the dendrites (Peters and Jones, 1984a, White and Keller, 1989).  

Martinotti cells: Martinotti cells are multipolar, bitufted or bipolar with more elaborate 

dendritic branching than most interneurons. They are found in layers II-VI, and are 

specialised in projecting horizontally to layer I where they inhibit the tuft dendrites of 

pyramidal neurons in neighbouring and distant columns. Indeed, these cells are known as the 
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sole source of cross-columnar inhibition. They also have unusual axons because they form 

spiny boutons (White and Keller, 1989, Arbib, 1995, DeFelipe, 2002).   

 

Group 2: cells with horizontal axon collaterals  

Horizontal cells: horizontal cells, Also known as Cajal Retzius cells, are multipolar cells 

with different soma shapes. They are unique to layer I, and their horizontally projected axons 

are confined to target the terminal tufts of pyramidal cells in the same layer (layer I) (Peters 

and Jones, 1984a, Zhou and Hablitz, 1996).  

 

Group 3: cells with multiple axonal polarities  

Basket cells: the term “basket cell” comes from the basket appearance around the body of 

pyramidal cells due to convergent innervation by many basket cells. Basket cells constitute 

about 50% of all inhibitory interneurons, and can be found throughout layers II-VI. They 

target the somata and proximal dendrites of pyramidal neurons and interneurons (Jones and 

Hendry, 1984, Peters and Jones, 1984b, White and Keller, 1989, Gilbert, 1993). Basket cells 

can be further divided into three subclasses, based on their variable soma size and 

axonal/dendritic morphologies. Large basket cells (LBC) are characterised by their large 

soma, and long, aspiny, multipolar dendrites (Jones and Hendry, 1984, Peters and Jones, 

1984b). Small basket cells (SBC) are aspiny, soma targeting interneurons, with small to 

medium sized soma. Nest basket cells (NBC) seem to be a hybrid of LBCs and SBCs (Jones 

and Hendry, 1984). 

Chandelier cells: chandelier cells are multipolar or bitufted, with a large number of short 

axonal branches that resemble candlesticks. Chandelier cells can be found in layers II-V, but 

are most common in layer II-III (Markram et al., 2004).    

Neurogliaform (spider web) cells: neurogliaform cells are characterised by their small and 

round soma with short, aspiny, multipolar dendrites that form a symmetrical and spherical 

dendritic field. The axon can arise from any part of the soma or the base of a dendrite, and 

shortly after its origin, it breaks into a large number of ultra-thin axons with up to 10 orders 

of branching. These cells are particularly dense in layer IV of sensory cortices that receive 

thalamic inputs (Peters and Jones, 1984a, Somogyi, 1989, White and Keller, 1989). 
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2.3.3 Classification of cortical interneurons based on their biochemical features (see 

Figure 2.6) 

The inhibitory GABAergic interneurons have been found to express a diverse range of 

molecular markers which can be used to classify them into different sub-groups. One of the 

most valuable and commonly used classifications of interneurons is based on their 

differential expression of the three calcium-binding proteins (calbindin-D28k, 

parvalbumin, and calretinin) (Andressen et al., 1993, Kawaguchi and Kondo, 2002). These 

markers are used in the present study to identify the three different sub-groups of 

cortical interneurons.  

Calbindin-D28k 

The calbindin-D28k (CB) expressing interneurons usually represent less than 5% of the total 

cortical neuronal population, and can be found in the upper layers (layers II-III) of the cortex. 

A small population of pyramidal neurons also express calbindin-D28k in layers III, V, and 

VI. The double bouquet, Martinotti, and neurogliaform cells are the three main 

morphological sub-groups of interneurons that express CB (Hornung and De Tribolet, 1995, 

Markram et al., 2004). 

 

Calretinin 

The calretinin (CR) expressing interneurons make up approximately 10% of the total 

population of neurons in the cortex (Hornung and De Tribolet, 1995). They are found 

throughout all cortical layers, but are more frequent in the sub-granular layers. CR is typically 

expressed by horizontal, bipolar, and double bouquet morphological interneurons. 

 

Parvalbumin 

The parvalbumin (PV) expressing interneurons constitute approximately 6.5% of the total 

cortical neuronal population (Hornung and De Tribolet, 1995). These cells can be found 

throughout all cortical layers (except layer I), but are more frequent in layers III-V. 

Chandelier and basket cells are the two main morphological sub-groups of interneurons that 

express PV (Markram et al., 2004). 
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Figure 2.6 Morphological and chemical diversity of cortical GABAergic interneurons 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on their morphological features, the cortical GABAergic interneurons can be divided into 
different groups. The different morphological types can be further grouped according to the type of 
calcium-binding protein that they express (calbindin-D28k, parvalbumin, calretinin). Calbindin-D28k 
mainly labels MC, Martinotti, DB, double bouquet, and NGF, neurogliaform cells. Calretinin mainly 
labels C-R, Cajal-Retzius, DB, double bouquet, and BC, bipolar cells. These cells mainly make axo-
dendritic contacts with their neighbouring PC, pyramidal cell. Parvalbumin mainly labels BsC, basket, 
and CC, chandelier cells, which form axo-somatic and axo-axonic synapses with pyramidal cells, 
respectively.  
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2.3.4 Classification of cortical interneurons based on their electrophysiological features 

Cortical interneurons can also be classified according to their electrophysiological features. 

Based on their distinct firing characteristics, cortical interneurons can be classified into five 

different sub-groups: low-threshold-spiking cells (LTS), regular-spiking non-pyramidal cells 

(RSNP), late-spiking cells (LS), irregular-spiking cells (IS), and fast-spiking cells (FS). 

 

The LTS cells, also known as burst-spiking non-pyramidal cells (BSNP), are characterised by 

the generation of a burst of 3-4 Na+ spikes. Some of the LTS interneurons have been 

morphologically characterised as double bouquet, bipolar, and Martinotti cells, which 

correspond to CB+ and CR+ interneurons (Kawaguchi and Kubota, 1997, Markram et al., 

2004). The RSNP cells discharge regular trains of action potentials with sustained repetitive 

firing. Most commonly, RSNP cells are morphologically characterised as large basket cells 

(Kawaguchi and Kubota, 1997). The LS cells discharge with a considerable delay after being 

depolarized. They are found in layers II/III and V, and some have been identified as 

neurogliaform cells.  

 

2.3.5 Classification of cortical interneurons based on their synaptic connections 

Cortical interneurons can be classified into different synaptic groups, based on the 

observation that different portions of pyramidal cells are innervated by different types of 

interneurons (Somogyi, 1989, Gupta et al., 2000, Buzsáki and Draguhn, 2004, Markram et 

al., 2004). The three main synaptic groups are as follows: 

Axo-dendritic interneurons: this group includes interneurons that form synapses with the 

distal dendrites of pyramidal neurons, i.e. bipolar, neurogliaform, and double bouquet 

interneurons (DeFelipe, 1997, Somogyi et al., 1998, Markram et al., 2004). These cells 

typically express calbindin-D28k (CB) and calretinin (CR).  

Axo-somatic interneurons: these cells form powerful inhibitory synapses with pyramidal 

neurons at the level of their somata, i.e. basket cells (Pouille and Scanziani, 2001, Freund, 

2003). Axo-somatic interneurons typically express parvalbumin (PV).  
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Axo-axotic interneurons: this group includes axon targeting interneurons, i.e. chandelier 

cells. It is interesting to note that most interneurons can make synapses with both pyramidal 

cells and interneurons, with the exception of chandelier cells that only make axo-axotic 

synapses with pyramidal neurons (Somogyi, 1989, DeFelipe, 1997, Somogyi et al., 1998, 

Markram et al., 2004). These cells typically express parvalbumin (PV). 

As mentioned in Section 2.3.3, in the present study, different populations of interneurons 

were identified based on their differential calcium-binding protein expression. 

 

2.4 Calcium-binding proteins 

Calcium ions (Ca2+), as biological regulators, exert their effects primarily by interacting with 

a wide variety of calcium-binding proteins (CBPs). Calbindin (CB), calretinin (CR), and 

parvalbumin (PV) belong to the largest family of calcium binding proteins (Schwaller et al., 

2002). This group includes more than 200 members, all of which share a common calcium-

binding motif, the EF-hand motif. Functionally, EF-hand motif CBPs can be classified into 

two groups: calcium sensors, or calcium buffers. The calcium sensors (such as calmodulin, 

S100, troponin C and recoverin) translate calcium concentration levels into signalling 

cascades. They trigger a biochemical response by conformational changes when they bind to 

calcium ions (Cheung, 1980, Shaw et al., 1990, Donato, 2001). On the other hand, calcium 

buffers are involved in modulating the spatiotemporal aspects of calcium transients. CB, CR, 

and PV are classified as calcium buffers (Heizmann and Hunzlker, 1991, Schwaller et al., 

2002). 

 

2.4.1 Structural and functional characteristics of calcium buffers  

The function of the Ca2+ buffers (CB, CR, PV) in the central nervous system is still under 

current debate. However, based on their modulatory role of cytoplasmic calcium transients, 

these proteins are thought to contribute to the neuropathogenesis of different 

neurodegenerative diseases. These proteins are also valuable markers of neuronal sub-

populations for anatomical and developmental studies (Heizmann and Hunzlker, 1991, 

Baimbridge et al., 1992, Heizmann and Braun, 1992, Schwaller et al., 2002, Schwaller, 
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2009). The three calcium buffers used in the present study, to identify the three main sub-

populations of cortical interneurons, are briefly described below. 

Calbindin (CB): calbindin was first discovered in the avian intestine and, subsequently, was 

shown to be present in different mammalian specimens, including brain tissue (Oberholtzer et 

al., 1988). Because of its vitamin D-dependent expression, calbindin was first known as the 

“vitamin D-dependent calcium-binding protein” (Christakos et al., 2007). However, unlike 

intestinal calbindin, calbindin found in the brain is independent from vitamin D-derived 

synthesis (Varghese et al., 1988). In humans, calbindin exists in two forms with different 

molecular weights: calbindin-D9k (found in the intestine) and calbindin-D28k (found in the 

brain). Calbindin-D9k has two EF-hand motifs (one pair), whereas calbindin-D28k contains 

six EF-hand motifs (three pairs) and can bind to four Ca2+ ions (Cedervall et al., 2005, 

Kojetin et al., 2006). 

As mentioned earlier, calbindin-D28k in the brain is believed to function as an intraneuronal 

Ca2+ buffer to prevent the accumulation of excessive levels of cytosolic free Ca2+, and thereby 

modulate neuronal firing (Schwaller, 2009). Previous studies, using human and animal brain 

tissue, have shown a significant reduction in the expression of the calbindin-D28k gene in 

different neurodegenerative diseases including Alzheimer’s, Parkinson’s, and Huntington’s 

disease (Ichimiya et al., 1988, Seto-Ohshima et al., 1988, Iacopino and Christakos, 1990). 

Also, the expression of calbindin-D28k has been shown to be associated with cell survival in 

the substantia nigra in Parkinson’s disease. Furthermore, CB-D28k modulates apoptotic cell 

death by interacting with caspase 3 (Bellido et al., 2000, Christakos and Liu, 2004).  

Calretinin (CR): similar to calbindin, calretinin is a vitamin D-dependent calcium-binding 

protein (Schwaller et al., 1997). The two proteins are closely related, with 58% homology at 

the level of amino acid sequencing (Schwaller et al., 2002). Calretinin (molecular weight 

29kDa) contains six EF-hand motifs (three pairs), with only five of them having the ability to 

bind calcium ions with high affinity (Rogers, 1987). CR is abundantly expressed in neurons 

and is thought to function as a modulator of neuronal excitability (Gall et al., 2003). 

Calretinin is also involved in the protection against calcium-induced glutamate excitotoxicity 

(Lukas and Jones, 1994, d’Orlando et al., 2002). 
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Parvalbumin (PV): The name “parvalbumin” (parvus is latin for small) is based on the small 

molecular size (12kDa) and high water solubility of this protein (Pechere, 1968, Schaub and 

Heizmann, 2008). There are two different isoforms of PV, alpha and beta parvalbumin. Beta 

parvalbumin was first discovered in tumour cells and, therefore, is also known as 

oncomodulin. Parvalbumin contains three homologous EF-hand motifs, although only the 

two EF-hand motifs closer to the C-terminus (EF2/3) bind to calcium ions with high affinity. 

The other EF-hand motif (EF1) is thought to be involved in stabilising and maintaining the 

structure of the protein (Schaub and Heizmann, 2008). PV is present in a large number of 

tissues (including muscle-tissue, bone, teeth, skin, and brain), and is known to play various 

functional roles in different tissues (Arif, 2009). In the brain, this protein is found in a sub-

population of interneurons in the cortex, cerebellum, striatum, and hippocampus. Indeed, PV 

deficiency has been observed to be associated with altered neuronal activity, which could be 

due to altered cytoplasmic homeostasis of modulatory parvalbumin-expressing GABAergic 

interneurons (Schwaller et al., 2002, Freund, 2003, Baude et al., 2007). PV neurons are also 

known to be involved in generation of γ- frequency oscillations associated with cognition and 

sensory processing (Engel et al., 2001, Engel and Singer, 2001, Bartos et al., 2007). 

 

2.5 Neuropathology of Huntington’s disease 

The progressive loss of medium spiny GABAergic projection neurons of the striatum, with 

the slow atrophy of the caudate nucleus, putamen and globus pallidus (GP) are considered as 

the main neuropathological hallmarks of Huntington’s disease (HD) (Vonsattel and DiFiglia, 

1998, Vonsattel et al., 2007). However, atrophy of other parts of the brain, including other 

structures of the basal ganglia (substantia nigra, subthalamic nucleus), thalamus, and cerebral 

cortex has been repeatedly reported by previous studies (Kassubek et al., 2004, Petersén and 

Björkqvist, 2006, Rosas et al., 2008a). Below is a brief description of the involvement of 

different parts of the brain in the neuropathology of Huntington’s disease.  

2.5.1 Striatal degeneration in HD 

Based on the level of acetyl cholinesterase (ACh) activity, the striatum can be divided into 

two compartments: matrix, and striosomes. The 300-600µm wide striosomes are weakly 

stained for ACh, whereas the intensity of ACh histochemical staining is very dense in the 
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surrounding matrix (Goldman‐Rakic, 1982, Holt et al., 1997). It is interesting to note that 

afferent and efferent connections of the striatum may fit with the striosome- matrix 

configuration. While the afferent connections to the striosomes originate from the prefrontal 

cortex and limbic system, the matrix is connected to the motor, somatosensory, frontal, and 

parietal cortices. The efferent connections from the striosomes project to the substantia nigra 

pars compacta (SNc), while those from the matrix compartment terminate in the globus 

pallidus and substantia nigra pars reticulata (SNr). These afferent and efferent connections 

could be indicative of differential functionality of the two striatal compartments, with the 

striosomes being more involved with the mood and limbic functions, and the matrix 

compartment may be more implicated with sensory and motor functions (Graybiel et al., 

1981, Gerfen, 1992) 

In Huntington’s disease, neuronal loss and gliosis is seen in both compartments of the 

striatum, but occur first in the striosomes. This could indicate that neurons in the striosomes 

are more vulnerable at early stages of HD compared to those in the matrix (Hedreen and 

Folstein, 1995). In the matrix compartment, those neurons projecting to the GPe appear to 

degenerate before those projecting to the GPi (Reiner et al., 1988). Because the two striatal 

compartments are involved in different functions, this variable pattern of cell loss (striosomes 

vs. matrix) could contribute to the variable symptoms in HD. Indeed, a previous study carried 

out in our laboratory has shown that the HD cases with major mood symptoms demonstrate a 

predominant neuronal loss in the striosomes, while the HD cases with major motor symptoms 

show predominant loss of neurons in the matrix (Tippett et al., 2007). 

The temporospatial pattern of striatal degeneration in post-mortem human brains has been 

used to develop a grading system to assess the severity of HD (Vonsattel et al., 1985). The 

system consists of five different grades (0-4) of severity based on both macroscopic and 

microscopic changes in the HD striatum.  

Grade 0: Considering the gross anatomy, grade 0 cases are indistinguishable from normal 

cases. However, histologically, there is a 30-40% neuronal loss in the head of the caudate 

nucleus (Vonsattel et al., 1985). 

Grade 1: comprises 4% of all HD cases. HD grade 1 cases show atrophy, neuronal loss (up 

to 50%), and astrogliosis in the tail and, in some cases, the body of the caudate nucleus.  
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Grade 2: comprises 16% of all HD cases. Macroscopically, both the caudate nucleus and 

putamen exhibit general atrophy, with the head of the caudate nucleus being the most 

pronounced degenerated area of the striatum at this grade. Microscopically, neuronal loss and 

astrocytosis can be seen in the head of the caudate nucleus and dorsal striatum. 

Grade 3: comprises 52% of all HD cases. Macroscopically, both the globus pallidus and 

putamen exhibit a moderate reduction in size at this grade. Microscopically, severe neuronal 

loss and astrocytosis can be seen in the caudate nucleus. However, the main characteristics of 

the grade 3 cases are gliosis and cell loss in the putamen.   

Grade 4: comprises 28% of all HD cases. Grade 4 cases include the most severe HD cases 

with atrophy of the striatum, and up to 95% striatal neuronal loss (Vonsattel et al., 1985).  

 

2.5.2 Cortical degeneration in Huntington’s disease 

In addition to striatal degeneration, cortical atrophy is also known to contribute to HD 

pathology. In 1988, De la Monte and colleagues observed a 21-29% reduction in volume of 

the HD cerebral cortex, with a 29-34% reduction in white matter volume. The authors also 

demonstrated a reduction in the thickness of the cortical ribbon (de la Monte et al., 1988). 

These observations were further supported by other studies reporting reduced cross-sectional 

areas of gray and white matter for frontal, temporal, insular, and parietal cortices in HD 

(Mann et al., 1993, Halliday et al., 1998). More recently, the advances in detailed structural 

neuroimaging methods have facilitated important steps in elucidating the cortical basis of 

clinical heterogeneity in HD (Montoya et al., 2006). Indeed, several imaging studies have 

reported a progressive thinning of the grey matter in different parts of the cortex in both 

symptomatic and premanifest HD patients, which correlates with the clinical symptoms of 

HD (Jernigan et al., 1991, Kassubek et al., 2004, Rosas et al., 2005, Nopoulos et al., 2007, 

Rosas et al., 2008a, Nopoulos et al., 2010, Tabrizi et al., 2011). For example, Rosas and 

colleagues have shown a topographically selective thinning of different cortical regions in 

premanifest and symptomatic HD patients (Rosas et al., 2008a). The thinning of the cortex 

appeared to be progressive, with the sensorimotor cortex, visual cortical areas, superior 

parietal cortex and superior frontal cortex being the most affected regions in early stages of 

the disease (Rosas et al., 2005, Rosas et al., 2008a). The authors have also reported a 

significant association between the distinct patterns of cortical thinning and different 
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symptom profiles of HD (Rosas et al., 2008a). These results suggest that cortical 

degeneration occurs in the early stages of HD, and contributes to the pathology and clinical 

features of the disease, including those that have been primarily ascribed to the striatum 

(Rosas et al., 2008a). The selective vulnerability of the cortex in early stages of HD is not 

surprising, given that huntingtin aggregates are readily detected in the cerebral cortex of 

premanifest HD patients (Gutekunst et al., 1999).  

 

In line with the neuroimaging investigations, previous pathological studies have 

demonstrated that widespread regions of the cerebral cortex are affected in Huntington’s 

disease (Cudkowicz and Kowall, 1990, Hedreen et al., 1991, Heinsen et al., 1994, Macdonald 

et al., 1997, Macdonald and Halliday, 2002, Selemon et al., 2004, Sotrel et al., 1991, Sotrel et 

al., 1993). Major loss of pyramidal neurons has been observed in various regions of the 

cerebral cortex, including the primary motor cortex (Macdonald and Halliday, 2002), superior 

frontal cortex, cingulate gyrus (Cudkowicz and Kowall, 1990), and the angular gyrus of the 

parietal lobe (Macdonald et al., 1997). Furthermore, recent detailed pathological studies from 

our laboratory, carried out in 8 cortical regions of 14 HD cases, have indicated that variable 

patterns of neuronal loss across the cortex are associated with heterogeneous 

symptomatology in HD (Thu et al., 2010, Kim et al., 2014, Nana et al., 2014). For example, 

HD cases with predominant motor symptoms showed a significant pyramidal (45%) and 

interneuronal (57% CB+) loss in the primary motor cortex, but not in the limbic cingulate 

gyrus. Whereas in HD cases with prominent mood symptoms, a pronounced pyramidal (40%) 

and interneuronal (71% CB+, 60% CR+, 80% PV+) loss occurred in the limbic cingulate 

gyrus, with no significant cell loss in the primary motor cortex (Thu et al., 2010, Kim et al., 

2014). In addition, loss of pyramidal neurons in the primary sensory cortex (38%) and 

superior frontal cortex (52%) has been shown to be correlated with HD motor symptoms 

(Nana et al., 2014). These results reinforce the involvement of cortical degeneration in HD 

pathology and clinical symptoms. 

 

Alterations in the cerebral cortex are also thought to contribute to striatal pathology in HD. 

Previous studies have demonstrated that pathological changes in the cortex lead to reduced 

corticostriatal trophic support (BDNF production and transportation), and altered physiology 

of the striatum (Laforet et al., 2001, Zuccato et al., 2001). Furthermore, due to the extensive 
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glutamatergic corticostriatal projections, the cerebral cortex may play an excitotoxic role in 

striatal degeneration (Behrens et al., 2002). However, due to the complex relationship 

between the cortex and striatum, it is difficult to determine whether cortical degeneration 

precedes, results from, or is independent of striatal degeneration. 

 

2.6 The Cortico-basal ganglia-thalamo-cortical circuitry in HD 

(Figure 2.7) 

Changes in the anatomy, neurochemistry, and cellular morphology of the basal ganglia are 

known to be the main pathological alterations in HD. The “basal ganglia” refers to a group of 

large subcortical nuclei located in the base of the forebrain and are involved in modulating 

motor, mood and cognitive control. The basal ganglia receive a diverse range of inputs from 

the cerebral cortex, and channel this information back to the cerebral cortex through the 

thalamus, creating a circuit: the cortico-basal ganglia-thalamo-cortical circuit (Parent and 

Hazrati, 1995). The projections within the circuit form several functionally segregated and 

interconnected systems, with the motor (indirect and direct) and limbic loops being amongst 

the main cortico-basal ganglia-thalamo-cortical connections (Gerfen, 1992, Parent and 

Hazrati, 1995, Nieuwenhuys et al., 2008). Below is a brief description of the motor and 

limbic loops, and how alterations in these two loops may lead to the manifestation of variable 

symptoms in HD.  

 

Motor loop (indirect and direct pathways) 

The striatum (caudate nucleus and putamen) receives major excitatory glutamatergic inputs 

from the cerebral cortex. The cortical information, which is passed to the striatum from the 

primary motor, primary sensory, premotor and associative motor cortices, can be 

subsequently processed through two different routes: the direct and indirect pathways. These 

two major efferent pathways are thought to have opposing effects on the output nuclei and 

thalamic target nuclei (Penney and Young, 1983, Albin et al., 1990, DeLong, 1990). In the 

indirect pathway, the excitatory corticostriatal projections terminate onto striatal medium 

spiny neurons (MSNs) that co-express GABA and enkephalin (ENK). The output then 

projects to the external segment of the globus pallidus (GPe), sub-thalamic nucleus (STN), 
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and finally to the internal segment of the globus pallidus (GPi). This increase in GPi 

activation leads to reduced thalamic activation of the cortex (a negative feedback loop) 

(Figure 2.7). In the direct pathway, the excitatory corticostriatal projections terminate onto 

striatal medium spiny neurons that co-express GABA and substance-P (SP). The SP 

expressing neurons then project directly to the GPi (and substantia nigra pars reticulata 

(SNr)), and thereby inhibit the activity of GPi (and SNr) neurons. Because the GPi (and SNr) 

neurons are GABAergic, their inhibition leads to an increase in the activity of the 

excitatory thalamo-cortical projections (a positive feedback loop). Thus, the result of the 

direct pathway is opposite to that of the indirect pathway (Figure 2.7) (Penney and Young, 

1983, DeLong, 1990, Gerfen, 1992, Flaherty and Graybiel, 1994, Gerfen and Wilson, 1996).  

In HD, it has been postulated that the disruption of these striatal pathways leads to the 

development of hyperkinetic (associated with early stages of HD) and dyskinetic movements 

(associated with advanced HD). Loss of “indirect” GABA/ENK striato-pallidal fibres, that 

project from the striatum to the GPe, is thought to lead to a reduction in the inhibitory action 

upon the GPe, which results in over activation of the GABAergic neurons that project from 

the GPe to the STN (Figure 2.7). This leads to a reduction in GPi inhibitory action upon the 

thalamus, resulting in hyperactivity of the cortical sensorimotor areas, and ultimately 

manifestation of chorea (Crossman et al., 1988, DeLong, 2000). In contrast, loss of the 

“direct” GABA/SP striato-pallidal fibres leads to over activation of the GPi. This, in turn, 

causes a reduction in the excitatory thalamo-cortical inputs, and ultimately rigidity (Berardelli 

et al., 1999). The “indirect” GABA/ENK expressing MSNs have been shown to be most 

vulnerable to the disease process, as their degeneration precedes that of the “direct” 

GABA/SP expressing MSNs. Indeed, previous post-mortem studies have shown that the 

reduction in ENK staining of the GPe was a prominent feature in early stages of HD (stage 0-

1), whereas SP staining in the GPi and SNr was affected only in later stages of the disease 

(stage 2-4) (Glass et al., 2000, Deng et al., 2004). 

 

Limbic loop  

The ventral striatum (VS) and ventral pallidum (VP) receive information from the medial and 

orbitofrontal cortical areas. This information is channelled back to the orbital and medial 

prefrontal cortical areas (OMPFC) through the mediodorsal (MD) thalamic nucleus. This 

creates the limbic loop, which is involved in the regulation of mood and emotions (Figure 
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2.7). Furthermore, the anterior cingulate gyrus, in the medial part, is reciprocally 

interconnected with the amygdala, hippocampus, fornix, mammillary nuclei and the 

mamillothalamic tract (McFarland and Haber, 2002, Marchand, 2010). 

Since many behavioural and mood disorders are associated with the dysfunction of the frontal 

cortical areas and/or the basal ganglia, the mood and behavioural HD symptoms are 

postulated to reflect disturbed functioning of the limbic circuit (Cummings, 1993, 2003). 

Also, agitation, irritation and euphoria in HD are suggested to be secondary to the reduction 

in the activity of the indirect pathways that project from the ventral striatum (Litvan et al., 

1998, Joel, 2001). 
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Figure 2.7 Schematic diagram of the cortico-basal ganglia- thalamo- cortical loop 

The basal ganglia receive inputs from the cerebral cortex and “channel” the flow of information back to the cortex via the thalamus through the proposed motor and limbic 
circuits. In HD, loss of the “indirect” striato-pallidal fibers (1) in the motor loop is thought to precede the loss of those fibres associated with the “direct” pathway (2). VS, 
ventral striatum, VP, ventral pallidum, STN, subthalamic nucleus, SN, substantia nigra, VA/VL, ventral anterior/ventral lateral thalamic nuclei, MD, mediodorsal thalamic 
nucleus, GPe, globus pallidus externus, GPi, globus pallidus internus. 
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2.7 Involvement of cortical interneurons in Huntington’s disease 

As mentioned in section 2.5, the loss of pyramidal neurons across different areas of the human 

cortex in HD has been well documented (Cudkowicz and Kowall, 1990, Hedreen et al., 1991, 

Sotrel et al., 1991, Sotrel et al., 1993, Heinsen et al., 1994, Macdonald et al., 1997, Halliday et 

al., 1998, Macdonald and Halliday, 2002, Selemon et al., 2004, Thu et al., 2010, Nana et al., 

2014). However, little is known about the fate of the cortical GABAergic interneurons, also 

known as the modulators of cortical output, in HD. Cudkowicz and Kowall (1990) have reported 

no significant loss of parvalbumin (PV) and neuropeptide Y (NPY) expressing interneurons in 

the human superior frontal cortex in HD. In line with these results, Macdonald and Halliday 

(2002) have observed no significant loss of cortical interneurons, identified with calbindin (CB), 

calretinin (CR) and parvalbumin (PV), in three different motor cortical regions (the primary 

motor, premotor and supplementary motor cortices) of 5 HD cases. In contrast, a recent 

stereological study from our laboratory has shown a pronounced loss of interneurons in the 

anterior cingulate gyrus and the primary motor cortex of 13 HD cases (Kim et al., 2014). Most 

interestingly, the pattern of interneuronal loss in these two cortical regions correlated with 

variable symptoms in HD.  

 

The involvement of cortical interneurons in the pathology of HD has also been observed in 

animal models. For example, Gu and colleagues (2005) detected a reduction in the cortical 

GABAergic inhibitory input onto cortical pyramidal neurons in a Cre/LoxP conditional mouse 

model of HD. Interestingly, the motor deficits and cortical neuropathology was only observed 

when the mutant huntingtin was expressed in multiple cortical neuronal types, including 

interneurons, but not when it was only restricted to the cortical pyramidal cells (Gu et al., 2005). 

Also, early spontaneous epileptic seizures have been displayed by some animal models of HD, 

which could be indicative of early loss of GABAergic inhibitory input in HD (Uzgil et al 2004). 

Furthermore, a transcranial magnetic stimulation study to assess cortico-cortical interactions in 

the motor cortex of HD has shown alterations in the pattern of intracortical inhibition and 

facilitation, which is thought to be the result of GABAergic interneuron dysfunction (Abbruzzese 

et al., 1997). A more recent study by Spampanato and colleagues (2008) has also shown synaptic 

pathology of PV+ interneurons and pyramidal cells in the upper cortical layers (II/III) in a BAC 

transgenic mouse model of HD. In addition, an electrophysiological study demonstrated 

alterations in the IPSP patterns and frequency of the cortical GABAergic interneurons in the 
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somatosensory cortex of three mice models of HD (R6/2, CAG140, and YAC128) (Cummings et 

al., 2009). Taken together, these results further support the hypothesis that cortical GABAergic 

interneurons have a major role in HD pathology and clinical symptomatology. 
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2.8 Aims of the study 

Major degeneration in the basal ganglia and cerebral cortex are the main neuropathological 

hallmarks of Huntington’s disease (HD). Recent pathological studies from our laboratory have 

provided evidence that the pattern of pyramidal cell loss in different parts of the cerebral cortex 

correlates with different symptomatology in HD (Thu et al., 2010, Nana et al., 2014). However, 

the fate of the cortical GABAergic interneurons and their relation to symptom heterogeneity in 

HD has not been widely studied in the human brain. Indeed, previous studies, using animal 

models of HD, have suggested a possible role for cortical GABAergic interneurons in the 

pathogenesis of HD. Hence, it is hypothesised that dysfunction/loss of specific GABAergic 

interneuronal populations in different functional parts of the cerebral cortex contributes 

differentially to the variable symptomatology in HD. The present study is designed to determine 

the role of the cortical GABAergic interneurons in the pathogenesis and symptom heterogeneity 

of HD. Therefore, the main aims of the present study are to: 

i) Quantify the total number of interneurons (CB+, PV+, CR+), using unbiased 

stereological counting techniques, in three different cortical regions (primary sensory 

cortex, superior frontal cortex, superior parietal cortex) in HD and neurologically 

normal human brains;  

ii) Investigate the pattern of interneuronal loss in the three cortical regions, and correlate 

this pattern with the dominant HD symptom profile, HD striatal neuropathological 

grade, CAG repeat length, post-mortem interval, and age at death; 

iii) Investigate changes in the soma volume of the GABAergic interneurons in the three 

cortical regions; 

iv) Investigate the association between changes in the soma volume of the GABAergic 

interneurons in the three cortical regions with the predominant symptom profile in the 

HD cases. 
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Chapter 3: Materials and Methods  

3.1. General Introduction 

In this study, human post-mortem brain tissue was used to investigate changes in the major 

populations of GABAergic interneurons in three different regions of the cerebral cortex in 

Huntington’s disease (HD) compared to neurologically normal control brains. The three cortical 

regions of interest are: the primary sensory cortex (Brodmann area 3), the superior parietal cortex 

(Brodmann area 7) and the superior frontal cortex (Brodmann area 8). First, to identify the 

different subpopulations of interneurons in the three cortical regions, 

immunohistochemistry was performed using antibodies raised against the three calcium binding 

proteins, calbindin-D28, calretinin and parvalbumin. Next, light microscopy was used to view 

and qualitatively compare the immunostaining patterns of the interneurons. Finally, unbiased 

design-based stereological techniques were used to compare the total number of interneurons 

(Optical Fractionator) and their soma volume (Isotropic Nucleator) in the HD and control cases. 
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Figure 3.1 Overview of the methodology 
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3.2. Human Brain Tissue  

3.2.1. Human brain bank 

The human brain tissue used in this study was sourced from the Neurological Foundation of New 

Zealand Human Brain Bank in the Centre for Brain Research, The University of Auckland. The 

brain tissue was obtained with the full consent of all families, and the research protocols were 

approved by the University of Auckland Human Participants Ethics Committee (2008/279).  

 

3.2.2. Processing of human brain tissue 

The brains used in this study were fixed by perfusion through the basilar and internal carotid 

arteries according to the protocols of Waldvogel et al  (Waldvogel et al., 2006) as follows: 

Perfusion was carried out using phosphate buffered saline (PBS) containing 1% sodium nitrite 

for 15 minutes, followed by 15% formalin in 0.1M phosphate buffer (pH 7.4) for 40 minutes. 

After perfusion, the brain was post-fixed by immersion in 15% formalin for 24 hours. The fixed 

brain was then dissected into blocks defined by anatomical regions, and the blocks were further 

immersed in 15% formalin for another 24 hours (Waldvogel et al., 2006). 

 

Next, the blocks were cryoprotected by immersion in a solution consisting of 20% sucrose in 

0.1M phosphate buffer with 0.1% sodium azide (pH 7.4) for one week. The blocks were then 

transferred into 30% sucrose in 0.1M phosphate buffer with 0.1% sodium azide (pH 7.4) for 

another four weeks. Once cryoprotected, the blocks were then frozen with powdered dry ice, 

wrapped in tin foil, and stored in -80°C until required (Waldvogel et al., 2006). 

 

For the purpose of this study, the fixed-frozen blocks with regions of interest, from the right 

hemisphere of the cortex, were sectioned at 50µm on a freezing microtome (Microm HM450), 

and stored at 4°C in 48well plates containing PBS with 1% sodium azide.  
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3.2.3. Cases used in this study 

A total of 14 Huntington’s disease (HD) cases (right hemisphere) and 13 neurologically normal 

control brains (right hemisphere), matched for gender, age and post-mortem interval (PMI), were 

used in this study. The HD cases included 7 males and 7 females, aged 35-75 years (mean 58 

years), with a post-mortem interval of 3-24 hours (average 12 hours). The control cases included 

10 males and 3 females, aged 41-79 years (mean 62 years), with a post-mortem interval of 5-13 

hours (mean 10 hours).  

 

The HD cases showed clinical symptoms of the disease and had a known family history of HD. 

The confirmation for all HD cases was obtained through gene testing (number of CAG repeats in 

both alleles of the HD gene), and histological examination was carried out by a neuropathologist 

to determine the extent of neuropathology. Based on the degree of striatal degeneration, a 

neuropathological grade was assigned to each HD case using the internationally recognised 

Vonsattel grading criteria (grades 0-4) (Vonsattel et al., 1985). Also, they were categorised into 

three symptom groups based on their main clinical symptom profile (Tippett et al., 2007, Thu et 

al., 2010). See Table 3.1 for descriptions of all the HD cases used in this study. 

 

The control brains had no history of neurological or psychiatric disorder and showed only age 

related changes after histological examination by a neuropathologist. See Table 3.2 for 

descriptions of all the control cases used in this study.  
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Table 3.1 List of Huntington’s disease cases used in this study 
Case Age 

(years) 

Sex PMI 

(hours) 

Symptom 

profile 

CAG repeat length 

HTT gene 

Grade Cause of death 

HC68 65 F 11 Motor 17/42 1 Cardiac arrest 

HC72 63 F 24 Motor 17/42 2 Pneumonia 

HC73 47 M 4 Motor 19/49 2 Pneumonia 

HC75 41 M 5.5 Motor 18/52 3 Pneumonia 

HC77 53 F 9 Mixed 17/53 4 Pneumonia 

HC79 56 F 4 Mixed 17/42 1 Cardio-respiratory 
failure 

HC82 74 M 16 Mood 15/42 2 Pneumonia 

HC85 61 F 19 Mood 24/44 3 Pneumonia 

HC86 46 M 18 Mixed 17/37 0-1 Head injury 

HC93 56 F 17 Mixed 20/43 3 Pneumonia 

HC95 66 F 12 Mood 20/39 2 Pneumonia 

HC99 68 M 13 Motor 21/41 2 Pneumonia 

HC101 35 M 18 Mood 17/44 1 Asphyxia 

HC107 75 M 3 Mixed 19/43 3 Pneumonia 

HC= HD cases, M= Male, F= Female, PMI= Post-mortem interval; N/A= not available 

 

Table 3.2 List of normal control cases used in this study 
Case Age 

(years) 

Sex PMI 

(hours) 

CAG repeat length HTT gene Cause of death 

H111 46 M 10 17/20 Coronary artery disease 

H112 79 M 8 14/15 Bleeding stomach ulcer 

H115 61 M 12 17/19 Hypertensive heart disease 

H118 57 M 10 15/16 Coronary artery disease 

H120 62 M 11 18/22 Ischemic heart disease 

H121 64 F 5 18/23 Pulmonary embolism 

H129 48 M 12 20/21 Pulmonary embolism 

H131 73 F 13 17/17 Ischemic heart disease 

H132 63 F 12 15/19 Ruptured aorta 

H136 75 M 13 N/A Ruptured abdominal aortic aneurysm

H139 73 M 5.5 N/A Ischemic heart disease 

H204 66 M 9 18/18 Ischemic heart disease 

H211 41 M 9.5 17/18 Ischemic heart disease 

H= Neurologically normal control cases, M= Male, F= Female, PMI= Post-mortem interval  
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3.2.4. Assessment of clinical symptomatology of Huntington’s disease cases  

The clinical data for each HD case was collected, as part of a larger study, by two psychologists, 

Associate Professor L. Tippett and V.M. Hogg in the Department of Psychology, Centre for 

Brain Research, The University of Auckland. After careful assessment of the clinical 

information, each case was categorized into one of the three main symptom groups, based on 

their dominant symptom profile. Definitions used for these classifications are as follows: 

Motor: Individuals that clearly displayed movement disorder with no presence of mood 

symptoms during the course of their disease. 

Mood: Individuals that predominantly demonstrated mood disturbances during the course of the 

disease. However, some degree of motor symptoms was also present, but they were either very 

mild or only emerged during the very late stages of the disease. 

Mixed (motor and mood): Individuals that demonstrated a combination of both motor and 

mood symptoms during a large part of the disease.   

For more detail see Tippett and colleagues (2007), and Thu et.al (2010).  

 

3.3. Cortical Regions of Interest  

The three cortical regions investigated in this study are: the primary sensory cortex (Brodmann 

area 3), the superior parietal cortex (Brodmann area 7) and the superior frontal cortex (Brodmann 

area 8).  

3.3.1. The primary sensory cortex (Brodmann area 3) (Figure 3.2) 

The primary sensory cortex is located on the post-central gyrus, immediately posterior to the 

central sulcus. For this study, the pre- and post-central gyri, from the right hemisphere, were 

dissected out and cut equally into four blocks in the dorso-ventral axis, as shown in Figure 3.2. 

Each block was then labelled with a number from 0 (the most dorsal block) to 3 (the most ventral 

block). This was achieved by curving small wedges into the white matter of the block to denote 

the number they were labelled with i.e. no wedge for block 0, one wedge for block 1, two 

wedges for block 2, and three small wedges for block 3. In this study, the primary sensory 

cortex block 1 (S1) was used which corresponds to the region just above the mid dorso-ventral 
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portion of the post-central gyrus and is involved with sensation in the upper limb area (Figure 

3.2).  

Cytoarchitectonically, four different regions can be defined in the post-central gyrus: Brodmann 

areas 1, 2, 3a, and 3b (Figure 3.2). For the purpose of this study, only area 3b was investigated, 

due to its close relationship with the primary motor cortex. The borders of Brodmann area 3b 

were defined as follows: Area 3a is located in the fundus of the central sulcus, adjacent to area 4 

(the primary motor cortex) anteriorly, and area 3b posteriorly, with features belonging to both 

regions. Area 3b, located adjacent to area 3a anteriorly and area 1 posteriorly, is distinguished by 

the prominent granular layer IV and the poorly developed layer V containing sparse pyramidal 

neurons. On the other hand, layer IV is much less developed in area 3a, so the layer is less thick 

and less granular (Kaas, 1983).The boundary between areas 1 and 3b was defined by (i) a lower 

density of cells in layers II-VI of area 1, and (ii) the appearance of large, elongated pyramidal 

cells in layer III of area 1 (Brodmann, 1908, Geyer et al., 1997, 1999, Grefkes et al., 2001). 

 

Figure 3. 2 Location of the primary sensory cortex block used in this study 

 

 

 

 

 

 

 

 

 

 

Diagram showing the location of the S1 block in the primary sensory cortex (A), and a cross-section of the 

S1 block with specific Brodmann area 3 (outlined in blue) (B).  

A B 
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3.3.2. The superior parietal cortex (Brodmann area 7) (Figure 3.3) 

The superior parietal cortex is framed anteriorly by the post-central sulcus, posteriorly by the 

lateral extension of the parieto-occipital sulcus, and laterally by the intra-parietal sulcus (Figure 

3.3) (Scheperjans et al., 2008). Cytoarchitectonically, Brodmann (1914) defined two different 

regions, area 5 and area 7, in the superior parietal cortex. Brodmann area 5 is the most anterior 

part of the superior parietal cortex and is located immediately posterior to the post-central gyrus. 

This area is bound by area 7 posteriorly and area 2 anteriorly. Area 5 is very similar to area 3a, 

except for the presence of the large pyramidal neurons in layer V and a thicker layer IV. 

However, the major part of the superior parietal cortex is occupied by Brodmann area 7 (7a and 

7b), which is found posterior to Brodmann area 5 and anterior to Brodmann area 19. Area 7 can 

be distinguished by the sparse distribution of cells in layer V (Figure 3.3) (Nieuwenhuys and 

Voogd, 1981, Scheperjans et al., 2008). The superior parietal cortical blocks containing only 

Brodmann area 7 (7a-SP0, 7b-SP1) was dissected out and used for this stereological study.  

 

Figure 3.3 Location of the superior parietal cortex block used in this study 

 

 

 

 

 

 

 

 

 

Diagram showing the location of the SP0 and SP1 blocks in the superior parietal cortex (A), and a cross-

section of the SP block with specific Brodmann area 7 (outlined in orange) (B).  

A B 
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3.3.3. The superior frontal cortex (Brodmann area 8) (Figure 3.4) 

The superior frontal cortex is located anterior to the pre-central gyrus (the primary motor cortex, 

Brodmann area 4), and posterior to the frontal pole (Nieuwenhuys et al., 2008). It is separated 

from the middle frontal gyrus by the superior frontal sulcus (Figure 3.4). In this study, the entire 

superior frontal gyrus was carefully dissected out, and cut equally into four blocks in the rostral-

caudal axis, as shown in Figure 3.4. Each block was then labelled with a number from 0 (the 

most caudal block) to 3 (the most rostral block). This was achieved by curving small wedges into 

the white matter of the block to denote the number they were labelled with i.e. no wedge for 

block 0, one wedge for block 1, two wedges for block 2, and three small wedges for block 3. The 

superior frontal gyrus block 1 (SFG1), which corresponds to Brodmann area 8, was then 

selected for this investigation. 

The superior frontal cortex can be subdivided into three cytoarchitectonically different regions, 

Brodmann area 6, 8 and 9. Brodmann area 8, is closely associated with the motor and limbic 

cortical regions, and is surrounded by Brodmann area 6 posteriorly, and Brodmann area 9 

anteriorly.  Brodmann area 8 can be distinguished from its adjacent areas (BA6 and BA9) by the 

presence of a distinct layer IV (Mai and Paxinos, 2011). 

 

Figure 3.4 Location of the superior frontal cortex block used in this study 
 

 

 

 

 

 

 

 

 

Diagram showing the location of the SF1 block in the superior frontal cortex (A), and a cross-section of 

the SF block with Brodmann area 8 (outlined in purple) (B).  

A B 
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3.4. Immunohistochemistry  

3.4.1. Tissue sampling (Table 3.3) 

For each case, the entire fixed- frozen blocks of the primary sensory cortex, the superior parietal 

cortex and the superior frontal cortex, from the right hemisphere, were cut in the coronal plane 

into 50µm serial sections using a Leica freezing microtome. The cut sections were collected in a 

strict serial order and stored at 4ºC in PBS-azide. Immunohistochemistry was performed on 

separate series of sections for each case by staining every nth section, with a randomly 

determined starting point (1 to n) for each case and marker. These sampling intervals were 

chosen to ensure that sufficient sections were selected to represent the entire area of interest for 

each case, as summarised in Table 3.3. 

 

Table 3.3 Sampling schemes for stereological probes used in this study  
Region 

 

Sampling interval 

(every nth section) 

Block used 

Primary sensory cortex n=10 The first 100 sections of the SM1 block 

Superior parietal cortex n=20 The entire SP1/SP0 block 

Superior frontal cortex n=20 The entire SFG1 block  
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3.4.2. Immunoperoxidase histochemistry (Table 3.4, 3.5) 

Free-floating immunohistochemistry was performed on brain sections using the single label 

immunoperoxidase technique (Waldvogel et al., 2006). The cut sections, stored at 4ºC, were 

transferred into 6-well plates containing PBS with 0.2% Triton X-100 (PBS-T) and incubated at 

4ºC overnight. This step was taken to wash off the PBS-azide used for storage, as explained in 

section 3.4.1. The following procedures were then performed on sections: 

1) Sections were washed in PBS-T 3 times, each time for 10 minutes (3×10 min PBS-T). 

2) Sections were incubated for 20 minutes in a solution containing 50% methanol and 1% 

H2O2 at room temperature. This step was performed to minimize non-specific 

background staining, and to block endogenous peroxidase activity. 

3) The solution was removed and sections were washed 3×10 minutes in PBS-T. 

4) Sections were then incubated, on a rocker, for 72 hours in the diluted primary antibody (2 

ml per well) at 4ºC. All primary antibodies were diluted in an immunobuffer consisting 

of 1% normal goat serum (NGS) in PBS, 0.2% Triton X-100 and 0.04% Merthiolate 

(Sigma). As a negative control, some sections were incubated in 1% NGS without the 

addition of the primary antibody. Note that the optimal concentration for each antibody 

used in this study was determined previously by performing a dilution series using that 

specific antibody with the same lot number (Table 3.4).  

5) After 72 hours, sections were rinsed with PBS-T (3×10 minutes) to wash off any excess 

primary antibody. This was followed by incubation in biotinylated secondary antibody, 

diluted in immunobuffer, for 24 hours at room temperature. Note that the secondary 

antibodies were selected according to the host species of the corresponding primary 

antibody (Table 3.5).  

6) Following 3×10 minute washes with PBS-T, sections were incubated with tertiary 

antibody (horseradish peroxidase-avidin complex) diluted in immunobuffer, for 4 hours 

at room temperature, see Table 3.5.  

7)  The excess tertiary antibody was washed off by PBS-T (3×10 min).Sections were then 

developed by incubation in a 3, 3-diaminobenzidine tetrahydrochloride (DAB) solution 

for 15-20 minutes, at room temperature, to produce a brown reaction product. The DAB 

solution contains 0.05M DAB and 0.01% H2O2 in 0.1M phosphate buffer, PH 7.4. 

8) Following 3×10 minute washes with PBST, sections were mounted onto glass slides 

using 0.5% gelatine solution and left to air-dry for 72 hours.  
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9) The mounted sections were rinsed in distilled water (5 minutes) and dehydrated through a 

graded series of alcohols before being immersed in xylene. The standard protocol for 

dehydration consists of immersion of slides in 75%, 85% and 95% ethanol solutions, 

each for 5 minutes; followed by 3×10 minutes in 100% ethanol. Slides were then cleared 

by 3×20 minutes in xylene. The sections were then coverslipped using DPX mounting 

medium and No.1 coverslips (Waldvogel et al., 2006).  

 

Table 3.4 List of primary antibodies used for single immunoperoxidase labelling 

 

Table 3.5 List of secondary and tertiary antibodies used for single immunoperoxidase labelling 

Secondary antibody Dilution Host Supplier/source 

Anti-Rabbit 1:2500 Goat Chemicon (Millipore) 

Anti-Mouse 1:1000 Goat Sigma 

Tertiary antibody    

ExtrAvidin-peroxidase conjugate 1:1000 - Sigma 

 

 

3.4.3. Antibody specificity 

The overall quality of staining depends on antibody specificity and pattern of antibody binding in 

tissue. According to the Journal of Comparative Neurology, suitable controls for 

immunohistochemistry are (in order of preference) (Saper and Sawchenko, 2003, Saper, 2005): 

 Showing that the antibody does not stain anything in sections from a transgenic animal 

where the protein of interest has been “knocked out” 

 If that is not possible, then showing that the antibody identifies bands of the correct 

molecular mass in western blots 

 Or, showing that the antibody staining is eliminated after pre-absorption of the primary 

antibody by the immunising antigen.  

Primary antibody Dilution Host Supplier/source 

Calbindin-D28k 1:5000 Rabbit polyclonal Piers Emson (Babraham institute) 

Parvalbumin 1:15000 Mouse monoclonal Swant 

Calretinin 1:5000 Rabbit polyclonal Swant 
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The specificity of antibodies used in this study has been reported by many previous studies, and 

they have met the criteria for immunohistochemical labelling specified by the Journal of 

Comparative Neurology (Saper and Sawchenko, 2003, Saper, 2005, J.C.N, 2012).  

Anti-calbindin-D28K: a rabbit anti-calbindin antibody, kindly provided by Dr. P. C. Emson 

(Brabraham institute, Cambridge, UK), was used in this study to identify a sub-population of 

cortical interneurons in the human brain. Western blotting has shown that this antiserum 

specifically recognizes calbindin of MW 28000 in macaque brain (Graziano and Jones, 2004). 

The specificity of this antibody has also been proven by a lack of staining when the primary 

antibody was pre-incubated with calbindin (the antigen) (Seto-Ohshima et al., 1988). Also, 

different studies using animal (Jones and Hendry, 1989, Graziano and Jones, 2004, Mikula et al., 

2009) and human brain tissue (Tippett et al., 2007) have reported consistent immuno-staining 

patterns using this antiserum.  

Anti-parvalbumin: the monoclonal anti-parvalbumin antibody has been shown to react 

specifically with parvalbumin (MW 12000, IEF 4.9) in a two-dimensional immunoblot using 

human tissue (Pauls et al., 2000). Also, a radioimmunoassay can detect parvalbumin with a 

sensitivity of 10 ng/assay and an affinity of 7.9×1012 L/M (Celio et al., 1988). In addition, a lack 

of immunoreactivity was observed in the cerebral cortex of knockout mice (Schwaller et al., 

1999). Furthermore, a consistent staining pattern has been reported by different studies using 

mice (Inda et al., 2007), rats (Celio et al., 1986) and human tissue (Andrioli et al., 2007). 

Anti-calretinin: the rabbit polyclonal anti-calretinin has been shown to detect a single specific 

protein band of the expected molecular size (30 kDa) on western blots of monkey, rat, chicken 

and fish brain extracts (Schwaller et al., 1993). Immunohistochemistry with this antibody in 

calretinin-/- knockout mice showed no immunoreactivity in the brain tissue of these animals 

(Schiffmann et al., 1999, Gall et al., 2003, Bearzatto et al., 2006). This lack of immunoreactivity 

has also been observed when chicken brain sections were incubated with the primary antibody 

pre-absorbed with the immunizing peptide (Suárez et al., 2006). The pattern of staining is 

identical in studies using human brain tissue (Holt et al., 1999, Waldvogel et al., 2007, Kataoka 

et al., 2010). 

To control for non-specific binding of the secondary antibodies, the primary antibodies were 

replaced by 1% normal goat serum immunobuffer for each case.   
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3.5. Data Analysis 

3.5.1. Bright field light microscopy 

Immunoperoxidase stained sections were viewed, photographed and stereologically analysed 

using a Nikon Eclipse E800 bright field light microscope equipped with a high-resolution digital 

camera (DXM1200F, Nikon), and a computer-controlled motorised stage. Low power images 

were acquired using a 4 × /0.13 NA objective, and high power images were acquired using 20 × 

/0.75 NA and 100 × /1.4 NA oil immersion objectives. For stereological purposes, a 2 × /0.06 

NA objective was used to define the boundaries for each region of interest on every single 

section. These sections were then viewed under the 100 × /1.4 NA oil immersion objective for 

stereological cell quantification using the StereoInvestigator software (Version 10, MBF 

Bioscience, MicroBrightField Ltd, USA).  

 

3.5.2. Design-based stereological methods 

Design-based stereology is a quantification method to obtain a precise and unbiased estimate of 

the total number of cells (or any other objects) in a well-defined region. There are two 

comparable stereological counting methods, the Nv:Vref and the optical fractionator. Both 

methods use systematic random sampling (SRS) techniques to account for the inhomogeneous 

nature of biological tissue (Gundersen et al., 1999). In this study, the Nv:Vref method was used 

to estimate the total number of GABAergic interneurons immunolabelled with calbindin, 

calretinin and parvalbumin in a well-defined block of the primary sensory cortex (Brodmann 

area 3). The optical fractionator method was used to estimate the total number of interneurons 

(all three interneuronal sub-types) in the superior frontal cortex (Brodmann area 8) and the 

superior parietal gyrus (Brodmann area 7). The comparability of these two methods has been 

validated previously (Thu et al., 2010, Kim et al., 2014, Nana et al., 2014).   

 

3.5.3. Systematic random sampling (SRS) 

To obtain an unbiased estimate of the total number of interneurons in the superior frontal cortex 

(BA8) and the superior parietal cortex (BA7), the entire tissue block of interest was sectioned at 

a thickness of 50 µm, and a systematic random sampling (SRS) protocol was employed to pick  

serial sections with a fixed and known periodicity from a random starting point. Every nth 
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section, that is, a series of sections at equal intervals, were collected and stained with a marker of 

interest (calbindin-D28, parvalbumin or calretinin) according to the sampling schemes 

mentioned in section 3.4.1, see Table 3.3. For statistical feasibility, 10-15 sections per block for 

each case are sufficient for a stereological counting study (Gundersen et al., 1999, West, 1999, 

Slomianka and West, 2005). Therefore, the nth section series was determined based on the size of 

the block. For both the superior frontal cortex and the superior parietal cortex, every 20th section 

was sampled and stained with one of the three markers of interest, resulting in 10-15 sections per 

case. 

 

 Due to lack of tissue availability, immunohistochemical studies encompassing the entire block 

of the primary sensory cortex could not be undertaken. Therefore, every 10th section of the first 

100 sections (sub-volume) of each case was collected and stained with the specific GABA-ergic 

interneuron markers (calbindin-D28, parvalbumin and calretinin). To calculate the total reference 

volume (Vref) of the entire cortical block (i.e. beyond the first 100 sections), a separate series of 

every 10th section from the entire tissue block was selected (at a random starting point from 

numbers 1 to 10) and stained with cresyl violet. The total reference volume (Vref) of the primary 

sensory cortex was then calculated using Equation 4, see section 3.5.4.2. 

 

3.5.4. Design-based stereological cell quantification-Nv: Vref method  

This method uses two different stereological probes, the optical disector and the Cavalieri 

estimator, to quantify the total number of cells in a region of interest. The optical disector is a 

three dimensional probe used to obtain an unbiased estimate of numerical density (Nv) that is 

free of assumptions about the size, shape, orientation and distribution of entities being counted 

(Sterio, 1984, West et al., 1991). The Cavalieri estimator is the method of choice to estimate the 

volume of a region of interest (Vref) (Cavalieri and Lombardo-Radice, 1966). One can obtain an 

unbiased estimate of the total number of cells (N) in the region of interest by multiplying the 

average cell density (Nv) with the volume of the region of interest (Vref), see Equation 1.
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Equation 1 
 

N 	Nv		.		Vref	
 

Where, N= total number of cells 

Nv= numerical density 

Vref= total reference volume 

 

3.5.4.1. Numerical density (Nv) using the optical disector 

The optical disector is a counting probe that is used to sample objects with a uniform probability, 

irrespective of their size and shape, in a thick tissue section (Gundersen et al., 1988). The idea of 

the optical disector is to create thin optical sections within the thick tissue sections by moving 

the plane of focus up and down, and count the number of objects that fall inside a known area 

(the counting frame) (Gundersen et al., 1988). This involves superimposing a virtual three-

dimensional counting frame (with known x, y and z values) on top of each section, and thereby 

defining the disector volume in which cells are counted. The counting frame is a rectangle which 

is composed of two inclusion lines (green) and two exclusion lines (red), Figure 3.5. By 

considering the inclusion and exclusion lines, different counting rules are then applied to ensure 

that each subject is counted only once. For the purpose of this study, at each sampling site, cells 

were counted if (i) they were found entirely inside the counting frame, or at least crossed one of 

the inclusion lines, and (ii) they came into focus within the disector height (T). Cells that were 

found outside the counting frame, crossed one of the exclusion lines or fell out of the disector 

height (T) were not counted (Figure 3.5). The total number of cells counted (∑Q) and the total 

number of sampling sites (∑F) were substituted in Equation 2 to obtain the average cell density 

of calbindin, parvalbumin and calretinin-positive interneurons in the primary sensory cortex.
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Figure 3.5 The optical fractionator/optical disector probe on StereoInvestigator 

 

This figure illustrates a screenshot of a calbindin-positive interneuron using a 100× oil immersion 
objective. A three-dimensional virtual counting frame was superimposed on to the image. The counting 
frame is composed of two green “inclusion” and two red “exclusion” lines. Within each counting frame, 
cells that were inside the frame, or crossed an inclusion line, and came into focus within the disector 
height, were counted. Whereas, cells that were outside the counting frame, fell outside the disector 
height, or crossed the exclusion line, were not counted.  
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Pilot studies were carried out to determine the counting frame dimensions, disector height and 

grid size to ensure that the coefficient of error (CE) was within the acceptable limits (CE ≤0.1). 

These parameters were kept constant for all cases. These studies revealed that the thickness of 

the 50 µm sections was reduced to ~12 µm. Therefore, the disector height was defined as the 

central 8 µm of each section, allowing for 1-2 µm guard zones at the top and bottom of each 

section. The guard zones are placed to ensure that the cut edges of the sections (top and bottom 

of the section), which may be physically distorted or contain damaged cells, do not fall within 

the counting space. Stereological parameters for quantification of three different sub-populations 

of interneurons in the primary sensory cortex are listed in Table 3.6.  

Equation 2 

   

∑

∑
		

		

∑ 	 	
∑

∑
						

∑ .   

 

Where, ∑Q¯ = number of cells in a disector frame 

∑V(dis) = the volume of the disector probe 

∑Q= total number of cells counted 

∑F= total number of sampling frames 

T= disector height 

a(frame)= area of the counting frame 
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Table 3.6 Stereological counting parameters- optical disector 

Interneuron 

marker 

Grid size dimensions 

(µm) 

Counting frame 

dimensions (µm) 

Disector height 

(µm) 

Guard zone 

(µm) 

Calbindin-D28 200 × 600  70 × 50 8 2 

Parvalbumin 200 × 600 70 × 50 8 2 

Calretinin 300 × 900 70 × 50 8 2 

 

3.5.4.2. Reference volume using the Cavalieri estimator 

For each individual case, the total reference volume (Vref) of the primary sensory cortex was 

determined using the Cavalieri estimator probe. This was performed using the same set of 

sections that were used to estimate the Nv, as outlined in section 3.5.3.1. The Cavalieri 

estimator, based heavily on Cavalieri’s principle, is a design-based stereological probe that is 

used to estimate the volume of a structure using a point counting method (Cavalieri and 

Lombardo-Radice, 1966, Gundersen and Jensen, 1987). The point counting method involves 

superimposing each section with a regular grid of points at random grid orientation. The points 

that are present within the defined boundary of the region of interest are then counted. The 

regional volume is then determined by multiplying section thickness, total number of counted 

points, and the area represented by each point. 

 

In this study, a regularly spaced grid was overlaid on each slide at 2 × /0.06 NA objective lens, 

and the points that fell within the boundary of the primary sensory cortex (Brodmann area 3) 

were counted separately for each case. The area of each section was determined by the total 

number of points and the area associated with each point (Ap). The mean section thickness (t) 

was measured using a 100 × /1.4 NA oil immersion objective by focusing through the section 

and measuring the distance moved in the z-axis. The mean section interval (m) was 10, i.e. every 

10th section. These values were substituted into Equation 3, together with the total number of 

points falling on each sampled section (∑P) to calculate the total reference volume (Vref) of the 

primary sensory cortex (Gundersen and Jensen, 1987, García-Fiñana et al., 2003). 
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Equation 3 
 

	 	.		 	.		 	.		 ,			 	 	  

 

Where, Ap= area associated with each point 

m= mean section evaluation interval 

= average thickness of the sections 

∑ Pin
i 1 = sum of points falling on the region of interest 

g= grid size 

 

A pilot study was performed to optimize the grid size for the Cavalieri estimator. The 

parameters were kept constant for all cases. For each case, >200 points were counted to ensure 

that the coefficient of error (CE) was within acceptable limits (West, 1999, Slomianka and West, 

2005).  

As described in section 3.5.3, only a sub-volume (the first 100 sections) of the primary sensory 

cortex was sampled and stained with interneuronal markers. To calculate the total number of 

interneurons in the entire block where the first 100 sections were immunolabelled, the following 

procedure was employed. The Vref of the first 100 sections of the primary sensory cortex, 

immunolabelled with GABA-ergic interneuronal markers (calbindin, parvalbumin and 

calretinin), was found for each case using the Cavalieri estimator (Vref (marker first 100)). This was 

compared with the Vref calculated for the first 100 Nissl (Vref (Nissl first 100)) sections of each case, 

as described in section 3.5.3. A ratio of the Vref (marker first 100): Vref (Nissl first 100) was obtained. For 

each case, the Vref of the remaining Nissl sections (Vref (Nissl residual)) was estimated using the 

Cavalieri estimator. Using this volume and the previously calculated Vref (marker first 100): Vref (Nissl 

first 100) ratio, the reference volume for the remaining unlabelled sections (Vref (marker residual)) was 

predicted. The total reference volume (Vref total) for each marker was thus determined from the 

sum of the Vref for the first 100 sections and the predicted Vref for the remainder of the series, 

i.e., Vref total=   Vref (marker first 100) + Vref (marker residual), see Equation 4. Once the volume of the 

entire tissue block (Vref total) was determined, the total number of neurons (N) in the entire tissue 

block was calculated by multiplying the average neuronal density (Nv) obtained using the optical 

disector, with the volume of the entire tissue block (Vref total). For more details see Thu (2006), 

and Thu et.al (2010).  
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Equation 4 
 

	 	 :	 	 	 	 		 	 :	 	

 

	 	 	  + 	  

 

.  

 

3.5.5. Design-based stereological cell quantification- optical fractionator method  

As described earlier, the Nv:Vref method uses the average numerical density to estimate the 

total number of objects in a known volume. On the other hand, the optical fractionator estimates 

the total number of cells from the number of cells sampled within a SRS set of unbiased virtual 

counting spaces covering the entire region of interest with uniform distance between the 

counting spaces in X, Y and Z. The optical fractionator is the method of choice, because no 

reference volume is required to obtain an estimation of cell number, and it is more accurate to 

consider the precision of the estimate (the CE) generated using the optical fractionator 

(Gundersen, 1986). This method requires thick tissue sections that can be optically sectioned by 

the focal point of a high power numerical aperture (NA) objective.  

 

In this study, the optical fractionator probe was performed using the StereoInvestigator software 

(Version 10, MBF Bioscience, MicroBrightField Ltd, USA) to estimate the total number of 

interneurons in the superior frontal and superior parietal cortices. Optical fractionator based 

sampling was performed on live images of each section using a Nikon E800 microscope 

equipped with a digital camera (MBF Bioscience, MicroBrightField Ltd, USA) and automated 

mechanical stage (Ludl Electronic Products Ltd, USA). The stage was calibrated so that 

movements of the stage in the x, y and z directions could be measured and displayed. Rotational 

alignment of the camera was constantly checked and recalibrated to ensure correct physical 

alignment of the camera with the microscope. The objective lenses were calibrated with a 

graticule slide to ensure accurate alignment in the x and y directions. Also, parcentric and 

parfocal calibration was performed to account for parcentric (imperfect collimation) differences 

and parfocal (focal plan) deviations among different objectives. 
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To achieve unbiased sampling, each cortical region was sampled in a systematically random 

manner, see section 3.5.3. Each section was traced using a 2 × /0.06 NA air objective, and a grid 

of known dimensions was placed at random on top of each tracing. To ensure that an adequate 

number of sampling sites were chosen, different pilot studies were carried out to determine the 

optimal grid dimensions for each marker and cortical region (West and Gundersen, 1990). Each 

section was then sampled at the top left hand corner of each square in the grid using a 100 × /1.4 

oil immersion objective for counting cells. The thickness of the section (t) was found by focusing 

through the tissue; it was taken as the distance, in micrometres, between the first point of the 

tissue to come into focus and the last point to come into focus as the stage moved in the z 

direction. A virtual three-dimensional counting frame was superimposed on top of each image, 

as described in section 3.5.4.1. The counting frame is composed of two inclusion lines (green top 

and right adjacent surfaces) and two exclusion lines (red bottom and left adjacent surfaces). At 

each sampling site, cells were counted by considering the counting rules stated in section 3.5.4.1. 

Equation 5 was then used to estimate the total number of interneurons in the superior frontal and 

superior parietal cortices (West and Gundersen, 1990). 

 

Pilot studies were conducted to determine the stereological parameters, such as counting frame 

dimensions, grid size, disector height and guard zones, to ensure that the coefficient of error 

(CE) was within the acceptable limits (CE ≤0.1). These parameters were kept constant for all 

cases, see Table 3.7.  
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Equation 5 
 

∙ ∙ ∙  

 

Where, N= total number of cells 

∑Q¯ = number of cells in a disector frame 

t= average measured thickness 

h= disector height 

asf= area sampling fraction 

ssf= section sampling fraction 

 

∑Q¯ =∑Q / ∑F 

 ∑Q= total number of cells counted 

∑F= total number of sampling frames 

asf= area of disector frame/ total section area 

ssf= number of sections sampled/ total section number 

 

Table 3.7 Stereological counting parameters- optical fractionator 
Region Interneuron 

marker 

Grid size 

dimensions 

(µm) 

Counting frame 

dimensions (µm) 

Disector 

height 

(µm) 

Guard zone 

(µm) 

Superior Calbindin-D28 900 × 900 70 × 50 8 2 

frontal Parvalbumin 900 × 900 70 × 50 8 2 

cortex Calretinin 900 × 900 70 × 50 8 2 

Superior Calbindin-D28 700 × 800 70 × 50 8 2 

parietal Parvalbumin 700 × 800 70 × 50 8 2 

cortex Calretinin 900 × 900 70 × 50 8 2 
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3.5.6. Morphometric analysis using isotropic nucleator  

In order to quantify any changes in the cell soma size of interneurons (all three sub-groups), a 

design-based estimator, called the isotropic nucleator, was implemented with an optical 

fractionator scheme and systematic random sampling to estimate the cross-sectional area and the 

volume of interneurons in the primary sensory cortex, superior frontal cortex and superior 

parietal cortex.  

The isotropic nucleator is a design-based estimator available in the StereoInvestigator software 

package that uses the intersection of rays with the cell surface to estimate  the volume and cross-

sectional area of cells or small objects. Many studies have shown that the estimation of the mean 

neuronal volume is a very sensitive parameter to detect pathological changes in neurons, often 

preceding changes in neuronal number (Tandrup and Brændgaard, 1994, Tandrup and Jakobsen, 

2002). This method requires uniformly random sampling of neurons in either isotropic uniformly 

random sections (IUR) (Nyengaard and Gundersen, 1992) or vertical uniformly random sections 

(VUR) (Baddeley et al., 1986); that is, sections cut either with full randomness in orientation 

(IUR), or randomly rotated in relation to the vertical axis (VUR). However, this requirement was 

not met, as the sections were cut as coronal sections, and therefore without randomness in 

orientation. The magnitude of the resulting bias in soma volume measurements depends on the 

degree of anisotropy in shape and orientation of neurons. Therefore, statistical analysis was also 

carried out using the cross-sectional area estimates which are not subject to bias.   

Since the isotropic nucleator samples cells based on the same systematic random sampling 

principle as the optical fractionator (or the optical disector), they were launched simultaneously. 

Therefore, the same set of serial coronal sections, stereological parameters and counting criteria 

were used as those described in sections 3.5.4 and 3.5.5. Based on pilot studies, the volume of 

every fifth cell counted under the optical fractionator scheme was estimated, using the isotropic 

nucleator estimator, to achieve a coefficient of error (CE) within the acceptable limits (CE≤0.1). 

For every fifth cell counted, upon clicking on a point near the centre of the cell (i.e. nucleus), 8 

rays were placed within the focal plane, resulting in 16 systematically randomly rotated radii 

which intersect with the cell membrane (Figure 3.6). Each ray was marked where it intersected 

with the membrane of the cell soma, or at the base of the dendrite if it extended into a dendrite. 

The volume and cross-sectional area of the cell body was then calculated by substituting the 

length of the line segments into Equation 6.  
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Figure 3.6 The isotropic nucleator probe on StereoInvestigator 

 

 

  

 

 

 

 

 

 

 

 

This figure illustrates a screenshot of the Isotropic nucleator probe, showing a calbindin-positive 
interneuron viewed using a 100× oil immersion objective. Upon clicking on the centre of the cell soma, 16 
rays were placed within the focal plane, resulting in 16 systematically randomly rotated radii intersecting 
with the cell membrane. The interneurons were selected with optical disectors, following the same 
inclusion and exclusion criteria (Figure 3.6), so that the selection was number-weighted, not size-
weighted.  
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Equation 6 
 

Estimation of cross sectional area  

 

 

Estimation of volume 

∙  

 

Where, a= cross sectional area 

l= length of the intercept 

VN =number weighted volume  

n= number of nucleator estimates 

3.5.7. Evaluation of the precision of estimates (coefficient of error) 

The results of quantitative histological investigations performed with design-based stereological 

methods are estimates of quantities rather than exact measurements. Since, the results will vary if 

the same unbiased stereological procedure was to be independently repeated. Therefore, several 

methods have been developed to predict the accuracy of a stereological estimate without the need 

to repeat the estimate multiple times. The results of these methods of prediction are usually 

presented in the form of a coefficient of error (CE), which represents the precision and 

reproducibility of estimates (West and Gundersen, 1990, Slomianka and West, 2005). 

The precision and accuracy (CE) of the values obtained by the optical disector, the optical 

fractionator and the Cavalieri estimator can be derived using a revised Matheron’s quadratic 

approximation formula. For the isotropic nucleator, the CE is based on the assumption that 

individual neuronal volume estimates are independent. 

For the quantification of neurons in the cortex, the CE should be less than half of the total observed 

variation (coefficient of variation, CV), or CE2/CV2 <0.5. The CV is calculated as the standard 

deviation (SDn-1) divided by the mean number of cells. Previous stereological counting studies 

have shown that the CV of the human cerebral cortex is ~0.2. Therefore, a CE of ≤0.1 was 

considered to be acceptable (Gundersen and Jensen, 1987). When using the NV:Vref method, the 

CE of different components (Nv and Vref) were considered separately (Schmitz and Hof, 2005). 
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The CE is automatically calculated by the StereoInvestigator software for the optical disector, 

optical fractionator, Cavalieri estimator, and isotropic nucleator using equations 7, 8, 9. 

 

Note: the shape of the volume (Cavalieri estimator) or cell distribution (optical disector, optical 

fractionator) of a structure affects how sensitive it is to small changes in sampling. This is taken into 

account when calculating the CE using different values for the smoothness factor (m). The 

smoothness factor (m) typically varies between 0 and 1. Depending on the size of “m”, a factor α 

between 1/12 (m=0) and 1/240 (m=1) is used in the formulae for estimating the CE. Most biological 

tissues are best described by m=1 class (Slomianka and West, 2005). Therefore, all CE calculations 

in this study were based on this smoothing class.  

 

3.5.7.1. Coefficient of error in optical disector and optical fractionator 

The precision, CE, of the estimate for the total number of interneurons (using either the disector 

or optical fractionator methods) is calculated as the ratio of the standard error of the mean 

(SEM) to the mean of the repeated estimate, i.e. CE= SEM / mean. The CE of the estimate is 

influenced by two independent factors of variants. One is the variability of the estimate made 

within each of the individual sections, i.e. intra-section contribution to the error (VARsection noise), 

or variance due to local errors (S2). Local errors can be estimated under the assumption that the 

cells counted in disector samples are selected from a Poisson distribution. The variance of 

Poisson distribution is equal to the mean; and sum of two Poisson distributions is itself a Poisson 

distribution. Therefore, the sum of all disectors is equal to the mean of the Poisson distribution, 

thereby equal to the variance of the Poisson distribution. Thus S2 = ∑Q- (where Q- is the sum of 

the cell counts obtained in all sections of the sample). The second is the variability between 

sections attributable to the systematic random sampling scheme, i.e. inter-section contribution to 

the error (VARSRS). The StereoInvestigator software automatically calculates the CE based on 

Equation 7 (Gundersen and Jensen, 1987).  
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Equation 7 
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Where, “A”= the sum of squares of the number of points counted on each section (Q-
i × Q-

i) 

“B”= sum of the product of the number of points counted on each section and the number of  

points counted on the next section in the series (Q-
i × Q-

i+1) 

“C”= sum of the products of the number of points on each section and the number counted on the 

second next section in series (Q-
i × Q-

i+2) 

Smoothness factor m=1 

3.5.7.2. Coefficient of error in Cavalieri estimator 

The precision, CE, of the estimate for Vref is expressed as a ratio of the standard error of the 

mean (SEM) to the mean of the repeated estimates (CE=SEM/mean). The CE of the estimate, 

obtained using the Cavalieri estimator probe, is influenced by two independent factors of 

variance. One is the variability of the area estimates made within each of the individual sections 

which is influenced by the amount of sampling performed at the individual section level, i.e. the 

variability in the number of points counted when the point counting grid is placed repeatedly 

over the same section in a random manner. This is referred to as intra-section contribution to the 

error (VARsection noise), Nugget variance, or variance due to local errors (S2).  The shape factor 

within the VARsection noise equation can either be read from a nomogram (Gundersen and Jensen, 

1987), or calculated as the average boundary length of the structure (b) divided by 
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the square root of its average area of the sections (√a), where n is the number of sections and Q- 

is the sum of points counted in all sections of the sample, see Equation 8 (Gundersen and Jensen, 

1987, Slomianka and West, 2005). The second is the variability between sections attributable to 

the systematic random sampling scheme, i.e. inter-section contribution to the error (VARSRS). 

The StereoInvestigator software automatically calculates the CE based on the following formula: 

Equation 8 
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Where, “A”= the sum of squares of the number of points counted on each section (P-
i × P-

i) 

“B”= sum of the product of the number of points counted on each section and the number of  

points counted on the next section in the series (P-
i × P-

i+1) 

“C”= sum of the products of the number of points on each section and the number counted on 

the second next section in series (P-
i × P-

i+2) 

Smoothness factor m=1 
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3.5.7.3. Coefficient of error in isotropic nucleator  

The CE equation for the Isotropic Nucleator is based on the assumption that the individual 

interneuronal volume estimates are independent. The estimated coefficient of error for “n” 

independent observations for either the cross-sectional area or volume estimates CEn(R) is 

determined using Equation 9 (Gundersen et al., 1988, Dorph‐Petersen et al., 2001, Dorph‐

Petersen et al., 2004). 

Equation 9 

 

	
√
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Where, R=either area or volume estimates 

n= number of nucleator estimates 
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3.6. Statistical analysis 

3.6.1. Parametric statistical analysis to compare means 

All statistical analyses were conducted using GraphPad Prism version 6.00 for windows 

(GraphPad Software, La Jolla California, USA). Average changes in total interneuron number 

and interneuron soma volume in HD compared to control cases were assessed using a Student’s 

t-test. Multiple subgroup comparisons were carried out using a one-way analysis of variance 

(ANOVA), followed by Dunnett’s or Tukey’s HSD post-hoc test, where appropriate. P-values < 

0.05 were considered statistically significant (statistical significance expressed as *P < 0.05, **P 

< 0.01, ***P < 0.001).  

Parametric methods were selected for statistical analysis based on screening of the data for 

departures from assumptions required for parametric tests (Sokal and Rohlf, 1995). Namely, 

these were normality and homogeneity of variance (homoscedasticity). Homoscedasticity was 

tested using the Brown-Forsythe test in GraphPad Prism; when P < 0.05 the data was considered 

heteroscedastic (the groups have different variances). Normality was assessed using a dot plot of 

the data. The data was considered to be from a normally distributed population if 95% of data 

points were present within two SD of the mean (Drummond and Tom, 2011). The D-Agostino-

Pearson omnibus normality test was also used to assess the normality of the data by quantifying 

how far from normal the distribution of the samples were in terms of shape and asymmetry 

(D'Agostino, 1986). According to this test, the data was normally distributed if P=0.05. 

Parametric tests are generally robust to even moderately non-normal data especially when the 

sample sizes are equal between groups and the data is also homoscedastic (Quinn and Keough, 

2002, Maxwell and Delaney, 2004). Thus, unless the data showed obvious non-normality across 

all assessments, the data was considered suitable for a parametric test.  

 

3.6.2. Correlation of interneuron cell number with CAG repeat length, PMI, and age 

The correlation between the mean total number of interneurons with the CAG repeat length, 

post-mortem interval (PMI), and age of symptom onset were analyzed using the Pearson 

correlation test. A two tailed P-value of <0.05 was considered a statistically significant 

correlation. An R-value of +1.0 or -1.0 was considered a perfect correlation, or inverse 

correlation, respectively.  
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Chapter 4: Results 

Interneuronal Changes in the Primary Sensory Cortex 

in Huntington’s Disease  

 

4.1 Introduction 

Huntington’s disease (HD) is characterised by progressive deterioration of motor control, mood 

and behavioural functioning, and cognition. Major neurodegeneration in the striatum and 

cerebral cortex are the main hallmarks of HD neuropathology (Vonsattel and DiFiglia, 1998, 

Vonsattel et al., 2007). The selective, yet variable, vulnerability of striatal medium spiny 

projection neurons and cortical pyramidal neurons in the HD brain has been well established 

(Heinsen et al., 1994, Halliday et al., 1998, Selemon et al., 2004, Thu, 2006, Thu et al., 2010, 

Nana et al., 2014). Recent studies suggest a strong association between clinical symptom 

variability and the pattern of striatal and cortical neurodegeneration. In the striatum, the 

degeneration of striatal neurons involved in limbic circuits is thought to be associated with mood 

symptoms in HD (Tippett et al., 2007). In the cerebral cortex, neuroimaging studies have shown 

that the pattern of grey matter thinning is associated with different clinical symptoms (Rosas et 

al., 2008b). Furthermore, our recent detailed pathological studies have demonstrated an 

association between variable cortical cell loss and clinical symptoms of HD (Thu et al., 2010, 

Kim et al., 2014, Nana et al., 2014). These findings suggest an important role for the cerebral 

cortex in the pathology and clinical heterogeneity of HD. 

 

One of the main phenotypic alterations in Huntington’s disease is the development of 

involuntary, hyperkinetic, choreiform movements. However, akinesia (slowed initiation of 

movement), bradykinesia (slowness in the execution of movement), apraxia ( inability to execute 

learned purposeful movements), and dystonia are also recognised motor abnormalities of HD 

(Hamilton et al., 2003, Rosas et al., 2008b). Therefore, investigating the cortical areas, such as 

the primary sensory cortex, that are involved in the control, learning, planning and execution of 

motor behaviours could assist us in further understanding the involvement of cerebral cortex in 

the neuropathology of HD. Like the primary motor cortex, the primary sensory cortex has been 
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shown to have a major role in learning and control of movement (Porro et al., 1996, Matyas et 

al., 2010). Difficulties in motor planning (apraxia) and alterations in sensory information 

processing suggest the involvement of the primary sensory cortex in the pathology of HD 

(Boecker et al., 1999, Hamilton et al., 2003). Furthermore, previous imaging studies have 

demonstrated a significant thinning of the primary sensory cortex in the early stages of the 

disease which is commensurate with the thinning of the motor cortex (Rosas et al., 2008b). 

However, little is known about the impact of Huntington’s disease on the primary sensory cortex 

at the cellular level. 

 

The pyramidal projecting neurons and locally-projecting GABAergic interneurons are the main 

neuronal populations in the human cerebral cortex. Loss of pyramidal neurons in different areas 

of the cortex has been previously documented (Cudkowicz and Kowall, 1990, Sotrel et al., 1991, 

Sotrel et al., 1993, Halliday et al., 1998, Thu et al., 2010, Nana et al., 2014). For example, a 

recent study carried out in our laboratory showed a significant loss of SMI32-positive pyramidal 

neurons in the primary sensory cortex in HD cases that were predominantly affected by HD  

movement disorders, while the HD cases with major mood disorders were relatively unaffected 

in the primary sensory cortex (Nana et al., 2014). However, the fate of the modulators of cortical 

output, the GABAergic interneurons, in the primary sensory cortex has not been widely 

investigated in HD. Therefore, the main aims of this section of the present study are to 

investigate: 

i) The extent of the GABAergic interneuron loss in the primary sensory cortex 

(Brodmann area 3) in HD;  

ii) The association between loss of GABAergic interneurons in the sensory cortex 

(Brodmann area 3) and symptom profile in HD; 

iii) Changes in the cell soma volume of GABAergic interneurons in the primary sensory 

cortex (Brodmann area 3) in HD; and 

iv) The association between changes in the cell soma volume of GABAergic 

interneurons and symptom profile in HD. 

The research performed in this study is very novel, as few laboratories have access to human 

tissue which is extensively characterised in terms of symptom profiles and clinical information.
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Immunohistochemistry was used to specifically identify the three different sub-populations of 

interneurons (parvalbumin-positive, calbindin-positive and calretinin-positive) in the primary 

sensory cortex of 11 HD (HC68, HC72, HC73, HC79, HC82, HC85, HC86, HC93, HC95, 

HC99, HC101) and 10 neurologically normal control cases (H111, H115, H118, H120, H121, 

H129, H131, H132, H136, H139) (for case details, see Chapter 3, Table 3.1 and Table 3.2). 

Design-based stereological techniques were then carried out to estimate the total number of 

GABAergic interneurons (Nv × Vref method) and their soma volume (isotropic nucleator) in a 

sub-region (S1 block) of the primary sensory cortex (see Chapter 3 for detailed methodology). 

The stereological results in this chapter were analysed using a Student t-test and one-way 

ANOVA, followed by Dunnett’s or Tukey’s HSD post-hoc test, where appropriate. P-values < 

0.05 were considered significant (statistical significance expressed as *P< 0.05, **P< 0.01, 

***P< 0.001). The results were compared and correlated with the dominant HD symptom 

profile, striatal neuropathological grade, CAG repeat lengths, post-mortem interval (PMI) and 

age of each individual HD case. 

 

4.2 The pattern of interneuron loss in the primary sensory cortex in 

Huntington’s disease (Figure 4.1, Table 4.1) 

Based on stereological counting results, there was no overall significant loss in all three types 

of interneurons in the primary sensory cortex (BA3), when all HD cases were grouped 

together and compared with all control cases (Figure 4.1). The results showed that the total 

number of interneurons was reduced by 21% for CB+, and 15% for CR+ interneurons in HD 

cases. However, these changes are not statistically significant (P>0.05 for all markers; two-sided 

Student’s t-test). 

It was interesting to note that there was considerable variation in the total number of 

interneurons in the primary sensory cortex within the control and HD groups, as shown by 

the large standard deviations (Table 4.1). The variation was generally greater within the control 

groups, with the exception of CB+ interneurons where the HD cohort showed a larger standard 

deviation, see Table 4.1. The total number of interneurons in the control cohort ranges from 

3.9×105 to 9.3×105 for CB+ interneurons, 3.5×105 to 13.2×105 for PV+ interneurons, and  6.2×105 

to 16.2×105 for CR+ interneurons.  For the HD group, the range changes to 1.3×105- 9.9×105 for 

CB+ interneurons, 4.0×105- 9.4×105  for PV+ interneurons, and 4.9×105- 12.8×105 for CR+ 

interneurons.  



71 
 

For all stereological analyses of the HD and control cases, the average coefficient of error (CE) 

for the total number of interneurons (N) for each marker in the Nv and Vref method (i.e. CE(Nv) 

and CE (Vref)) was less than 0.10. In addition, for all analyses, the observed mean variance for 

the individual total number estimates (i.e. CE2) was less than half of the observed mean variance 

of the group (coefficient of variation, CV2; CV=SDn-1/ mean), or CE2/CV2 <0.5. Therefore, we 

can conclude that the observed variability is due to a true difference in the number of 

interneurons between cases rather than a lack of precision in the stereological counting 

methods employed (Gundersen et al., 1999, West, 2002).  
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Calbindin Parvalbumin Calretinin

Figure 4.1 Total number of interneurons in the primary sensory cortex in all HD cases 
compared to all control cases in the human brain 

 

 

 

 

 

 

 

 

The graph shows the mean total number of interneurons defined by the three calcium-binding proteins 
(CB+, PV+, and CR+ interneurons) in the primary sensory cortex of HD cases compared to control cases. 
Error bars represent SEM. The graph shows no significant change in the total number of interneurons in 
the primary sensory cortex of all HD cases compared to all controls. 

 

Table 4.1 Variation in the total number of interneurons (CB+, PV+ and CR+) between HD 
and control groups in the primary sensory cortex 

  

Control 

 

 

HD 

Total number of CB+ interneurons ± SEM 587456 ± 70503 462460 ± 90156 

Total number of PV+ interneurons ± SEM 645144 ± 95652 707894 ± 65874 

Total number of CR+ interneurons ± SEM 1059235 ± 123869 897261 ± 89608 

Sample size (n) 

 

CB+ : 9 

PV+ :10 

CR+ : 7 

CB+ : 10 

PV+ : 9 

CR+ : 9 

Standard deviation (SD) 

 

CB+ : 211510 

PV+ : 302478 

CR+ : 327727 

CB+ : 285098 

PV+ : 197623 

CR+ : 268823 

Percentage change (%) as compared to control 

 CB+ :     21% 

PV+ :     10% 

CR+ :     15% 
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4.3 The pattern of interneuron loss in the primary sensory cortex in 

Huntington’s disease compared with the dominant HD symptom 

profile (Figure 4.2, Table 4.2) 

Next, the relationship between the variable interneuron loss and the dominant HD symptom 

profile was investigated. All HD cases used in the present study were carefully examined by two 

neuropsychologists (Dr. L. J. Tippett and V. M. Hogg), and were categorised into three main 

groups, “mood”, “motor” and “mixed”, depending on their dominant symptom profile. See 

Chapter 3, Materials and Methods, for more details on the symptom classification methods and 

the cases used.  

When comparing the total number of interneurons in different symptom sub-groups with the 

control group, a significant 67% loss of CB+ interneurons (*P=0.048) in the HD motor 

symptom sub-group was observed. No significant changes were found in the population of 

CR+, and PV+ interneurons in the HD “motor” cases. In addition, the unbiased stereological cell 

quantification showed no significant changes in the total number of interneurons in the HD 

“mood” and HD “mixed” sub-groups for all three interneuron populations compared to controls 

(P> 0.05 for all markers for both symptom subgroups). In the HD mood cases, there was a 5% 

loss of CR+ interneurons (P>0.05), and no loss of CB+ and PV+ interneurons (Figure 4.2). In 

the HD mixed sub-group, there was a 6% loss of CB+ interneurons (P>0.05), and no significant 

changes in the population of PV+ and CR+ interneurons. One-way ANOVA, followed by 

Tukey’s HSD post-hoc test, showed no statistical significant difference in the total number of 

interneurons between the three different symptom sub-groups. In summary, a selective loss of 

CB+ interneurons was observed in the HD motor sub-group in the primary sensory cortex 

compared to the control group.  

The average coefficient of error (CE) for the total number of interneurons was less than 0.10 for 

all the control cases, and all the HD cases categorized into the three different symptom sub-

groups. In addition, for all analyses, the observed mean variance for the individual total number 

estimates (i.e. CE2) was less than half of the observed mean variance of the group (coefficient of 

variation, CV2; CV=SDn-1/ mean), or CE2/CV2 <0.5. Therefore, we can conclude that the 

observed variability is due to a true difference in the number of interneurons between cases 

rather than a lack of precision in the stereological counting methods employed (Gundersen et al., 

1999, West, 2002).  
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Figure 4.2 Total number of interneurons (CB+, PV+ and CR+) in the primary sensory 
cortex in HD cases grouped according to the dominant HD symptom profile compared to 
control cases 

(A) Total number of calbindin-positive (CB+) interneurons in the primary sensory cortex in HD 

cases, grouped according to their predominant symptom profile, compared to control cases: The 
graph shows the variation in the mean total number of CB+ interneurons in the primary sensory cortex of 
3 HD brains with predominantly “motor” symptoms, 3 HD brains with predominantly “mood” symptoms, 
and 4 HD cases with “mixed” symptoms compared to 9 control cases.  The HD cases with 
predominantly “motor” symptoms showed a significant loss of CB+ interneurons (67%). The HD cases 
with predominantly “mood” and “mixed” symptoms showed no significant loss of CB+ interneurons. 

 

(B) Total number of Parvalbumin-positive (PV+) interneurons in the primary sensory cortex in HD 

cases, grouped according to their predominant symptom profile, compared to control cases: The 
graph shows the variation in the mean total number of PV+ interneurons in the primary sensory cortex of 
3 HD brains with predominantly “motor” symptoms, 3 HD brains with predominantly “mood” symptoms, 
and 3 HD cases with “mixed” symptoms compared to 10 control cases. There was no significant 
difference in the mean total number of PV+ interneurons in the “motor”, “mood” and “mixed” sub-
groups compared to the control cases. 

 

(C) Total number of Calretinin-positive (CR+) interneurons in the primary sensory cortex in HD 

cases, grouped according to their predominant symptom profile, compared to control cases: the 
graph shows the variation in the mean total number of CR+ interneurons in the primary sensory cortex of 
4 HD brains with predominantly “motor” symptoms, 2 HD brains with predominantly “mood” symptoms, 
and 3 HD cases with “mixed” symptoms compared to 7 control cases. There was no significant 
difference in the mean total number of CR+ interneurons in the “motor”, “mood” and “mixed” sub-
groups compared to the control cases.  

Note that the total number of interneurons in each control, “motor”, “mood” and “mixed” case is 
indicated by a circle, diamond, square and triangle, respectively. Error bars represent SEM. 

 

In summary, the graph shows the mean total number of CB+ interneurons (A), PV+ interneurons (B) and 
CR+ interneurons (C) in the primary sensory cortex of control cases and HD cases grouped according to 
their dominant symptom profile. The HD cases with mainly “motor” symptoms showed a significant 
67% loss of CB+ interneurons (P<0.05), no significant loss of PV+ interneurons, and a 35% loss of CR+ 
interneurons (P>0.05). No significant loss of interneurons (CB+, PV+, and CR+) was observed in the HD 
“mixed” and “mood” cases.  
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Figure 4.2 Total number of interneurons (CB+, PV+ and CR+) in the primary sensory 
cortex in HD cases grouped according to the dominant HD symptom profile compared to 
control cases  
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Table 4.2 Variation in the mean total number of interneurons (CB+, PV+ and CR+) between 
HD symptom sub-groups and control groups in the primary sensory cortex 

  

Control 

HD 

Motor cases 

HD 

Mood cases 

HD 

Mixed cases 
Total number of 

CB+ interneurons ± 
SEM 

587456 ± 70503 191526 ± 61943 613433 ± 136527 552431 ± 151574 

Total number of 
PV+ interneurons ± 

SEM 
645144 ± 95652 734920 ± 157413 738704 ± 51691 650058 ± 148694 

Total number of 
CR+ interneurons ± 

SEM 
1059235 ± 123869 690000 ± 125279 1003024 ± 100924 

 
1103101  ± 89541 

Sample size (n) 
 

CB+ : 9 
PV+ :10 
CR+ : 7 

CB+ : 3 
PV+ : 3 
CR+ : 4 

CB+ : 3 
PV+ : 3 
CR+ : 2 

CB+ : 4 
PV+ : 3 
CR+ : 3 

Standard deviation 
(SD) 

 

CB+ : 211510 
PV+ : 302478 
CR+ : 327727 

CB+ : 107289 
PV+ : 272648 
CR+ : 250558 

CB+ : 236472 
PV+ : 89532 
CR+ : 142728 

CB+ : 303147 
PV+ : 257546 
CR+ : 155089 

Percentage change 
(%) as compared to 

control 

 CB+ :     67% 

PV+ :     14% 

CR+ :     34% 

CB+ :     5% 

PV+ :     15% 

CR+ :      5% 

CB+ :     6% 

PV+ :     1% 

CR+ :      4% 
Note: significant cell loss is indicated in red text 
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4.4 The pattern of interneuron loss in the primary sensory cortex in 

Huntington’s disease compared with HD striatal neuropathological 

grade (Figure 4.3, Table 4.3) 

All 10 HD cases used in this study were independently examined by a neuropathologist (Dr. B. 

Synek), and each case was graded according to the extent of striatal neuropathology using the 

Vonsattel grading criteria (Vonsattel et al., 1985, Vonsattel and DiFiglia, 1998). The grades of 

the HD cases ranged from 0 to 3. There were four HD grade 0-1 cases (HC68, HC79, HC86, 

HC101), five HD grade 2 cases (HC72, HC73, HC82, HC95, HC99) and two HD grade 3 cases 

(HC85, HC93), see Table 3.1, Chapter 3 for case details. 

 

In order to investigate the relationship between striatal neuropathology and interneuron loss in 

the primary sensory cortex, the HD stereological counting results were grouped according to 

their neuropathological grade (group 0-1, and group 2-3), and compared with the control data. 

According to the one-way ANOVA, followed by Tukey’s HSD post-hoc test, the total number of 

interneurons (CB+, PV+, CR+) in the primary sensory cortex was not significantly changed in the 

HD grade 0-1 and 2-3 sub-groups compared to the controls. Also, no significant difference was 

observed between the grade sub-groups. On average, in the grade 0-1 sub-group, there was a 

30% loss of CB+ interneurons (P>0.05), and no significant changes in the population of PV+ and 

CR+ interneurons. In the HD grade 2-3 sub-group, there was a 16% loss of CB+ (P>0.05), 23% 

loss of CR+ (P>0.05), and no significant changes in the population of PV+ interneurons (P>0.05) 

(Table 4.3). In summary, no significant correlation was observed between the mean total number 

of interneurons in the primary sensory cortex and the extent of striatal neuropathology. 

 

The average coefficient of error (CE) for the total number of interneurons was less than 0.10 for 

all the control cases, and all HD grade sub-groups (grade 0-1, and grade 0-2) for each 

interneuron marker. In addition, for the control and the two HD grade sub-groups, the observed 

mean variance of the individual total number estimates (i.e. CE2) was less than half of the 

observed mean variance of the group (coefficient of variation, CV2; CV=SDn-1/ mean), or 

CE2/CV2 <0.5. Therefore, we can conclude that the observed variability is due to biological 

differences rather than a lack of precision in the stereological counting methods employed 

(Gundersen et al., 1999, West, 2002).  
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Figure 4.3 Total number of interneurons (CB+, PV+ and CR+) in the primary sensory 
cortex in HD cases grouped according to striatal neuropathological grade 

 

 

 

 

 

 

 

 

 

The graph shows the total number of interneurons defined by the three calcium-binding proteins (CB+, 
CR+, and PV+ interneurons) in the primary sensory cortex of control and HD cases grouped according to 
striatal neuropathological grade. No significant loss of interneurons was observed in the two grade sub-
groups. However, there was a 30% loss of CB+ interneurons in grade 0-1 (P>0.05). In HD grade 2-3 sub-
group, there was a 16% and 23% loss of CB+ and CR+ interneurons (P>0.05), respectively. The mean 
total number of PV+ interneurons was increased by 20% in the grade 0-1 group, and by 2% in the HD 
grade 2-3 group. However, these changes were statistically not significant (P>0.05).  

 

Table 4.3 Variation in the mean total number of interneurons (CB+, PV+ and CR+) between 
HD grade sub-groups and control cases in the primary sensory cortex 

 Control HD Grade 0-1 HD Grade 2-3 
Total number of CB+ interneurons ± 

SEM 
587456 ± 70503 413124 ± 36925 495350 ± 152637 

Total number of PV+ interneurons ± 
SEM 

645144 ± 95652 772373 ± 126873 656311 ± 66837 

Total number of CR+ interneurons ± 
SEM 1059235 ± 123869  1063872 ± 112555  813955.9 ± 112131

Sample size (n) 
 

CB+ : 9 
PV+ :10 
CR+ : 7 

CB+ : 4 
PV+ : 4 
CR+ : 3 

CB+ : 6 
PV+ : 5 
CR+ : 6 

Standard deviation (SD) 
 

CB+ : 211510 
PV+ : 302478 
CR+ : 327727 

CB+ : 73849 
PV+ : 253746 
CR+ : 194952 

CB+ : 373882 
PV+ : 149452 
CR+ : 274663 

Percentage change (%) as 
compared to control 

 CB+ :    30% 
PV+ :     20% 
CR+ :  no change 

CB+ :    16% 
PV+ :     2% 
CR+ :     23% 
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4.5 The pattern of interneuron loss in the primary sensory cortex in 

Huntington’s disease compared with CAG repeat length, post-

mortem interval (PMI), and age (Figure 4.4) 

Next, the total number of interneurons (CB+, PV+, CR+) in the primary sensory cortex was 

correlated with CAG repeat length in HD gene, post-mortem interval (PMI), and age of the 10 

HD cases (Figure 4.4).  

 

CAG repeat length: 

The Pearson correlation test showed that there was no significant correlation between the number 

of CB+ (r=0.3041, P=0.3930), PV+ (r=0.6388, P=0.0641) and CR+ (r=-0.1621, P=0.6768) 

interneurons in the primary sensory cortex and CAG repeat length (Figure 4.4, panels A, D, and 

G).  

 

Post-mortem interval: 

No significant correlation was observed between post-mortem interval and the total number of 

CB+ (r=0.0021, P=0.9955), PV+ (r=-0.2085, P= 0.5904), and CR+ (r=-0.4582, P=0.2148) 

interneurons in the HD primary sensory cortex (Figure 4.4, panels B, E, and H).  

 

Age: 

There was no significant correlation between age at death and the total number of CB+ 

(r=-0.2205, P=0.5404), PV+ (r= -0.0836, P=0.8306) and CR+ (r=-0.07351, P=0.8509) 

interneurons in the HD primary sensory cortex (Figure 4.4, panels C, F, and I).  
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Figure 4.4 Correlation between total number of interneurons in the HD primary sensory 
cortex with CAG repeat length, post-mortem interval, and age at death 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This figure shows the correlation between the total number of interneurons in the sensory cortex of 10 HD 
cases with CAG repeat length, post-mortem interval, and age at death. No significant changes were 
observed between the total number of interneurons and any of the three variables (CAG repeat, PMI, and 
age).  
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4.6 The pattern of cell soma size changes in the primary sensory 

cortex in Huntington’s disease using the isotropic nucleator 

In terms of morphological changes, the calbindin-D28k immunoreactive (CB+) GABAergic 

interneurons in lamina II/III and V of the primary sensory cortex in HD showed major 

differences between the cases with mainly “motor” symptomatology, compared with control 

cases. In these cases, qualitative observations (light microscopy) showed that the CB+ 

interneurons had abnormal morphology and exhibited extensive loss of dendrites (Figure 4.5). 

To further assess the morphological changes in the three populations of interneurons, the 

isotropic nucleator was used to quantitatively measure the cell soma volume of the interneurons 

in the primary sensory cortex of HD cases compared to controls.  

 

4.6.1 The pattern of cell soma size changes in the primary sensory cortex in all HD compared 

to all control cases (Figure 4.6, Table 4.4) 

According to the stereological cell soma volume quantification results, there was no significant 

changes in the average cell soma volume of interneurons (CB+, PV+, CR+) in the primary sensory 

cortex, when comparing all HD cases with all controls. These results showed that the average 

cell soma volume of interneurons was reduced by 7% in CB+, 4% in PV+, and 3% in CR+ 

interneurons (Figure 4.6). These changes are, however, not statistically significant (P>0.05, two-

sided Student’s t-test). Note that there was considerable variation in the mean cell soma volume 

of interneurons in the HD and control cohorts, see Table 4.4. 

For the stereological analyses of all HD and control cases, the average coefficient of error (CE) 

for the mean cell soma volume for each interneuron marker was less than 0.10. Therefore, we 

can conclude that the observed variability is due to a true difference between cases in the mean 

soma volume of interneurons rather than a lack of precision in the stereological methods 

employed (Gundersen et al., 1999, West, 2002). 

  



82 
 

Figure 4.5 Representative photomicrographs showing the morphology of GABAergic 
interneurons in the primary sensory cortex (BA3) of control and HD cases with different 
symptom profiles 

 

The figure shows the morphological changes of the three populations of interneurons (CB, PV, 

and CR) in the primary sensory cortex  of representative control and HD cases with different 

symptom profiles (“motor”, “mood”, and “mixed”). Note the severe morphological changes and 

degeneration of CB+ interneurons in the HD motor cases. 

 

A-D: Brodmann area 3 immunohistochemically stained for calbindin-D28k (CB) cells in layers 

II/III in the (A) control, (B) HD motor, (C) HD mood, and (D) HD mixed cases. Panel (B) shows 

clear morphological changes and degeneration of CB+ interneurons in the HD “motor” cases. 

 

E-H: Brodmann area 3 immunohistochemically stained for parvalbumin (PV) cells in layer V in 

the (E) control, (F) HD motor, (G) HD mood, and (H) HD mixed cases.  

 

I-L: Brodmann area 3 immunohistochemically stained for calretinin (CR) cells in layers II/III in 

the (I) control, (J) HD motor, (K) HD mood, and (L) HD mixed cases. 

 

Scale bar A-L: 50 µm 
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Figure 4.5 
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Figure 4.6 Mean cell soma volume of interneurons in the primary sensory cortex of all 
HD cases compared to all controls 

 

 

 

 

 

 

 

 

 

 

The graph shows the mean cell soma volume of interneurons defined by the three calcium-binding 
proteins (CB+, CR+, and PV+ interneurons) in the primary sensory cortex of all HD cases compared to 
all controls. Error bars represent SEM. The cell soma volume was reduced by 7% in CB+, 4% in PV+ 
and 3% in CR+ interneurons. These changes were not statistically significant (P>0.05). 

  

Table 4.4 Variation in the mean cell soma volume of interneurons (CB+, PV+ and CR+) 
between HD and control groups in the primary sensory cortex 

 Control HD 

Mean cell soma volume (µm³) of CB+ interneurons ± 
SEM 

873.8 ± 46.40 816.1 ± 52.02 

Mean cell soma volume (µm³) of PV+ interneurons ± 
SEM 

1541 ± 65.69 
1475 ± 64.85 

Mean cell soma volume (µm³) of CR+ interneurons ± 
SEM 

652.0 ± 32.05 635.6 ± 22.95 

Sample size (n) 

 

CB+ : 9 

PV+ :10 

CR+ : 7 

CB+ : 10 

PV+ : 9 

CR+ : 9 

Standard deviation (SD) 

 

CB+ : 139.2 

PV+ : 160.9 

CR+ : 84.81 

CB+ : 164.5 

PV+ : 194.6 

CR+ : 68.85 

Percentage change (%) as compared to control  CB+ :     7% 

PV+ :     4% 

CR+ :     3% 
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4.6.2 The pattern of interneuron cell soma volume changes in correlation with the 

dominant HD symptom profile in the primary sensory cortex (Figure 4.7, Table 4.5) 

In order to investigate the relationship between the soma size of interneurons in the primary 

sensory cortex and the dominant HD symptom profile, the HD cases were grouped into three 

main sub-groups, “mood”, “motor” and “mixed”, depending on their dominant symptom 

profile. See Chapter 3, Materials and Methods, for more details on the symptom classification 

methods and the cases used. 

 

The stereological cell soma volume quantification results showed no significant changes in 

the average cell soma volume of interneurons (CB+, PV+, CR+) in the primary sensory cortex, 

when comparing HD symptom sub-groups with controls. According to these results, the 

average cell soma volume of CB+ and PV+ interneurons was reduced by 23% and 5% in the 

HD “motor” cases compared with controls; with no change in the cell soma volume of CR+ 

interneurons. It is interesting that soma volume changes follow the same pattern as cell loss 

with 23% volume reduction in CB+ cells in “motor” cases only. These changes are, 

however, not statistically significant (P>0.05). In the HD “mood” cases, the average soma 

volume of PV+ and CR+ interneurons was reduced by 8% (P>0.05) and 4% (P>0.05), 

respectively. For the HD “mixed” cases, the results showed a minimal reduction in the soma 

volume of CB+ (5%) and CR+ (4%) interneurons, with no reduction in the soma volume of 

PV+ interneurons (Figure 4.7, Table 4.5). However, the described changes were not 

statistically significant. 

 

The average coefficient of error (CE) for the mean cell soma volume of interneurons was less 

than 0.10 for all the control, and HD cases categorised into three different symptom sub-

groups.  Therefore, we can conclude that the observed variability is due to a true difference in 

the cell soma volume of interneurons between cases rather than a lack of precision in the 

stereological methods employed (Gundersen et al., 1999, West, 2002). 
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Figure 4.7 Mean cell soma volume of interneurons in the primary sensory cortex in HD 
cases grouped according to the dominant symptom profile compared to all controls 

 

 

 

 

 

 

 

 

The graph shows the mean cell soma volume of interneurons defined by the three calcium-binding 
proteins (CB+, PV+, and CR+ interneurons) in the primary sensory cortex of the HD cases grouped 
according to the dominant symptom profile compared to the controls. Error bars represent SEM. In 
the HD “motor” sub-group, the soma volume of interneurons was reduced by 23% in CB+, and 5% in 
PV+ interneurons. In the HD “mood” cases, the soma volume of interneurons was reduced by 8% in 
PV+, and 4% in CR+ interneurons. In the HD “mixed” cases, the soma volume of CB+ and CR+ 
interneurons was reduced by 5% and 4%, respectively. These changes were statistically not 
significant (P>0.05). 

Table 4.5 Variation in the mean cell soma volume of interneurons (CB+, PV+ and CR+) 
between HD symptom sub-groups and controls in the primary sensory cortex 
  

Control 

 

HD 

Motor cases 

HD 

Mood cases 

HD 

Mixed cases 

Mean cell soma volume (µm³) of 
CB+ interneurons ± SEM 

873.8 ± 46.40 711.3 ± 83.09 897.3 ± 60.07 833.7 ± 102.7 

Mean cell soma volume (µm³) of 
PV+ interneurons ± SEM 

1541 ± 65.69 1471 ± 163.7 1410 ± 22.80 1542 ± 137.2 

Mean cell soma volume (µm³) of 
CR+ interneurons ± SEM 

652.0 ± 32.05 645.9 ± 40.87 626.3 ± 24.65 628.1 ± 51.47 

Sample size (n) 

CB+ : 9 

PV+ : 6 

CR+ : 7 

CB+ : 3 

PV+ : 3 

CR+ : 4 

CB+ : 3 

PV+ : 3 

CR+ : 2 

CB+ : 4 

PV+ : 3 

CR+ : 3 

Standard deviation (SD) 

CB+ : 139.2 

PV+ : 160.9 

CR+ : 84.81 

CB+ : 143.9 

PV+ : 283.6 
CR+ : 81.73 

CB+ : 104.0 

PV+ : 39.50 
CR+ : 34.87 

CB+ : 205.4 
PV+ : 237.7 
CR+ : 89.15 

Percentage change (%) as 
compared to control 

 CB+ :    23% 

PV+ :     5% 

CR+ : no change 

CB+ :    3% 

PV+ :     8% 

CR+ :     4%  

CB+ :    5% 

PV+ : no change 

CR+ :     4% 



87 
 

4.7 Discussion 

The present chapter provides a detailed account of the degeneration of GABAergic 

interneurons in the primary sensory cortex (BA3) in HD using immunohistochemistry and 

unbiased stereological techniques. The results showed no statistically significant loss of 

interneurons (average loss of 21% CB+, and 15% CR+ interneurons) when all HD cases 

were grouped together and compared with all controls (Figure 4.1). However, the present 

study has clearly demonstrated a considerable variation in the extent of interneuron loss in the 

primary sensory cortex (BA3) of HD cases with different symptom profiles.  

The association between the pattern of interneuron loss with striatal neuropathological 

grades, CAG repeat length, post-mortem interval, and age at death for each HD case was also 

investigated. There were no statistically significant associations between the pattern of 

interneuron loss and the variables investigated. 

To quantitatively investigate the morphological changes in the population of interneurons, the  

soma volume of these cells (CB+, PV+, and CR+ interneurons) was measured using the 

isotropic nucleator. These results showed no statistically significant changes in the mean 

soma volume of interneurons in the primary sensory cortex of HD cases, regardless of their 

symptom profile. However, the soma volume of CB+ interneurons was reduced by 23% in 

“motor” cases only. This suggests that soma volume changes follow the same pattern as cell 

loss in the primary sensory cortex.  

 

4.7.1 The relationship between the extent of interneuron loss in the primary sensory cortex 

and the dominant symptom profile in HD 

Huntington’s disease is characterised by a range of symptoms including motor disorders, 

cognitive impairment and mood changes, with considerable variability between individual 

HD patients. Previous neuroimaging studies have shown that the pattern of grey matter 

thinning is associated with different clinical symptoms (Rosas et al., 2008b).  A diffusion 

tensor imaging (DTI) study has demonstrated a strong correlation between the motor 

symptoms and decreased volume in the sensorimotor sub-regions of the striatum, suggesting 

that the corticostriatal circuit from the sensory and motor cortices is closely linked, and 

selectively vulnerable in HD (Georgiou-Karistianis and Egan, 2011). The present study 
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extends our understanding of the heterogeneous pattern of cortical cell loss and its association 

with variable symptom profiles in HD.  

The results of the present study demonstrated an overall small reduction of GABAergic 

interneurons (CB+, PV+, and CR+) in the primary sensory cortex in the HD brains (Figure 

4.1). The relative sparing of cortical GABAergic interneurons has been reported by many 

previous studies. For example, a previous post-mortem study on the motor cortices of 5 HD 

human brains showed no significant changes in the total number, cellular distribution and 

morphology of  interneurons (Macdonald and Halliday, 2002). In addition, the relative 

sparing of PV+ interneurons in the superior frontal cortex of 11 HD cases has been previously 

reported (Cudkowicz and Kowall, 1990). This, however, is in contrast to the observations 

from another study, where they found a significant decrease in the total number of PV+ 

interneurons in the frontal cortex, with no significant PV+ interneuron loss in the occipital 

and temporal lobes (Ferrer et al., 1994). These observations suggest a heterogeneous pattern 

of interneuron loss in different functional cortical regions in HD.  

To test whether there was an association between the heterogeneous pattern of interneuron 

loss in the primary sensory cortex and the different symptom subtypes of HD, the blinding of 

the clinical and anatomical assessments were removed. HD cases were then grouped 

according to their symptoms, regardless of their “striatal” neuropathological grade. The 

average total number of interneurons in each of the three HD symptom groups (motor, mood, 

and mixed) was then compared with controls. The results demonstrated a significant loss of 

CB+ interneurons (67%) in the primary sensory cortex of HD cases with predominantly 

“motor” symptoms, and not in the other two symptom groups (Figure 4.2). In addition, a 

previous detailed stereological study carried out in our laboratory, on the same HD cases as 

the present study, has shown a clear association between the loss of SMI32+ pyramidal 

neurons (38%) in the primary sensory cortex and the “motor” symptomatology in HD (Nana 

et al., 2014). Similar studies from our laboratory have demonstrated an association between 

“motor” symptomatology in HD and loss of SMI32+ pyramidal neurons (45%) and CB+ 

interneurons (57%) in the primary motor cortex (Thu et al., 2010, Kim et al., 2014, Nana et 

al., 2014). It is interesting to note that the pattern of cortical cell loss in the primary sensory 

cortex and the primary motor cortex are in parallel, which suggests a strong connection 

between these two cortical regions. Based on these findings, we can suggest that the loss of 
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CB+ interneurons and SMI32+ pyramidal neurons in the primary sensory cortex is 

associated with the “motor” symptom phenotype in HD. 

The calcium-binding protein calbindin-D28k (CB) labels double bouquet, Martinotti, and 

neurogliaform morphological cell types. These are local circuit non-pyramidal neurons that 

form axo-dendritic interactions with the pyramidal neurons. Therefore, the selective loss of 

CB+ interneurons in the primary sensory cortex of HD cases with predominantly “motor” 

symptoms suggests a decrease in the inhibition of pyramidal neurons (Figure 4.8). Indeed, a 

previous electrophysiological study has shown a reduction of GABAergic inhibitory input 

onto the cortical pyramidal cells in a conditional mouse model of HD (Gu et al., 2005). Also, 

some models of HD display early spontaneous epileptic seizures and/or have a reduced 

epileptic threshold after systematic injection of GABAA receptor antagonist bicuculline or 

picrotoxin (Uzgil et al., 2004, Cummings et al., 2009). These findings imply that cortical 

hyperexcitability, due to impaired inhibition, could be an early event in HD. Therefore, the 

alterations in cortical pyramidal neurons may not be primary nor sufficient to cause the HD 

phenotype. As exemplified in a conditional mouse model of HD, neuropathology in different 

cortical areas only occur when mutant huntingtin is widely expressed in the brain. No 

significant cortical pathology or development of motor deficits were observed when the 

expression of huntingtin was only restricted to the pyramidal neurons (Gu et al., 2005). A 

transcranial magnetic stimulation study to assess cortico-cortical interactions in the motor 

cortex of HD has shown alterations in the pattern of intracortical inhibition and facilitation 

which is thought to be the results of GABAergic interneuron dysfunction (Abbruzzese et al., 

1997). Interestingly, these changes were related to the clinical rating of choreic dyskinesias.  

This suggests that a perturbation in the cortical cell-cell interaction between pyramidal 

neurons and interneurons can significantly contribute to the pathology of HD. This is 

reinforced by the results of the present study, where both CB+ interneurons and SMI32+ 

pyramidal neurons follow a similar pattern of cell loss in the primary sensory cortex.  In 

summary, we can propose that an early loss of CB+ interneurons together with pyramidal 

neuronal loss, and the alterations in the cortical cell-cell interactions in the primary sensory 

cortex could significantly contribute to the pathophysiology of HD. The early and on-going 

degeneration of interneurons is likely to be involved in both hyperkinetic and dyskinetic 

movement disorders in HD. Indeed, coexistence of chorea and bradykinesia has been 

previously documented in HD (Thompson et al., 1988). 
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The calcium binding protein calbindin-D28k has been shown to have a critical physiological 

role in controlling the cell-dependent motor behaviour. Constitutive CB-/- null mutant mice 

demonstrated impairment in motor coordination, although these changes are likely to act via 

altered transmission of cerebellar Purkinje cell signalling (Airaksinen et al., 1997). CB is 

highly expressed in Purkinje cells and selective genetic deletion of CB from these cells 

results in distinct deficits in motor and sensory processing (Barski et al., 2003). Also, Tippett 

and colleagues (2007) showed a loss of CB immunoreactivity in the matrix compartment of 

the striatum in HD cases with severe motor impairment. The matrix compartment of the 

striatum is known to be linked to the sensorimotor and related associative areas (Tippett et 

al., 2007). Taken together, these results show that the calcium-binding protein expressing 

cells, especially CB+ cells, are differentially affected in both the cortex and striatum, which is 

suggestive of possible linked mechanisms of cell death in both cortical and striatal regions in 

HD. 

In conclusion, this is the first study to demonstrate a significant association between the 

selective loss of CB+ interneurons in the primary sensory cortex and the motor symptoms in 

HD, suggesting that interneuron degeneration in the primary sensory cortex may have a major 

contribution in the development of motor deficits in HD.  
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Figure 4.8 Schematic diagram showing the association between the patterns of 
pyramidal and interneuron cell loss in the HD primary sensory cortex according to the 
dominant symptom profiles of HD cases 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note that the pattern of SMI32+ pyramidal cell loss (38%) and the CB+ interneuron cell loss (67%) in 

the primary sensory cortex of HD cases is associated with clinical symptomatology of the HD “motor” 

cases, but not the “mood” cases.  

HD motor cases:  

38% loss of SMI32+ pyramidal neurons 

67% loss of CB+ interneurons 

 

HD mood cases: 

No loss of SMI32+ pyramidal neurons 

No loss of CB+ interneurons 
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4.7.2 The relationship between the extent of interneuron loss in the primary sensory cortex 

and the striatal neuropathological grades in HD 

To investigate the association between interneuron loss in the primary sensory cortex and 

striatal neuropathology in HD, all HD cases were categorized into two groups based on the 

Vonsattel neuropathological grades (grade 0-1, and grade 2-3). In general, a greater 

interneuron loss in the primary sensory cortex was observed with higher neuropathological 

grades, although no clear statistical association was evident (Figure 4.3). Macdonald and 

Halliday (2002) observed no significant change in the morphology, number or distribution of 

calcium-binding protein expressing neurons in the primary motor cortex in five grade 2-3 HD 

cases. The results of the present study demonstrated a 30% reduction in the mean total 

number of CB+ interneurons; with no significant loss of PV+ and CR+ interneurons in the 

primary sensory cortex of HD grade 0-1 cases. For HD grade 2-3 cases, there was no loss of 

PV+, 16% loss of CB+, and 23% loss of CR+ interneurons. The trend suggests that the 

interneuron degeneration in the primary sensory cortex may be linked to the degeneration in 

the striatum in HD. These findings are in agreement with previous studies from our 

laboratory, where a general association between the extent of SMI32+ pyramidal neuron cell 

loss in the primary motor cortex and the striatal neuropathological grades was observed (Thu, 

2006, Thu et al., 2010). In conclusion, the results demonstrated a trend towards a greater loss 

of GABAergic interneurons with higher HD striatal grades which may suggest a link between 

cortical and striatal degeneration.  

 

4.7.3 Correlation between the extent of interneuron loss in the primary sensory cortex and 

the CAG repeat length, post-mortem interval, and age at death in HD 

The correlation between interneuron cell loss in the primary sensory cortex with CAG repeat 

length, post-mortem interval (PMI), and age at death was also investigated. The close 

association between striatal pathology and the number of CAG repeats in HD has been well 

established (Penny, et al., 1997; Vonsattel, et al., 2008). However, the existence of a link 

between cortical pathology, especially interneuron loss, and the CAG repeat length is still 

unclear. In the present study, the Pearson correlation test showed no significant correlation 

between the total number of interneurons in the primary sensory cortex and CAG repeat 

length in HD cases (Figure 4.4).  
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The analysis of post-mortem interval showed no overall correlation between the total number 

of interneurons and PMI in the primary sensory cortex of HD cases. This suggests that the 

differences in time interval between death and tissue processing did not influence any 

possible resultant modifications in neuronal immunoreactivity in this study. 

 

Pakkenburg and Gundersen (1997) have demonstrated an association between the decreasing 

numbers of cortical neurons with increasing age. However, the results from the present study 

showed no significant correlation between the total number of interneurons in the primary 

sensory cortex and age at death in HD cases. In line with the present study, a previous study 

on the age-related changes in the three calcium-binding proteins (CB, PV, and CR) 

demonstrated no significant reductions in the total number of interneurons in the human 

primary motor cortex (Bu et al., 2003). Taken together, these results indicate that the 

relationship between the total number of interneurons in the primary sensory cortex with the 

symptom profile and striatal neuropathology grades described above can be regarded as 

separate from the influence of CAG repeat length, post-mortem interval, and age of the HD 

cases used in this study. 

 

4.7.4 The pattern of interneuron cell soma volume changes in the primary sensory cortex 

in Huntington’s disease 

In many neurodegenerative diseases, the remaining cells show degenerative changes in terms 

of size, shape, and morphology. Although these changes are not specific, they might 

represent on-going pathogenesis of neurons (Kanazawa, 2001, Graeber and Moran, 2002). In 

Parkinson’s disease, for example, nearly 50% of the remaining nigral neurons undergo 

cellular shrinkage (Kanazawa, 2001). A post-mortem study of Schizophrenia and 

Huntington’s disease has reported a significant reduction in the cell soma size of cortical 

neurons in the schizophrenic prefrontal cortex. Also, in HD prefrontal cortex, a significant 

reduction in the mean neuronal size has been observed. However, after considering the 

density of the remaining neurons, this reduction in cell size was attributed to loss of larger 

pyramidal neurons in this region (Rajkowska et al., 1998). These changes in the cell soma 

volume of the remaining neurons in different neurodegenerative diseases could represent 

dysfunctional cells at different stages of neuronal degeneration.  
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The isotropic nucleator was used to investigate the effect of HD on cell soma volume of 

interneurons in the primary sensory cortex. The stereological cell soma volume quantification 

results showed that the average soma volume of interneurons was reduced by 7% in CB+, and 

3% in CR+ interneurons, when all HD cases were compared with all controls. The HD cases 

were then grouped according to their predominant symptom profile to investigate the effect 

of HD symptomatology on soma volume of interneurons. These results showed that, in HD 

“motor” cases, the cell soma volume of interneurons was decreased by 23% in CB+, and 

5% in CR+ interneurons. In “mood” cases, the cell soma size of PV+ and CR+ interneurons 

was reduced by 8% and 4%, respectively. In “mixed” cases, the reduction was observed in 

the population of CB+ (5%), and CR+ (4%) interneurons (P>0.05). It is interesting to note that 

the cell soma volume of CB+ interneurons was mainly affected in the HD “motor” cases, 

compared to the other two symptom groups (Figure 4.7). These results highlight the 

association between the degeneration of CB+ interneurons in the primary sensory cortex and 

the motor symptom profile in HD. This is the first study to document a quantitative 

measurement of the cell soma volume of cortical interneurons in HD.  

 

In summary, these results demonstrated a minor reduction in the cell soma volume of 

interneurons in the primary sensory cortex of HD cases. Also, a greater reduction in the 

volume of CB+ interneurons in the HD “motor” cases indicates that the remaining calbindin 

neurons are morphologically compromised. This reduction could be indicative of a strong 

association between degeneration of CB+ interneurons and motor deficits in Huntington’s 

disease. It would be most interesting to follow up with further studies to detect changes in 

dendritic branching and other cellular morphologies in calbindin neurons in this region. 
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4.8 Conclusion 

The main finding of the present study is the significant reduction of calbindin-D28k (CB) 

expressing interneurons in the human primary sensory cortex in HD cases with major motor 

disorders. Due to their presumed inhibitory functions, the local-circuit GABAergic 

interneurons have a critical role in modulating the activity of pyramidal projecting neurons. 

Therefore, the loss of CB+ interneurons that make axo-dendritic contacts with distal dendrites 

of pyramidal neurons may be indicative of dysfunction in the intrinsic cortical circuitry in the 

primary sensory cortex of HD cases. This observation suggests an association between the 

selective loss of GABAergic modulation and functional abnormalities of the primary sensory 

cortex, resulting in the development of motor dysfunctions in HD.  
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Chapter 5: Results 

Interneuronal Changes in the Superior Frontal 

Cortex in Huntington’s disease 

5.1 Introduction 

The superior frontal cortex consists of cytoarchitectonically transitional areas which are 

involved in integrating motor, mood and cognitive information based on their connectivity 

with the relevant sensory, motor and limbic areas of the brain (Fuster, 1988, Goldman-Rakic 

et al., 1996). The vulnerability of this area of the cortex has been documented in many 

different psychiatric and neurodegenerative disorders, including Huntington’s disease 

(Hedreen et al., 1991, Rosas et al., 2008b, Sprengelmeyer et al., 2014). 

Huntington’s disease (HD) is a neurodegenerative disorder characterised by a triad of 

symptoms including motor, cognitive and behavioural abnormalities. The cortical 

degeneration in HD has been well documented in many previous reports (Cudkowicz and 

Kowall, 1990, Hedreen et al., 1991, Heinsen et al., 1994, Halliday et al., 1998, Macdonald 

and Halliday, 2002). While it is agreed that cortical degeneration plays a major role in HD, 

little is known about the differential vulnerability of cortical neurons, and its association with 

the variable symptoms in HD.  

The local neuronal circuitry is governed by a dynamic interaction between the cortical 

pyramidal neurons and the local-circuit interneurons. The inhibitory GABAergic interneurons 

play a major role in modulating cortical output, and therefore are critical determinants of 

neural activity in the cortex. The fate of the pyramidal neurons in different areas of the cortex 

in HD has been investigated by a few previous studies. For example, a detailed stereological 

study carried out in our laboratory reported a 34% reduction in the total number of SMI32+ 

pyramidal neurons in the superior frontal cortex (Nana et al., 2014). This pattern of pyramidal 

cell loss in the superior frontal cortex has been shown to be associated with symptom 

heterogeneity in HD, i.e. there was a major loss of pyramidal cells in the HD cases 

categorised into “motor” and “mixed” symptom groups, but not in the “mood” cases (Nana 

et al., 2014). These results suggest a link between the phenotypic variability and the variable 

pattern of pyramidal cell loss in the superior frontal cortex in HD. While specific pyramidal 
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cell loss has been reported in previous studies, detailed studies on the cellular and 

morphological abnormalities of the inhibitory GABAergic interneurons in the HD superior 

frontal cortex, and its relation to the variable symptom profiles in HD have not been 

undertaken. Therefore, the main aims of this chapter are to investigate: 

i) The extent of GABAergic interneuron loss in the superior frontal cortex 

(Brodmann area 8) in HD;  

ii) The association between loss of GABAergic interneurons in the superior frontal 

cortex (Brodmann area 8) and HD symptom profile; 

iii) Changes in the cell soma volume of GABAergic interneurons in the superior 

frontal cortex (Brodmann area 8) in HD; and 

iv) The association between changes in the cell soma volume of GABAergic 

interneurons and HD symptom profile. 

The three different sub-populations of interneurons (calbindin+, parvalbumin+ and calretinin+) 

were specifically identified in the superior frontal cortex (right hemisphere) of 9 HD (HC99, 

HC68, HC75, HC101, HC95, HC85, HC107, HC86, HC79) and 7 neurologically normal 

control cases (H121, H127, H110, H132, H111, H204, H211) (for case details, see Chapter 3, 

Table 3.1 and 3.2). Design-based stereological methods were used to estimate the total 

number of interneurons (optical fractionator) and their soma volume (isotropic nucleator) in 

a sub-region (SF1 block) of the superior frontal cortex (see Chapter 3 for detailed 

methodology). The stereological results in this chapter were analysed using one-way 

ANOVA, followed by Dunnett’s or Tukey’s HSD post-hoc test, where appropriate. P-values 

< 0.05 were considered significant (statistical significance expressed as *P< 0.05, **P< 0.01, 

***P< 0.001). The results were compared and correlated to the dominant HD symptom 

profile, striatal neuropathological grade, CAG repeat lengths, post-mortem interval (PMI), 

and age of each individual HD case.  
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5.2 The pattern of interneuron loss in the superior frontal cortex 
in Huntington’s disease (Figure 5.1, Table 5.1) 

When comparing all HD cases with all controls, there was a significant reduction in the 

average total number of all three sub-types of interneurons. The results showed that the total 

number of interneurons was reduced by 34% in calbindin+ (P=0.007), 55% in 

parvalbumin+ (P=0.0007), and 45% in calretinin+ interneurons (P=0.0001) in the 

superior frontal cortex (BA8) of HD cases (Figure 5.1, Table 5.1).  These results are 

statistically significant according to the two-sided Student’s t-test (P<0.05 for all three 

markers).  

 

Note that there was a considerable variation in the total number of interneurons in the 

superior frontal cortex within the control and HD groups, as shown by the large standard 

deviations (Table 5.1). The variation was generally greater within the control cohorts, with 

the exception of CB+ interneurons where the HD group showed a larger standard deviation 

from the mean, see Table 5.1. The total number of interneurons in the control cohorts ranges 

from 3.4×106 to 5.9×106 for CB+ interneurons, 4.3×106 to 1.12×106 for PV+ interneurons, and 

4.5×106 to 8.2×106 for CR+ interneurons. For the HD group, the range changes to 2.0×106-

4.7×106 for CB+ interneurons, 1.5×106- 6.1×106 for PV+ interneurons, and 2.1×106- 4.7×106 

for CR+ interneurons. 

 

For all stereological analyses of the HD and control cases carried out using the optical 

fractionator, the average coefficient of error (CE) for the total number of interneurons (N) for 

each marker was less than 0.10. This reinforces that the observed variability is due to a true 

difference in the number of interneurons between cases rather than a lack of precision in the 

stereological counting methods employed (Gundersen et al., 1999, West, 2002). 
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Figure 5.1 Total number of interneurons in the superior frontal cortex in all HD cases 
compared to all control cases in the human brain 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The graph shows the total number of interneurons defined by the three calcium-binding proteins 
(calbindin+, parvalbumin+ and calretinin+ interneurons) in the superior frontal cortex of HD cases 
compared to control cases. Error bars represent SEM. The graph shows a significant change in the 
total number of all three different sub-types of interneurons in the superior frontal cortex of all HD 
cases compared to all controls. 

 

Table 5.1 Variation in the total number of interneurons (CB+, PV+ and CR+) between 
HD and control groups in the superior frontal cortex 

 

 
Control HD 

Total mean number of CB+ interneurons ± SEM 4.208x106 ± 325723 2.789x106 ± 301508 

Total mean number of PV+ interneurons ± SEM 7.089x106 ± 828417 3.186x106 ± 475382 

Total mean number of CR+ interneurons ± SEM 6.558 x106 ± 528930  3.580 x106 ± 285242 

Sample size (n) 
CB+ : 7 
PV+ : 7 
CR+ : 7 

CB+ : 9 
PV+ : 9 
CR+ : 9 

Standard deviation (SD) 
CB+ : 325723 
PV+ : 2192000 
CR+ : 1399000 

CB+ : 904525 
PV+ : 1426000 
CR+ : 855725 

Percentage change (%) as compared to control  
CB+ :     34% 
PV+ :     55% 
CR+ :     45% 

Note: significant cell loss is indicated in red text  
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5.3 The pattern of interneuron loss in the superior frontal cortex 
in Huntington’s disease compared with the dominant HD 
symptom profile (Figure 5.2, Table 5.2) 

Next, we investigated whether the pattern of interneuron loss in the superior frontal cortex 

(BA8) and variation between individual HD cases was related to the symptom profiles of HD. 

The 9 HD cases were categorised into three groups based on their predominant symptom 

profile; three cases were classified as mainly “motor” (HC68, HC73, HC99), three cases 

were classified as mainly “mood” (HC101, HC 95, HC85), and three cases were classified as 

“mixed” (HC107, HC86, HC79). The extent of interneuron loss in the superior frontal cortex 

was then compared between these groups. 

 

When comparing the total number of interneurons in the three different symptom groups with 

the control group, there was a significant loss of CB+ (44%), PV+ (64%), and CR+ (48%) 

interneurons in the HD “motor” symptom group. In the HD “mood” cases, a significant 

66% loss of CR+ interneurons was observed, with no significant changes in the other two 

interneuron (CB+ and PV+) populations. The results from the HD “mixed” cases revealed a 

significant loss of PV+ (66%) and CR+ (44%) interneurons, with no change in the total 

number of CB+ interneurons. According to the one-way ANOVA, followed by Tukey’s HSD 

post-hoc test, there was no significant difference in the total number of interneurons between 

the three different symptom cohorts. In summary, the largest interneuron loss was observed 

in the HD “motor” cases with all three interneuronal sub-types being majorly affected, 

followed by the HD “mixed” cohort with a major loss of PV+ and CR+ interneurons, and the 

HD “mood” cases with a 66% loss of CR+ interneuron (Figure 5.2). 

 

The average coefficient of error (CE) for the total number of interneurons was less than 0.10 

for all the control cases, and all the HD cases categorised into the three different symptom 

sub-groups. Therefore, we can conclude that the observed variability is due to a true 

difference in the number of interneurons between the HD and control cases rather than a lack 

of precision in the stereological counting methods employed (Gundersen et al., 1999, West, 

2002).  
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Figure 5.2 Total number of interneurons (CB+, PV+ and CR+) in the superior frontal 
cortex in HD cases grouped according to the dominant HD symptom profile compared 
to controls 

(A) Total number of calbindin-positive (CB+) interneurons in the superior frontal cortex of HD 

cases grouped according to symptom profile compared to control cases: The graph shows the 
variation in the total number of CB+ interneurons in the superior frontal cortex of 3 HD brains with 
predominantly “motor” symptoms, 3 HD brains with predominantly “mood” symptoms, and 3 HD 
cases with “mixed” symptoms compared to 7 control cases. Error bars represent SEM. The HD 
cases with predominantly “motor” symptoms showed a significant loss of CB+ interneurons (44%), 
while the HD cases with predominantly “mood” and “mixed” symptoms showed no significant loss of 
CB+ interneurons. 

 

 (B) Total number of parvalbumin-positive (PV+) interneurons in the superior frontal cortex in 

HD cases grouped according to symptom profile compared to control cases: the graph shows 
the variation in the total number of PV+ interneurons in the superior frontal cortex of 3 HD brains with 
predominantly “motor” symptoms, 3 HD brains with predominantly “mood” symptoms, and 3 HD 
cases with “mixed” symptoms compared to 7 control cases. The total number of PV+ interneurons 
was reduced significantly in the HD “motor” (64%) and HD “mixed” (66%) cases, with no significant 
change in the HD “mood” group. 

 

(C) Total number of calretinin-positive (CR+) interneurons in the superior frontal cortex in HD 

cases grouped according to symptom profile compared to control cases: the graph shows the 
variation in the total number of CR+ interneurons in the superior frontal cortex of 3 HD brains with 
predominantly “motor” symptoms, 3 HD brains with predominantly “mood” symptoms, and 3 HD 
cases with “mixed” symptoms compared to 7 control cases. Error bars represent SEM. The total 
number of CR+ interneurons was significantly reduced in the HD “motor” (48%), “mood” (66%), and 
“mixed” (44%) cases.  

Note that the total number of interneurons in each control, “motor”, “mood” and “mixed” is 
indicated by a circle, diamond, square and triangle, respectively. 

 

In summary, the graph shows the mean total number of CB+ interneurons (A), PV+ interneurons (B) 
and CR+ interneurons (C) in the superior frontal cortex of the control and HD symptom groups. The 
HD cases with mainly “motor” symptoms showed a significant loss of all three interneurons. The 
“mood” cases showed a significant loss of CR+ interneurons, while both PV+ and CR+ interneurons 
were reduced in the “mixed” cases.   
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Figure 5.2 Total number of interneurons (CB+, PV+ and CR+) in the superior frontal 
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Table 5.2 Variation in the total number of interneurons (CB+, PV+ and CR+) between 
HD symptom sub-groups and control groups in the superior frontal cortex 

 
Control 

HD 

Motor cases 

HD 

Mood cases 

HD 

Mixed cases 

Total number of CB+ 
interneurons /106  ± SEM 

4.208 ± 325723 2.345 ± 295205 2.794 ± 419603 3.228 ± 795681 

Total number of PV+ 
interneurons /106 ± SEM 

7.089 ± 828417 2.540 ± 434430 4.628 ± 797463 2.391 ± 567668 

Total number of CR+ 
interneurons /106 ± SEM 

6.558 ± 528930  3.392 ± 350283 3.735 ± 97513 3.614 ± 758904 

Sample size (n) 
CB+ : 7 
PV+ : 7 
CR+ : 7 

CB+ : 3 
PV+ : 3 
CR+ : 3 

CB+ : 3 
PV+ : 3 
CR+ : 3 

CB+ : 3 
PV+ : 3 
CR+ : 3 

Standard deviation (SD) 

CB+ : 325723 
PV+ : 2192000 
CR+ : 1399000 

CB+ : 511311 
PV+ : 752454 
CR+ : 606709 

CB+ : 726774 
PV+ : 1381000 
CR+ : 861718 

CB+ : 1378000 
PV+ : 983230 
CR+ : 1314000 

Percentage change (%) as 
compared to control 

 CB+ :     44% 

PV+ :     64% 

CR+ :     48% 

CB+ :     34% 

PV+ :     34% 

CR+ :     43% 

CB+ :     23% 

PV+ :     66% 

CR+ :     44% 
Note: significant cell loss is indicated in red text 
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5.4 The pattern of interneuron loss in the superior frontal cortex 

in Huntington’s disease compared with HD striatal 

neuropathological grade (Figure 5.3, Table 5.3) 

All 9 HD cases used in this study were independently examined by a neuropathologist (Dr. B. 

Synek), and each case was graded according to their striatal neuropathology using the 

Vonsattel grading criteria (Vonsattel et al., 1985, Vonsattel and DiFiglia, 1998). The grades 

of the HD cases ranged from 0 to 3. There were four HD grade 0-1 cases (HC68, HC79, 

HC86, HC101), three HD grade 2 cases (HC75, HC95, HC99) and two HD grade 3 cases 

(HC85, HC107), for case details see Table 3.1, Chapter 3.  

 

In order to investigate the relationship between striatal neuropathology and cell loss in the 

superior frontal cortex, the HD stereological counting results were grouped according to their 

neuropathological grade (group 0-1, and group 2-3), and compared with the control data. 

According to these results, the total number of interneurons (CB+, PV+, and CR+) in the 

superior frontal cortex was significantly changed in the two grade sub-groups compared to 

the control cohorts. However, comparing the early stage (grade 0-1) and advanced (grade 2-

3) HD sub-groups with each other revealed no significant difference in the total number of 

interneurons. On average, in the 0-1 grade group, the population of interneurons was reduced 

by 29% in CB+, 57% in PV+ and 46% in CR+ interneurons compared to the control cohort 

(Figure 5.3, Table 5.3). In the grade 2-3 group, the total number of CB+, PV+ and CR+ 

interneurons was decreased by 37%, 53% and 44%, respectively. These results were 

statistically significant according to the one-way ANOVA, followed by Tukey’s HSD post-

hoc test, with the exception of the reduction in the CB+ interneurons in the grade 0-1 group 

(Table 5.3).  

 

In summary, the total number of interneurons in the superior frontal cortex was reduced in 

both grade 0-1 and 2-3 groups when compared with the controls. However, there is no 

significant difference when comparing the total number of interneurons in the early and 

advanced HD sub-groups, suggesting that the interneurons are lost in early stages of the 

disease. 
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The average coefficient of error (CE) for the total number of interneurons (N) was less than 

0.10 for all the control cases, and all HD grade sub-groups (grade 0-1, and grade 2-3) for all 

three interneuron markers. Therefore, we can conclude that the observed variability between 

cases is due to a true difference in the number of interneurons rather than a lack of precision 

in the stereological counting methods employed (Gundersen et al., 1999, West, 2002). 

 

Figure 5.3 Superior frontal cortical interneuron loss (CB+, PV+ and CR+) in HD cases 
grouped according to striatal neuropathological grade compared to controls 

 

 

 

 
 
 

 
 
 
 
 
 
 
 
 
 

The graph shows the total number of interneurons defined by the three calcium-binding proteins (CB+, 
CR+, and PV+ interneurons) in the superior frontal cortex of HD brains grouped according to their 
striatal neuropathological grade and control cases. In the grade 0-1 group, the population of 
interneurons was decreased by 29% for CB+, 57% for PV+, and 46% for CR+ interneurons comoared 
to controls. In the grade 2-3 group, the population of CB+, PV+ and CR+ interneurons was decreased 
by 37%, 53% and 44%, respectively. Any significant result is indicated by a red arrow. Note that there 
was no significant difference in the population of the three interneurons when comparing the grade 0-
1 group with the grade 2-3 group.  
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Table 5.3 Variation in the total number of interneurons (CB+, PV+ and CR+) between 
HD grade sub-groups and control groups in the superior frontal cortex 

 
Control 

HD 

Grade 0-1 

HD 

Grade 2-3 

Total number of CB+ interneurons/106 
± SEM 

4.208 ± 325723 2.967± 631377 2.646 ± 276822 

Total number of PV+ interneurons/106  
± SEM 

7.089 ± 828417 3.027 ± 544603 3.314 ± 791513 

Total number of CR+ interneurons/106  
± SEM 

6.558  ± 528930  3.520 ± 562713  3.629 ± 318759 

Sample size (n) 

CB+ : 7 

PV+ : 7 

CR+ : 7 

CB+ : 4 

PV+ : 4 

CR+ : 4 

CB+ : 5 

PV+ : 5 

CR+ : 5 

Standard deviation (SD) 

CB+ : 325723 

PV+ : 2192000 

CR+ : 1399000 

CB+ : 1263000 

PV+ : 1089000 

CR+ : 1125000 

CB+ : 618993 

PV+ : 1770000 

CR+ : 712767 

Percentage change (%) as compared 
to control 

 CB+ :     29% 

PV+ :     57% 

CR+ :     46% 

CB+ :     37% 

PV+ :     53% 

CR+ :     44% 
Note: significant cell loss is indicated in red text  
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5.5 The pattern of interneuron loss in the superior frontal cortex 

in Huntington’s disease compared with CAG repeat length, post-

mortem interval (PMI), and age (Figure 5.4) 

Next, the total number of interneurons (CB+, PV+, CR+) in the superior frontal cortex was 

correlated with the CAG repeat length of the HD gene, post-mortem interval (PMI), and age 

of the 9 HD cases (Figure 5.4).  

 

CAG repeat length: 

The Pearson correlation test showed that there was no significant correlation between the 

total number of CB+ (r= -0.0025, P=0.9949), PV+ (r= 0.5905, P=0.0906) and CR+ (r= 0.0955, 

P=0.8068) interneurons in the superior frontal cortex and CAG repeat length (Figure 5.4, 

panels A, D, and G).  

 

Post-mortem interval: 

No significant correlation was observed between post-mortem interval and the total number 

of CB+ (r= -0.2104, P=0.5868), PV+ (r= 0.5956, P=0.0906), and CR+ (r= -0.3398, P=0.3710) 

interneurons in the HD superior frontal cortex (Figure 5.4, panels B, E, and H).  

 

Age: 

There was no significant correlation between age at death and the total number of 

CB+ (r= 0.0692, P=0.8595), PV+ (r= -0.1195, P=0.7594) and CR+ (r= 0.2044, 

P=0.5979) interneurons in the HD superior frontal cortex (Figure 5.4, panels C, F, 

and I).  
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Figure 5.4 Correlation between the total number of interneurons in the HD superior 
frontal cortex with CAG repeat length, post-mortem interval, and age at death 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
This figure shows the correlation between the total number of interneurons in the superior frontal 
cortex of 9 HD cases with CAG repeat length, post-mortem interval, and age at death. No significant 
changes were observed between the total number of interneurons and any of the three variables 
(CAG repeat, PMI, and age).  



109 
 

5.6 The pattern of cell soma size changes in the superior frontal 

cortex in Huntington’s disease using the isotropic nucleator 

To assess the cell soma size changes in the three populations of interneurons, the isotropic 

nucleator was used to quantitatively measure the soma volume of the interneurons in the 

superior frontal cortex of 9 HD and 7 control cases. 

 

5.6.1. The pattern of cell soma size changes in the superior frontal cortex in all HD cases 

compared to all control cases (Figure 5.6, Table 5.4) 

The isotropic nucleator results showed that the average cell soma volume of CB+ (20%) and 

PV+ (29%) interneurons was reduced significantly, when comparing all HD cases with all 

controls (Figure 5.5, Table 5.4). The average cell soma size of CR+ interneurons in the 

superior frontal cortex was reduced by 10%. However, this reduction was not statistically 

significant (P>0.05, two-sided Student’s t-test). 

 

For the stereological analyses of all HD and control cases, the average coefficient of error 

(CE) for the mean cell soma volume for each interneuron marker was less than 0.10. 

Therefore, we can conclude that the observed variability in the mean soma volume of 

interneurons is due to a true difference between cases rather than a lack of precision in the 

stereological methods employed (Gundersen et al., 1999, West, 2002).  
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Figure 5.5 Representative photomicrographs showing the morphology of GABAergic 
interneurons in the superior frontal cortex (BA8) of control and HD cases with different 
symptom profiles 
 

The figure shows the morphological changes of the three populations of interneurons (CB, 

PV, and CR) in the superior frontal cortex of representative control and HD cases with 

different symptom profiles (“motor”, “mood”, and “mixed”). 

 

A-D: Brodmann area 8 immunohistochemically stained for calbindin-D28k (CB) cells in 

layers II/III in the (A) control, (B) HD motor, (C) HD mood, and (D) HD mixed cases. Panel 

(B) shows clear morphological changes and degeneration of CB+ interneurons in the HD 

“motor” cases. 

 

E-H: Brodmann area 8 immunohistochemically stained for parvalbumin (PV) cells in layer V 

in the (E) control, (F) HD motor, (G) HD mood, and (H) HD mixed cases. Panels (F) and (H) 

show clear morphological changes and degeneration of PV+ interneurons in the HD “motor” 

and “mixed” cases. 

 

I-L: Brodmann area 8 immunohistochemically stained for calretinin (CR) cells in layers II/III 

in the (I) control, (J) HD motor, (K) HD mood, and (L) HD mixed cases. Panels (J), (K), and 

(L) show clear degeneration of CR+ interneurons in the HD “motor”, “mood”, and “mixed” 

cases.  

 

Scale bar A-L: 50 µm 
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Figure 5.5 
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Figure 5.6 Mean cell soma volume of interneurons in the superior frontal cortex of all 
HD cases compared to all controls 

 

 

 

 

 

 

 

 

 

 

 

 

 

The graph shows the mean soma volume of interneurons defined by the three calcium-binding 
proteins (CB+, CR+, and PV+ interneurons) in the superior frontal cortex of all HD cases compared to 
all controls. Error bars represent SEM. The cell soma volume was reduced by 19% in CB+, 29% in 
PV+ and 10% in CR+ interneurons. Note that any statistically significant change is indicated by a red 
arrow.  

 

Table 5.4 Variation in the mean cell soma volume of interneurons (CB+, PV+ and CR+) 
between HD and control groups in the superior frontal cortex 

 
Control HD 

Mean cell soma volume (µm³) of CB+ interneurons ± SEM 1257 ± 66.61 1012 ± 26.85 

Mean cell soma volume (µm³) of PV+ interneurons ± SEM 1849 ± 157.3 1320 ± 74.10 

Mean cell soma volume (µm³) of CR+ interneurons ± SEM 1027 ± 56.26 920.2 ± 73.63 

Sample size (n) 

CB+ : 7 

PV+ : 7 

CR+ : 7 

CB+ : 9 

PV+ : 9 

CR+ : 9 

Standard deviation (SD) 

CB+ : 176.2 

PV+ : 416.2 

CR+ : 148.8 

CB+ : 80.54 

 PV+ : 222.3 

CR+  : 220.9 

Percentage change (%) as compared to control 

 CB+ :    19% 

PV+ :     29% 

CR+ :     10% 
Note: significant cell loss is indicated in red text  
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5.6.2 The pattern of interneuron cell soma volume changes in correlation with the 

dominant HD symptom profile in the superior frontal cortex (Figure 5.7, Table 5.5) 

Next, the relationship between the soma volume of interneurons in the superior frontal cortex 

and variable symptomatology of HD was investigated. Based on their predominant symptom, 

all HD cases were categorised into three different groups (“motor”, “mood”, and “mixed”). 

 

The isotropic nucleator results demonstrated a significant change in the average cell soma 

volume of CB+ and PV+ interneurons in the superior frontal cortex, when comparing HD 

symptom sub-groups with controls. In the HD “motor” cases, the average cell soma volume 

of interneurons was reduced significantly by 21% for CB+ (P<0.05), and 34% for PV+ 

Interneurons (P<0.05); with a 13% reduction in the soma volume of CR+ interneurons 

(P>0.05). For the HD “mood” cases, the results showed that the soma volume of 

interneurons was reduced by 17% for CB+, 18% for PV+, and 16% for CR+ interneurons. 

These results are, however, not statistically significant (P>0.05). In the “mixed” cases, the 

cell soma size of CB+, PV+ and CR+ interneurons was reduced by 20% (P>0.05), 34% 

(P<0.05) and 3% (P>0.05), respectively (Figure 5.7, Table 5.5).  

 

The average coefficient of error (CE) for the mean cell soma volume of interneurons was less 

than 0.10 for all the control, and HD cases categorised into the three different symptom 

groups.  Therefore, we can conclude that the observed variability is due to a true difference in 

the soma volume of interneurons between cases rather than a lack of precision in the 

stereological methods employed (Gundersen et al., 1999, West, 2002).  



114 
 

Figure 5.7 Mean cell soma volume of interneurons in the superior frontal cortex in HD 
cases grouped according to the dominant symptom profile compared to all controls 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

The graph shows the mean soma volume of interneurons defined by the three calcium-binding 
proteins (CB+, CR+, and PV+) in the superior frontal cortex of the HD cases grouped according to the 
dominant symptom profile compared to the controls. Error bars represent SEM. In the HD “motor” 
sub-group, the cell soma volume of interneurons was reduced by 21% for CB+, 34% for PV+, and 
13% for CR+ interneurons. In the HD “mood” cases, the cell soma volume of interneurons was 
reduced by 17% for CB+, 18% for PV+, and 16% for CR+ interneurons. In the HD “mixed” cases, the 
cell soma volume of CB+, PV+, and CR+ interneurons was reduced by 20%, 34% and 3%, 
respectively. Note that statistically significant changes are indicated by red arrows.  

 

Table 5.5 Variation in the mean cell soma volume of interneurons (CB+, PV+ and CR+) 
between HD symptom sub-groups and controls in the superior frontal cortex 

 

 
Control 

HD 

Motor cases 

HD 

Mood cases 

HD 

Mixed cases 

Mean cell soma volume (µm³) of CB+ 
interneurons ± SEM 

1257 ± 66.61 995.0 ± 40.91 1042 ± 75.20 998.9 ± 25.20 

Mean cell soma volume (µm³) of PV+ 
interneurons ± SEM 

1849 ± 157.3 1220 ± 103.6 1522 ± 79.94 1219 ± 135.6 

Mean cell soma volume (µm³) of CR+ 
interneurons ± SEM 1027 ± 56.26  894.7 ± 150.5 863.9 ± 133.4 1002 ± 139.2 

Sample size (n) 
CB+ : 7 
PV+ : 7 
CR+ : 7 

CB+ : 3 
PV+ : 3 
CR+ : 3 

CB+ : 3 
PV+ : 3 
CR+ : 3 

CB+ : 3 
PV+ : 3 
CR+ : 3 

Standard deviation (SD) 
CB+ : 176.2 
PV+ : 416.2 
CR+ : 148.8 

CB+ : 70.86 
PV+ : 179.4 
CR+ : 260.7 

CB+ : 130.2 
PV+ : 138.5 
CR+ : 231.0 

CB+ : 43.65 
PV+ : 234.8 
CR+ : 241.1 

Percentage change (%) as 
compared to control 

 
CB+ :     21% 
PV+ :     34% 
CR+ :     13% 

CB+ :     17% 
PV+ :     18% 
CR+ :      16% 

CB+ :     20% 
PV+ :     34% 
CR+ :      3% 

Note: significant cell loss is indicated in red text  
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5.7 Summary (Figure 5.8) 

In summary, these results demonstrated a significant association between variable 

interneuron loss in the superior frontal cortex and the heterogeneous symptom profile in 

Huntington’s disease. As shown in Figure 5.8, the HD “motor” cases showed the largest 

extent of interneuron loss with a significant reduction in the population of all three 

interneuron sub-types (CB+, PV+ and CR+). The population of interneurons was also 

affected in the “mixed” (motor-mood) and “mood” cases, but to a lesser extent, Figure 5.8. 

Furthermore, a similar relationship was found between the pattern of interneuronal soma 

volume changes in the superior frontal cortex and variable symptomatology of HD (Figure 

5.7).  

Figure 5.8 Total number of interneurons in the superior frontal cortex of HD cases 
grouped according to their symptom profile 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The graph shows the extent of interneuron loss in the superior frontal cortex of the HD cases grouped 
according to their predominant symptom. The population of all three interneuron sub-types was 
significantly reduced in the “motor” cases. In the “mixed” cases, the population of PV+ and CR+ 
interneurons was affected. The “mood” cases showed the smallest degree of interneuron loss 
with a significant reduction in the population of CR+ interneurons only.  
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5.8 Discussion 

The present chapter provides a detailed account of the degeneration of GABAergic 

interneurons in the superior frontal cortex (BA8) in HD using immunohistochemistry and 

unbiased stereological techniques. The results showed a significant loss of all three 

interneuronal sub-types, when all HD cases were grouped together and compared with all 

controls (Figure 5.1). However, the extent of interneuron loss in the superior frontal cortex 

varied depending on the symptomatology of the HD cases (Figure 5.2).  

The association between the pattern of interneuron loss with striatal neuropathological 

grades, CAG repeat length, post-mortem interval, and age for each HD case was also 

investigated. The total number of interneurons was reduced significantly when the two 

HD grade groups were compared with controls. There was no significant change in the 

pattern of interneuron loss when associated with any of the other variables.  

To quantitatively investigate the morphological changes in the population of the remaining 

interneurons, the interneuronal soma volume (CB+, PV+, and CR+ interneurons) was 

measured using the isotropic nucleator. These results demonstrated a significant association 

between the variable pattern of interneuronal soma volume changes and HD 

symptomatology. 

5.8.1 The relationship between the extent of interneuron loss in the superior frontal cortex 

and the dominant symptom profile in HD 

The superior frontal cortex is subdivided into different cytoarchitectonically transitional areas 

which are involved in motor planning and executive processes, depending on their 

connectivity with the relevant areas of the brain. The involvement of the superior frontal 

cortex in many psychiatric and neurodegenerative disorders, including Huntington’s disease, 

has been previously reported. For example, the superior frontal cortex has been identified as 

one of the few cortical areas that are severely affected in the pre-manifest and early stage HD 

(Wolf et al., 2007, Rosas et al., 2008b). Furthermore, previous imaging studies have 

demonstrated a significant association between the dysfunction of the superior frontal cortex 

with motor and depressive symptoms in HD (Rosas et al., 2008b, Sprengelmeyer et al., 

2014). Therefore, considerable evidence indicates that the superior frontal cortex of HD 

patients is subject to a pathological process, but the nature of this at the cellular level is far 

from clear.  
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There are two main functional classes of cortical neurons: the excitatory glutamatergic 

pyramidal neurons, and the local circuit inhibitory GABAergic interneurons. Predominantly, 

most HD cortical studies have focused on the role of pyramidal neurons in the pathogenesis 

of Huntington’s disease. For example, Cudkowicz and Kowell (1990) observed a 30% 

reduction in the total number of SMI32+ pyramidal neurons in the superior frontal cortex. 

This is in agreement with the results of a recent study conducted in our laboratory which 

showed a significant 34% reduction in the population of SMI32+ pyramidal neurons in the 

superior frontal cortex of HD cases compared to controls (Nana et al., 2014). This study also 

showed that the pattern of pyramidal cell loss was associated with the symptom profile in HD 

i.e. there was a pronounced neuronal loss in the superior frontal cortex of the HD 

“motor” and “mixed” cases, with no significant cell loss in the “mood” cases (Nana et al., 

2014). While the selective vulnerability of pyramidal neurons in the superior frontal cortex in 

HD has been well documented, the role of interneurons in the neuropathology of HD has not 

been extensively studied. Therefore, the aim of the present chapter was to extend our earlier 

study on the superior frontal pyramidal neurons to interneurons. 

 

The results of the present study showed a significant reduction in the population of 

interneurons (CB+, PV+, and CR+) in the superior frontal cortex in HD. Contrasting 

observations have been reported regarding the extent and significance of interneuron loss in 

the superior frontal cortex in HD (Cudkowicz and Kowall, 1990, Ferrer et al., 1994, 

Macdonald and Halliday, 2002). These observations suggest a heterogeneous pattern of 

interneuron loss in different functional cortical regions in HD.  

 

To investigate the association between the pattern of interneuron loss in the superior frontal 

cortex and variable HD symptomatology, the HD cases were categorised into three groups 

according to their predominant symptom profile. In the “motor” cases, there was a 

significant loss of all three sub-populations of interneurons. In the “mixed” (motor-

mood) cases, a significant loss of both PV+ and CR+ interneurons was observed; while in 

the “mood” cases, only the CR+ interneurons were significantly affected. The differential 

extent of interneuron loss based on the predominant symptom profile could be a reflection of 

the functionality of this specific area of the superior frontal cortex. Brodmann area 8 (BA8), 

has been shown to be connected with the primary motor cortex and premotor area (BA6), and 
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therefore is thought to be involved in initiation and control of movement, especially eye 

movement (Fulton, 1935, Künzle and Akert, 1977, Wise, 1985, Arikuni et al., 1988, Freund, 

1989). However, human neuroimaging studies have shown that the superior frontal cortex is 

active not only during demanding motor tasks, but also during various cognitive tasks 

(Roland et al., 1980a, Arikuni et al., 1988, Deiber et al., 1991, Deiber et al., 1997, Grafton et 

al., 1998, Hanakawa et al., 2002). Also, neuroanatomical evidence has revealed that the 

caudal parts of the superior fontal cortex have a close relationship with motor cortices; 

whereas the rostral parts of this area have a close connectional relationship with the prefrontal 

cortex (Barbas and Pandya, 1987, Luppino et al., 1993, Lu et al., 1994). Indeed, the 

dysfunction of this area has been shown in different mood disorders, such as depression and 

bipolar disorder (Hashimoto et al., 2007). Since movement is constantly under the influence 

of emotional flux (Coombes et al., 2005), and the superior frontal cortex is connected to both 

motor and mood areas of the brain, we can speculate that this area of the cortex is also 

involved in integrating the emotional aspect of movement control. Together, these results 

suggest that the function of the superior frontal cortex is not restricted to motor control, but it 

is also involved in processing mood and cognitive information.  

 

Due to their inhibitory interactions with pyramidal neurons, GABAergic interneurons have a 

major role in modulating the cortical output. As shown in Figure 5.9, different morphological 

forms of inhibitory GABAergic interneurons are known to synapse onto distinct components 

of the cortical pyramidal neurons (soma, dendrites and axon) in a layer-specific manner 

(Reyes et al., 1998, Larkum et al., 1999, Thomson and Bannister, 2003). The calcium-binding 

proteins calretinin (CR) and calbindin-D28k (CB) are expressed by interneurons that are 

found throughout layers II-VI, but are mainly located in the upper layers II and III. These 

interneurons are thought to be involved in the cortico-cortical interactions of pyramidal 

neurons by influencing the pyramidal dendritic processing such as generation and 

propagation of calcium transients, and integration of synaptic inputs (Traub, 1995, Larkum et 

al., 1999, Markram et al., 2004). The calcium-binding protein parvalbumin (PV) is expressed 

by non-pyramidal neurons that make axo-somatic or axo-axonic contacts with pyramidal 

neurons, and exert powerful inhibitory actions on pyramidal neurons to shape their action 

potential discharge (Jones and Hendry, 1984, Buhl et al., 1995, Miles et al., 1996, del Rı́o and 

DeFelipe, 1997, Kawaguchi and Kubota, 1997, Kawaguchi and Kondo, 2002). Thus, the loss 

of interneurons (CB+, PV+, and CR+) in the superior frontal cortex in HD suggests that the 
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inhibitory actions of these interneurons are severely affected, and this may disrupt the 

cortico-cortical and corticostriatal connections. Also, loss of cortical inhibition may lead to 

hyper-excitability of pyramidal neurons and thereby result in striatal excitotoxicity in HD 

(Flint Beal, 1994, Beal, 1995, Sieradzan and Mann, 2001). 

 

It was most interesting to note that the population of CB+ interneurons in the superior frontal 

cortex was only affected (significantly) in the HD “motor” cases. This is in line with our 

observations in the primary sensory cortex, where we observed a significant 67% reduction 

of CB+ interneurons in the HD “motor” cases only (Chapter 4). This reinforces the 

important physiological role of the calcium binding protein calbindin-D28k in controlling 

cell-dependent motor behaviour, as discussed in Chapter 4 (Airaksinen et al., 1997, Barski et 

al., 2003, Tippett et al., 2007). 

 

In summary, this is the first study to demonstrate that there is a major significant loss of all 

three interneuron populations (CB, PV, CR) in the superior frontal cortex. The extent of 

interneuron loss was shown to be associated with the symptomatology of HD, with the HD 

“motor” sub-group being the most affected, and the HD “mood” sub-group the least. This 

suggests a critical role for cortical interneurons in the pathogenesis of Huntington’s disease.
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Figure 5.9 Schematic diagram showing the association between the patterns of 
pyramidal and interneuron cell loss in the HD superior frontal cortex according to the 
dominant symptom profiles of HD cases 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note that the pattern of SMI32+ pyramidal and interneuron loss in the superior frontal cortex is 

associated with “motor” and “mood” clinical symptomatology of HD  

HD motor cases:  

52% loss of SMI32+ pyramidal neurons 

44% loss of CB+ interneurons 

64% loss of PV+ interneurons 

48% loss of CR+ interneurons 

HD mood cases: 

No loss of SMI32+ pyramidal neurons 

No loss of CB+ or PV+ interneurons 

43% loss of CR+ interneurons 
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5.8.2 The relationship between the extent of interneuron loss in the superior frontal cortex 

and striatal neuropathological grades in HD 

To investigate the association between the superior frontal interneuron loss and striatal 

neuropathology in HD, all HD cases were categorised into two groups based on their 

Vonsattel neuropathological grading (grade 0-1, and grade 2-3). In general, there was a 

significant loss of interneurons in both HD grade sub-groups when compared to the control 

cohort. However, no significant difference was observed when the two HD sub-groups were 

compared to each other. On average, in the grade 0-1 group, the population of interneurons 

was decreased by 29% for CB+ (P>0.05), 57% for PV+ (P<0.05), and 46% for CR+ (P<0.05) 

cells. In the grade 2-3 group, the mean total number of interneurons was decreased by 37% 

for CB+ (P<0.05), 53% for PV+ (P<0.05), and 44% for CR+ (P<0.05) cells. These findings are 

in line with a previous study done in our laboratory, where a significant loss of SMI32+ 

pyramidal neurons was observed in the grade 2-3 group compared to the controls (Nana et al., 

2014). In the present study, there is no clear grade-wise trend towards a greater loss of 

GABAergic interneurons in the superior frontal cortex with advancing HD striatal grades. 

However, it is important to note that each of the HD grade sub-groups has an approximate 

equal distribution of cases with different symptom profiles i.e. the grade 0-1 group  includes 

one “mood”, one “motor” and two “mixed” cases; and the grade 2-3 group includes one 

“mixed”, two “motor” and two “mood” cases. Therefore, this could suggest that the 

degeneration of interneurons in the superior frontal cortex has a stronger association with HD 

symptomatology than the striatal neuropathological grade.  

5.8.3 Correlation between the extent of interneuron loss in the superior frontal cortex and 

the CAG repeat length, post-mortem interval, and age at death in HD 

The correlation between interneuronal loss in the superior frontal cortex with CAG repeat 

length, post-mortem interval (PMI), and age at death was also investigated. The close 

association between striatal pathology and the number of CAG repeats in HD has been well 

established (Penny, et al., 1997; Vonsattel, et al., 2008). However, the existence of a link 

between cortical pathology, especially interneuron loss, and the CAG repeat length is still 

unclear. In the present study, the Pearson correlation test showed no significant correlation 

between the loss of interneurons in the superior frontal cortex and the CAG repeat length in 

HD cases (Figure 5.4).  
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The analysis of post-mortem interval showed no overall correlation between the total number 

of interneurons in the superior frontal cortex of HD cases and PMI. This suggests that the 

differences in time interval between death and tissue processing did not influence any 

possible resultant modifications in neuronal immunoreactivity in this study. 

 

Pakkenburg and Gundersen (1997) have demonstrated an association between the decreasing 

numbers of cortical neurons with increasing age. However, the results from the present study 

showed no significant correlation between the total number of interneurons in the superior 

frontal cortex and age at death in HD cases. In line with the present study, a previous study 

on the age-related changes in the population of neurons expressing the three calcium-binding 

proteins (CB, PV, and CR) demonstrated no significant reduction in the total number of these 

cells in the human primary motor cortex (Bu et al., 2003). Taken together, these results 

indicate that the relationship between the total number of interneurons in the superior frontal 

cortex with the symptom profile described above can be regarded as separate from the 

influence of CAG repeat length, post-mortem interval, and age of the HD cases used in this 

study. 

 

5.8.4 The pattern of interneuron cell soma volume changes in the superior frontal cortex 

in Huntington’s disease 

In many neurodegenerative diseases, the remaining cells show degenerative changes in terms 

of size, shape, and morphology. Although these changes are not specific, they might 

represent ongoing pathogenesis of neurons (Kanazawa, 2001, Graeber and Moran, 2002). 

Therefore, the isotropic nucleator was used to investigate the effect of HD on the soma 

volume of the remaining interneurons in the superior frontal cortex. The results showed that 

the average soma volume of interneurons was reduced by 19% in CB+ (P<0.05), 29% in 

PV+ (P<0.05), and 10% in CR+ (P>0.05) interneurons, when all HD cases were grouped 

together and compared with controls. To investigate the effect of HD symptomatology on 

interneuronal soma volume, the HD cases were then grouped according to their symptom 

profile. In the HD “motor” cases, the soma volume of interneurons was reduced by 21% in 

CB+ (P<0.05), 34% in PV+ (P<0.05), and 13% in CR+ (P>0.05) interneurons. In the HD 

“mixed” cases, the average soma volume of interneurons was reduced by 20% in CB+ 

(P>0.05), 34% in PV+ (P<0.05), and 3% in CR+ (P>0.05) interneurons. In the “mood” cases, 
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the soma size of interneurons was reduced by 17% in CB+ (P>0.05), 18% in PV+ (P>0.05), 

and 16% in CR+ (P>0.05) interneurons. It is most interesting to note that the decline in the 

interneuronal soma volume in the HD superior frontal cortex follows the same pattern as the 

loss of interneurons, with the “motor” cases showing the largest degree of soma atrophy, and 

the “mood” cases showing the least. Also, similar to the pattern of interneuron loss, the soma 

volume of CB+ interneurons was significantly reduced only in the HD “motor” symptom 

category. These changes in the soma volume of interneurons in the superior frontal cortex 

could be indicative of ongoing neuronal dysfunction which precedes cell death in HD. 

 

As mentioned earlier, cell soma atrophy is known to be a common ongoing pathological 

process occurring in many neurodegenerative disorders. In Parkinson’s disease, for example, 

nearly 50% of the remaining nigral neurons undergo cellular shrinkage (Kanazawa, 2001). A 

post-mortem study of Schizophrenia and Huntington’s disease has reported a significant 

reduction in the cell soma size of cortical neurons in the schizophrenic prefrontal cortex. 

Also, in the HD prefrontal cortex, mean neuronal size was decreased; but after considering 

the density of the remaining neurons, this reduction in cell size was attributed to loss of larger 

pyramidal neurons in this region (Rajkowska et al., 1998). These changes in the cell soma 

volume of the remaining neurons in different neurodegenerative diseases could represent 

dysfunctional cells at different stages of neuronal degeneration.  

 

In summary, these results demonstrated a significant reduction in the cell soma volume of 

interneurons in the superior frontal cortex in HD. The cell soma atrophy followed the same 

pattern as interneuron loss in this area of the brain, which could be indicative of a strong 

association between morphological changes, degeneration of interneurons, and 

symptomatology in HD. It would be most interesting to follow up with further studies to 

detect changes in dendritic branching and other morphological features of interneurons in this 

region.  
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5.9 Conclusion 

The present study demonstrated a differential extent of interneuron loss in the superior frontal 

cortex based on the symptom profile of the HD cases. The superior frontal cortex is involved 

in the integration of motor, mood and cognitive information based on its extensive cortico-

cortical and corticostriatal connectivity. Therefore, loss of inhibitory signals in this region 

may lead to the disruption of cortical outputs, which in turn could result in the manifestation 

of different symptoms in HD (motor, mood, or mixed). Furthermore, following the same 

pattern as cell loss, the soma volume of the remaining interneurons was shown to decline 

significantly in this region of the brain. These results suggest a strong relationship between 

the morphological changes, degeneration of interneurons, and symptomatology in HD. 
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Chapter 6: Results 

Interneuronal Changes in the Superior Parietal 

Cortex in Huntington’s Disease  

6.1 Introduction 

Huntington’s disease (HD) is a fatal genetic disorder that causes neurodegeneration via a 

poorly understood mechanism. Neurodegeneration of the cerebral cortex in HD occurs in a 

topographically selective and progressive manner, which is thought to contribute to the 

clinical heterogeneity of the disease. For example, previous studies conducted in our 

laboratory have demonstrated a strong association between neurodegeneration in the primary 

cortical regions (the primary motor cortex and cingulate gyrus) and symptom heterogeneity in 

HD (Thu et al., 2010, Kim et al., 2014). However, little is known about the contribution of 

neurodegeneration in association areas, such as the superior frontal cortex (see Chapter 5) and 

the superior parietal cortex, to the clinical phenotype of HD. 

 

The superior parietal cortex is an association area framed by the parieto-occipital sulcus, the 

intra-parietal sulcus and the post-central sulcus. Due to its connection with different cortical 

and sub-cortical regions, the superior parietal cortex serves a crucial role in many 

sensorimotor, cognitive and visual inputs (Cavada and Goldman‐Rakic, 1989, Behrmann et 

al., 2004). Previous MRI studies have demonstrated a significant thinning of the superior 

parietal cortex (BA7) in early stages of HD (Rosas et al., 2008a). In line with neuroimaging 

investigations, our recent pathological study demonstrated a significant 30% reduction in the 

total number of SMI32+ pyramidal neurons in the HD superior parietal cortex (Nana et al., 

2014). Also, this study reported a correlation between the loss of pyramidal cells in this 

region of the brain and the motor symptoms in HD. 

 

While specific pyramidal cell loss has been reported in previous studies, detailed studies on 

the cellular and morphological abnormalities of the inhibitory GABAergic interneurons in the 
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HD superior parietal cortex, and its relation to the variable symptom profiles in HD have not 

been undertaken. Therefore, the main aims of this chapter are to investigate: 

i) The extent of GABAergic interneuron loss in the superior parietal cortex 

(Brodmann area 7) in HD;  

ii) The association between loss of GABAergic interneurons in the superior parietal 

cortex (Brodmann area 7) and HD symptom profile; 

iii) Changes in the cell soma volume of GABAergic interneurons in the superior 

parietal cortex (Brodmann area 7) in HD; and 

iv) The association between changes in the cell soma volume of GABAergic 

interneurons and HD symptom profile. 

The three different sub-populations of interneurons (calbindin+, parvalbumin+ and calretinin+) 

were specifically identified in the superior parietal cortex (right hemisphere) of 9 HD (HC77, 

HC68, HC75, HC101, HC95, HC85, HC107, HC86, HC79) and 9 neurologically normal 

control cases (H120, H129, H115, H132, H111, H121, H118, H136, H112) (for case details, 

see Chapter 3, Table 3.1 and 3.2). Design-based stereological methods were used to estimate 

the total number of interneurons (optical fractionator) and their soma volume (isotropic 

nucleator) in a sub-region (SP0/SP1 block) of the superior parietal cortex (see Chapter 3 for 

detailed methodology). The stereological results in this chapter were analysed using one-way 

ANOVA, followed by Dunnett’s or Tukey’s HSD post-hoc test, where appropriate. P-values 

< 0.05 were considered significant (statistical significance expressed as *P< 0.05, **P< 0.01, 

***P< 0.001). The results were compared and correlated to the dominant HD symptom 

profile, striatal neuropathological grade, CAG repeat lengths, post-mortem interval (PMI), 

and age of each individual HD case.  
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6.2 The pattern of interneuron loss in the superior parietal cortex 

in Huntington’s disease (Figure 6.1, Table 6.1) 

The stereological results demonstrated a significant 21% reduction in the total number of 

PV+ interneurons, when all HD cases were grouped together and compared with all controls. 

The results also showed a reduction in the total number of CB+ and CR+ interneurons by 5% 

and 11%, respectively. However, these results were not statistically significant. 

  

Note that there was a considerable variation in the total number of interneurons in the 

superior parietal cortex within the control and HD groups, as shown by the large standard 

deviations (Table 6.1). The variation was generally greater within the control cohorts, with 

the exception of CB+ interneurons where the HD group showed a larger standard deviation 

from the mean, see Table 6.1. The total number of interneurons in the control cohorts ranges 

from 2.0×106 to 3.9×106 for CB+ interneurons, 2.9×106 to 6.5×106 for PV+ interneurons, and 

4.3×106 to 8.7×106 for CR+ interneurons. For the HD group, the range changes to 1.8×106-

4.4×106 for CB+ interneurons, 2.4×106- 3.1×106 for PV+ interneurons, and 3.2×106- 8.2×106 

for CR+ interneurons. 

 

For all stereological analyses of the HD and control cases carried out using the optical 

fractionator, the average coefficient of error (CE) for the total number of interneurons (N) for 

each marker was less than 0.10. This reinforces that the observed variability is due to a true 

difference in the number of interneurons between cases rather than a lack of precision in 

the stereological counting methods employed (Gundersen et al., 1999, West, 2002). 
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Figure 6.1 Total number of interneurons in the superior parietal cortex in all HD cases 
compared to all control cases 

  

 

 

 

 

 

 

 

 

 

 

The graph shows the total number of interneurons defined by the three calcium-binding proteins 
(calbindin, parvalbumin, and calretinin-positive interneurons) in the superior parietal cortex of HD 
cases compared to control cases. Error bars represent SEM. The graph shows a significant reduction 
in the total number of parvalbumin-positive interneurons in the superior parietal cortex of all HD cases 
compared to all controls. 

 

Table 6.1 Variation in the total number of interneurons (CB+, PV+ and CR+) between 
HD and control groups in the superior parietal cortex 

 

 
Control HD 

Total number of CB+ interneurons ± SEM 3.249 x106 ± 234955 3.084 x106 ± 299797 

Total number of PV+ interneurons ± SEM 4.854 x106 ± 376396 3.809 x106 ± 255546 

Total number of CR+ interneurons ± SEM 6.399 x106 ± 533757  5.711 x106 ± 503921 

Sample size (n) 
CB+ : 9 
PV+ : 9 
CR+ : 9 

CB+ : 9 
PV+ : 9 
CR+ : 9 

Standard deviation (SD) 
CB+ : 704864 
PV+ : 1129000 
CR+ : 1601000 

CB+ : 899391 
PV+ : 766637 
CR+ : 1512000 

Percentage change (%) as compared to control  
CB+ :     5% 
PV+ :     21% 
CR+ :     11% 

Note: significant cell loss is indicated in red text  
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6.3 The pattern of interneuron loss in the superior parietal cortex 

in Huntington’s disease compared with the dominant HD 

symptom profile (Figure 6.2, Table 6.2) 

Next, the relationship between the pattern of interneuron loss in the superior parietal cortex 

and the dominant HD symptom profile was investigated. The 9 HD cases were categorised 

into three groups based on their predominant symptom profile; two cases were classified as 

mainly “motor” (HC68, HC75), three cases were classified as mainly “mood” (HC101, 

HC85, HC95), and four cases were classified as “mixed” (HC77, HC86, HC107, HC79). The 

extent of interneuron loss in the superior parietal cortex was then compared between these 

groups.  

 

In the HD “motor” group, the total number of interneurons was reduced by 15% in CB+, 

36% in PV+, and 33% in CR+ interneurons. These results, however, were not statistically 

significant. In the HD “mood” cases, there was a small (9%) but not significant (P>0.05) 

reduction in the total number of PV+ interneurons. In the “mixed” cases, the total number of 

CB+ and CR+ interneurons was reduced by 8% (P>0.05) and 17% (P>0.05), respectively. 

According to the one-way ANOVA, followed by Tukey’s HSD post-hoc test, there was no 

significant difference in the total number of interneurons between the three different 

symptom cohorts. In summary, the total number of interneurons (CB+, PV+, and CR+) 

was not significantly changed, when the three HD symptom groups were compared with the 

control group (Figure 6.2). 

 

The average coefficient of error (CE) for the total number of interneurons was less than 0.10 

for all the control, and HD cases categorised into the three different symptom subgroups. 

Therefore, it can be concluded that the observed variability is due to a true difference in the 

number of interneurons between the control and HD cases rather than a lack of precision in 

the stereological counting methods employed (Gundersen et al., 1999, West, 2002). 
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Figure 6.2 Total number of interneurons (CB+, PV+ and CR+) in the superior parietal 
cortex in HD cases grouped according to the dominant HD symptom profile compared 
to controls 

(A) Total number of calbindin-positive (CB+) interneurons in the superior parietal cortex of HD 

cases grouped according to symptom profile compared to control cases: The graph shows the 
variation in the mean total number of CB+ interneurons in the superior parietal cortex of 2 HD brains 
with predominantly “motor” symptoms, 3 HD brains with predominantly “mood” symptoms, and 4 
HD cases with “mixed” symptoms compared to 9 control cases. Error bars represent SEM. The total 
number of CB+ interneurons was reduced by 15% in “motor”, and 8% in “mixed” HD cases. These 
changes are, however, not statistically significant.  

 

(B) Total number of Parvalbumin-positive (PV+) interneurons in the superior parietal cortex in 

HD cases grouped according to symptom profile compared to control cases: the graph shows 
the variation in the total number of PV+ interneurons in the superior parietal cortex of 2 HD brains with 
predominantly “motor” symptoms, 3 HD brains with predominantly “mood” symptoms, and 4 HD 
cases with “mixed” symptoms compared to 9 control cases. The total number of PV+ interneurons 
was reduced by 36% in “motor”, 9% in “mood”, and 24% in “mixed” cases. These results, 
however, are not statistically significant. 

 

(C) Total number of Calretinin-positive (CR+) interneurons in the superior parietal cortex in 

HD cases grouped according to symptom profile compared to control cases: the graph shows 
the variation in the total number of CR+ interneurons in the superior parietal cortex of 2 HD brains with 
predominantly “motor” symptoms, 3 HD brains with predominantly “mood” symptoms, and 4 HD 
cases with “mixed” symptoms compared to 9 control cases. Error bars represent SEM. The total 
number of CR+ interneurons was reduced by 33% in “motor” (P>0.05), and 17% in “mixed” 
(P>0.05) cases.  

Note that the total number of interneurons in each control, “motor”, “mood” and “mixed” case is 
indicated by a circle, diamond, square and triangle, respectively. 

In summary, the graph shows the total number of CB+ interneurons (A), PV+ interneurons (B) and 
CR+ interneurons (C) in the superior parietal cortex of the control and HD symptom groups. The total 
number of interneurons (CB+, PV+, and CR+) was not significantly changed in the three different HD 
symptom groups.  
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Figure 6.2 Total number of interneurons (CB+, PV+ and CR+) in the superior parietal 

cortex in HD cases grouped according to the dominant symptom compared to controls 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



132 
 

Table 6.2 Variation in the total number of interneurons (CB+, PV+ and CR+) between 
HD symptom sub-groups and control groups in the superior parietal cortex 

  

 
Control 

HD 

Motor cases 

HD 

Mood cases 

HD 

Mixed cases 

Total number of CB+ 
interneurons /106  ± SEM 

3.249 ± 234955 2.763 ± 923100 2.794 ± 419603 2.989 ± 453193 

Total number of PV+ 
interneurons /106 ± SEM 

4.854 ± 376396 3.119 ± 629120 4.407 ±  417553 3.706 ± 257709 

Total number of CR+ 
interneurons /106 ± SEM 

6.399 ± 533757  4.798 ± 1179000 6.849 ± 737290 5.313 ± 710446 

Sample size (n) 
CB+ : 9 
PV+ : 9 
CR+ : 9 

CB+ : 2 
PV+ : 2 
CR+ : 2 

CB+ : 3 
PV+ : 3 
CR+ : 3 

CB+ : 4 
PV+ : 4 
CR+ : 4 

Standard deviation (SD) 

CB+ : 704864 
PV+ : 1129000 
CR+ : 1601000 

CB+ : 1305000 
PV+ : 889710 
CR+ : 1667000 

CB+ : 925612 
PV+ : 723223 
CR+ : 1277000 

CB+ : 906386 
PV+ : 515417 
CR+ : 1421000 

Percentage change (%) 
as compared to control 

 CB+ :    15% 

PV+ :     36% 

CR+ :     33% 

CB+ :     5% 

PV+ :     9% 

CR+ :     7% 

CB+ :     8% 

PV+ :     24% 

CR+ :     17%  
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6.4 The pattern of interneuron loss in the superior parietal cortex 

in Huntington’s disease compared with HD striatal 

neuropathological grade (Figure 6.3, Table 6.3) 

All 9 HD cases used in this study were independently examined by a neuropathologist (Dr. B. 

Synek), and each case was graded according to their striatal neuropathology using the 

Vonsattel grading criteria (Vonsattel et al., 1985, Vonsattel and DiFiglia, 1998). The grades 

of the HD cases ranged from 0 to 4. There were four HD grade 0-1 cases (HC68, HC79, 

HC86, HC101), one HD grade 2 case (HC95), three HD grade 3 cases (HC75, HC85, 

HC107), and one HD grade 4 case (HC77), for case details see Table 3.1, Chapter 3. 

 

In order to investigate the relationship between striatal neuropathology and cell loss in the 

superior parietal cortex, the HD stereological counting results were grouped according to 

their neuropathological grade (group 0-1, and group 2-4), and compared with the control data. 

The results demonstrated no significant changes in the total number of superior parietal 

interneurons (CB+, PV+, CR+), when the early stage (grade 0-1) and advanced (grade 2-4) HD 

groups were compared to the control cohort. On average, in the HD grade 0-1 group, the total 

number of interneurons was reduced by 21% in CB+ (P>0.05), 25% in PV+ (P>0.05), and 

29% in CR+ (P>0.05) cells. In the HD grade 2-4 group, there was a 19% reduction in the total 

number of PV+ interneurons (Figure 6.3, Table 6.3). However, these results were not 

statistically significant. In summary, the total number of interneurons in the superior parietal 

cortex was not significantly reduced in the early or advanced stages of HD. 

 

The average coefficient of error (CE) for the total number of interneurons (N) was less than 

0.10 for all the control, and HD cases grouped according to their striatal pathological grade 

(grade 0-1, and grade 2-4). Therefore, it can be concluded that the observed variability 

between cases is due to a true difference in the number of interneurons rather than a lack of 

precision in the stereological sampling methods (Gundersen et al., 1999, West, 2002). 
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Figure 6.3 Superior parietal cortical interneuron loss (CB+, PV+ and CR+) in HD cases 
grouped according to striatal neuropathological grade compared to controls 

 

 

 

 

 

 

 

 

 

 
 
The graph shows the total number of interneurons defined by the three calcium-binding proteins (CB+, 
CR+, and PV+ interneurons) in the superior parietal cortex of HD brains grouped according to their 
striatal neuropathological grade and control cases. In the HD grade 0-1 group, the total number of 
interneurons was reduced by 21% in CB+, 25% in  PV+, and 29% in CR+ interneurons. These 
changes, however, were not statistically significant. In the HD grade 2-3 group, there was a 19% loss 
of PV+ interneurons (P>0.05).  
 

Table 6.3 Variation in the total number of interneurons (CB+, PV+ and CR+) between 
HD grade sub-groups and control groups in the superior parietal cortex 

 

 
Control 

HD 

Grade 0-1 

HD 

Grade 2-4 

Total number of CB+ interneurons/106 ± 
SEM 

3.249 ± 234955 2.573 ± 513519 3.492 ± 267485 

Total number of PV+ interneurons/106  ± 
SEM 

4.854 ± 376396 3.638 ± 476101  3.946 ± 297586 

Total number of CR+ interneurons/106  ± 
SEM 

6.3999  ± 533757  5.884 ± 942896  5.572 ± 608236 

Sample size (n) 

CB+ : 9 

PV+ : 9 

CR+ : 9 

CB+ : 4 

PV+ : 4 

CR+ : 4 

CB+ : 5 

PV+ : 5 

CR+ : 5 

Standard deviation (SD) 

CB+ : 704864 

PV+ : 1129000 

CR+ : 1601000 

CB+ : 1027000 

PV+ :  952202 

CR+ : 1886000 

CB+ : 598116 

PV+ : 665422 

CR+ : 1360000 

Percentage change (%) as compared to 
control 

 CB+ :     21% 

PV+ :     25% 

CR+ :     29% 

CB+ :     8% 

PV+ :     19% 

CR+ :     4% 



135 
 

6.5 The pattern of interneuron loss in the superior parietal cortex 

in Huntington’s disease compared with CAG repeat length, post-

mortem interval (PMI), and age (Figure 6.4) 

Next, the total number of interneurons (CB+, PV+, CR+) in the superior parietal cortex was 

correlated with CAG repeat length, post-mortem interval (PMI), and age of the 9 HD cases 

(Figure 6.4).  

 

CAG repeat length: 

The Pearson correlation test showed that there was no significant correlation between the 
total number of CB+ (r= 0.3896 P=0.2999), PV+ (r= 0.3520, P=0.3530) and CR+ (r= 0.4171, 
P=0.2641) interneurons in the superior parietal cortex and the CAG repeat length (Figure 6.4, 
panels A, D, and G).  

 

Post-mortem interval: 

No significant correlation was observed between post-mortem interval and the total number 

of CB+ (r= -0.2136, P=0.5810), PV+ (r= 0.4425, P=0.2330), and CR+ (r= 0.0143, P=0.9708) 

interneurons in the HD superior parietal cortex (Figure 6.4, panels B, E, and H).  

 

Age: 

There was no significant correlation between age at death and the total number of 

CB+ (r= 0.0643, P=0.8693), PV+ (r= -0.4931, P=0.1774) and CR+ (r= 0.1387, 

P=0.7220) interneurons in the HD superior parietal cortex (Figure 6.4, panels C, F, 

and I).  
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Figure 6.4 Correlation between the total number of interneurons in the HD superior 
parietal cortex with CAG repeat length, post-mortem interval, and age at death 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

This figure shows the correlation between the total number of interneurons in the superior parietal 
cortex of 9 HD cases with CAG repeat length, post-mortem interval, and age at death. No significant 
changes were observed between the total number of interneurons and any of the three variables 
(CAG repeat, PMI, and age).  
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6.6 The pattern of cell soma size changes in the superior parietal 

cortex in Huntington’s disease using the isotropic nucleator 

To assess the cell soma volume of the three interneuronal populations, the isotropic nucleator 

was used to quantitatively measure the soma volume of the interneurons in the superior 

parietal cortex of 9 HD and 9 control cases. 

 

6.6.1. The pattern of cell soma size changes in the superior parietal cortex in all HD cases 
compared to all control cases (Figure 6.5, Figure 6.6, Table 6.4) 
When comparing all HD cases with all controls, the isotropic nucleator results showed that 

the average cell soma volume of CB+ and PV+ interneurons was reduced by 8% and 4%, 

respectively, with no significant reduction in the soma volume of CR+ interneurons (Figure 

6.6, Table 6.4) . However, these results were not statistically significant (P>0.05, two-sided 

Student’s t-test).  

 

For the stereological analyses of all HD and control cases, the average coefficient of error 

(CE) for the mean cell soma volume for each interneuron marker was less than 0.10. This 

reinforces that the observed variation in the mean soma volume of interneurons is due to true 

biological differences rather than lack of precision in the stereological sampling techniques 

(Gundersen et al., 1999, West, 2002).  
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Figure 6.5 Representative photomicrographs showing the morphology of GABAergic 
interneurons in the superior parietal cortex (BA7) of control and HD cases with 
different symptom profiles 
 

The figure shows the morphology of the three populations of interneurons (CB, PV, and CR) 

in the superior parietal cortex of representative control and HD cases with different symptom 

profiles (“motor”, “mood”, and “mixed”). Note that no overt morphological changes were 

observed in the HD symptom sub-groups when compared to the controls. 

 

A-D: Brodmann area 7 immunohistochemically stained for calbindin-D28k (CB) cells in 

layers II/III of a representative (A) control, (B) HD motor, (C) HD mood, and (D) HD mixed 

case.  

 

E-H: Brodmann area 7 immunohistochemically stained for parvalbumin (PV) cells in layer V 

in a representative (E) control, (F) HD motor, (G) HD mood, and (H) HD mixed case.  

 

I-L: Brodmann area 7 immunohistochemically stained for calretinin (CR) cells in layers II/III 

in a representative (I) control, (J) HD motor, (K) HD mood, and (L) HD mixed case. 

 

Scale bar A-L: 50 µm 
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Figure 6.5  
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Figure 6.6 Mean cell soma volume of interneurons in the superior parietal cortex of all 
HD cases compared to all controls 
 

 

 

 

 

 

 

 

 

 

 

The graph shows the mean cell soma volume of interneurons defined by the three calcium-binding 
proteins (CB+, CR+, and PV+ interneurons) in the superior parietal cortex of all HD cases compared to 
all controls. Error bars represent SEM. The cell soma volume was reduced by 8% in CB+, and 4% in 
PV+ interneurons. However, these changes were not statistically significant. 

 

Table 6.4 Variation in the mean cell soma volume of interneurons (CB+, PV+ and CR+) 
between HD and control groups in the superior parietal cortex 

 
Control HD 

Mean cell soma volume (µm³) of CB+ interneurons ± SEM 944.3 ± 19.78 864.7 ± 40.06 

Mean cell soma volume (µm³) of PV+ interneurons ± SEM 1760 ± 55.55  1693± 88.42 

Mean cell soma volume (µm³) of CR+ interneurons ± SEM 1036 ± 31.19 1053 ± 53.29 

Sample size (n) 

CB+ : 9 

PV+ : 9 

CR+ : 9 

CB+ : 9 

PV+ : 9 

CR+ : 9 

Standard deviation (SD) 

CB+ : 59.34 

PV+ : 166.7 

CR+ : 93.57 

CB+ : 120.2 

 PV+ : 265.3 

CR+  : 159.9 

Percentage change (%) as compared to control 

 CB+ :     8% 

PV+ :     4% 

CR+ :     2%  
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6.6.2 The pattern of interneuron cell soma volume changes in correlation with the 

dominant HD symptom profile in the superior parietal cortex (Figure 6.7, Table 6.5)  

Next, the relationship between the soma volume of interneurons in the superior parietal 

cortex and variable symptomatology of HD was investigated. Based on their predominant 

symptom, all HD cases were categorised into three different groups (“motor”, “mood”, and 

“mixed”).   

 

In the HD “motor” cases, the average cell soma volume of interneurons in the superior 

parietal cortex was reduced by 17% in CB+, 7% in PV+, and 12% in CR+ cells. These results 

were, however, not statistically significant. For the HD “mood” cases, the results showed a 

7% reduction in the cell soma volume of CB+ interneurons (P>0.05). In the “mixed” cases, 

the cell soma volume of CB+ and PV+ interneurons was reduced by 7% (P>0.05) and 10% 

(P>0.05), respectively (Figure 6.7, Table 6.5). 

 

The average coefficient of error (CE) for the mean cell soma volume of interneurons was less 

than 0.10 for all the control, and HD cases categorised into three different symptom groups, 

reinforcing the precision of the stereological methods employed, and eliminating the prospect 

of variation due to sampling (Gundersen et al., 1999, West, 2002). 
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Figure 6.7 Mean cell soma volume of interneurons in the superior parietal cortex in HD 
cases grouped according to the dominant symptom profile compared to all controls 

 

 

 

 

 

 

 

 

 

 

The graph shows the mean cell soma volume of interneurons defined by the three calcium-binding 
proteins (CB+, CR+, and PV+ interneurons) in the superior parietal cortex of the HD cases grouped 
according to the dominant symptom profile compared to the controls. Error bars represent SEM. In 
the HD “motor” sub-group, the cell soma volume of interneurons was reduced by 17% in CB+, 7% in 
PV+, and 12% in CR+ interneurons. These changes, however, were not statistically significant. In the 
HD “mood” cases, the cell soma volume of CB+ interneurons was reduced by 7% (P>0.05). In the 
HD “mixed” cases, the cell soma volume of CB+, and PV+ interneurons was reduced by 7% (P>0.05) 
and 10% (P>0.05), respectively.  

 

Table 6.5 Variation in the mean cell soma volume of interneurons (CB+, PV+ and CR+) 
between HD symptom sub-groups and controls in the superior parietal cortex 

 

 Control 
HD 

Motor cases 

HD 

Mood cases 

HD 

Mixed cases 

Mean cell soma volume (µm³) of 
CB+ interneurons ± SEM 

944.3 ± 19.78  810.4 ± 108.0 885.1 ± 39.09 876.5 ± 79.23 

Mean cell soma volume (µm³) of 
PV+ interneurons ± SEM 

1760 ± 55.55 1640 ± 156.7 1871 ± 188.2 1587 ± 113.8 

Mean cell soma volume (µm³) of 
CR+ interneurons ± SEM 

1036 ± 31.19  906.6 ± 98.76 1118 ± 85.61 1077 ± 83.23 

Sample size (n) 
CB+ : 9 
PV+ : 9 
CR+ : 9 

CB+ : 2 
PV+ : 2 
CR+ : 2 

CB+ : 3 
PV+ : 3 
CR+ : 3 

CB+ : 4 
PV+ : 4 
CR+ : 4 

Standard deviation (SD) 
CB+ : 59.34 
PV+ : 166.7 
CR+ : 93.57 

CB+ : 152.8 
PV+ : 221.6 
CR+ : 139.7 

CB+ : 67.70 
PV+ : 326.0 
CR+ : 148.3 

CB+ : 158.5 
PV+ : 227.6 
CR+ : 166.5 

Percentage change (%) as 
compared to control 

 
CB+ :      17% 
PV+ :       7% 
CR+ :       12% 

CB+ :     7%  
PV+ :     7% 
CR+ :      8% 

CB+ :     7% 
PV+ :     10% 
CR+ :      4% 
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6.7 Discussion 

This chapter provides a detailed account of the degeneration of GABAergic interneurons in 

the superior parietal cortex (BA7) in HD using immunohistochemistry and unbiased 

stereological techniques. The results demonstrated a significant reduction in the population of 

PV+ interneurons when all HD cases were grouped together and compared with the control 

cohort. When comparing the control group with HD symptom sub-groups, a greater extent of 

interneuron loss was observed in the HD “motor” cases (Figure 6.2, Table 6.2). 

The association between the pattern of interneuron loss with striatal neuropathological 

grades, CAG repeat length, post-mortem interval, and age for each HD case was also 

investigated. There was no significant change in the pattern of interneuron loss when 

associated with any of the variables.  

To quantitatively investigate the morphological changes in the population of interneurons, the  

interneuronal soma volume (CB+, PV+, and CR+ interneurons) was measured using the 

isotropic nucleator. It is interesting to note that the trend in the pattern of interneuron soma 

volume changes parallel the pattern of interneuron loss in the HD symptom sub-groups.  

 

6.7.1 The relationship between the extent of interneuron loss in the superior parietal cortex 

and the dominant symptom profile in HD 

The superior parietal cortex is an association area which is involved in a range of functions 

associated with vision and movement including attention, goal-directed movement, eye 

movement, vestibulo-ocular reflex, and normal control of saccades (Bonda et al., 1996, 

Connolly et al., 2000, Fielding et al., 2004). These functions are found to be compromised in 

patients with HD (Lawrence et al., 1996, Thieben et al., 2002, Fielding et al., 2004). 

Furthermore, neuroimaging studies have demonstrated a significant thinning of the superior 

parietal cortex in early stages of the disease (Rosas et al., 2005, Rosas et al., 2008b). In line 

with neuroimaging investigations, our recent pathological study has demonstrated a 

significant 30% reduction in the total number of SMI32+ pyramidal neurons in this 

region of the brain in HD (Nana et al., 2014). Interestingly, the pattern of pyramidal cell loss 

was shown to be associated with variable symptomatology in HD i.e. there was a 

pronounced neuronal loss in the superior parietal cortex of the HD “motor” cases, with 
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no significant cell loss in the HD “mood” cases. Together these results suggest an important 

role for the superior parietal cortex in HD pathology and symptom heterogeneity.  

While the selective vulnerability of pyramidal neurons in the superior parietal cortex in HD 

has been previously documented, the role of GABAergic interneurons in the neuropathology 

of this disease has not been extensively studied. The present study is the first to investigate 

the fate of the GABAergic interneurons in the human superior parietal cortex in HD. The 

results demonstrated a significant 21% reduction in the population of PV+ interneurons, 

when all HD cases were grouped together and compared with the controls. When grouped 

according to their predominant symptom profile, the HD “motor” cases showed the greatest 

extent of cell loss with a major reduction in the population of all three sub-types of 

interneurons (P>0.05). These results are in agreement with previous studies where some HD 

motor abnormalities, such as apraxia, were attributed to changes in the superior parietal 

cortex (Hamilton et al., 2003). 

Due to their inhibitory interactions with pyramidal neurons, GABAergic interneurons have a 

major role in modulating cortical output. Thus, loss of PV+ interneurons in the superior 

parietal cortex in HD suggests that the inhibitory actions of these interneurons are affected, 

and this may disrupt the cortico-cortical and corticostriatal connections. Also, loss of cortical 

inhibition may lead to hyper-excitability of pyramidal neurons and thereby result in striatal 

excitotoxicity in HD (Flint Beal, 1994, Beal, 1995, Sieradzan and Mann, 2001).  

Functionally, the parietal cortex has been shown to be involved in attention and the neural 

networks important for normal control of saccades (Connolly et al., 2000). The pathology of 

the superior parietal cortex in HD has been documented in many previous studies. For 

example, Rosas and colleagues (2008) reported a significant thinning of this region of the 

cortex in HD patients in early stages of the disease. Interestingly, HD patients are known to 

suffer from impaired shift of attention and eye movement abnormalities, which could be due 

to neuropathology of the superior parietal cortex (Lawrence et al., 1996). Additionally, this 

region of the cortex is thought to be involved in the vestibulo-ocular reflex which is impaired 

in patients with HD (Fielding et al., 2004). A voxel-based morphometry study found a 

significant reduction in the grey matter volume of the intra-parietal sulcus, which lies on the 

inferior bank of the superior parietal cortex. The grey matter thinning of this specific area of 

the superior parietal cortex is thought to be responsible for abnormal saccades reported in HD 

patients (Thieben et al., 2002). The superior parietal cortex is also known to be affected in 
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other neurodegenerative diseases. For example, Alzheimer’s disease is known to cause a 

variety of disturbances of higher visual functions that are closely linked to neuropathology of 

the superior parietal cortex (Prvulovic et al., 2002, Dickerson et al., 2009). In addition, 

attentional dysfunctions and certain impairments of motor control  and motor imagery 

(delusions of motor control) in schizophrenia all point towards the involvement of the 

superior parietal cortex in the pathology of this disease (Frith et al., 2000, Danckert et al., 

2004). Therefore, the role of the superior parietal cortex in both motor and cognitive 

functions may elucidate the major pyramidal and interneuronal (PV+ cells) loss that was 

observed in HD patients. 

In summary, this is the first study to report a significant 21% reduction in the 

population of PV+ interneurons in the superior parietal cortex in HD. Also, the extent of 

interneuron loss based on HD symptomatology followed the same trend as that of the 

pyramidal cell loss in the superior parietal cortex in HD (Nana et al., 2014). Overall, these 

results suggest that the superior parietal cortex plays a crucial role in the HD pathology. 

 

6.7.2 The relationship between the extent of interneuron loss in the superior parietal cortex 

and striatal neuropathological grades in HD 

Next, the association between the extent of interneuron loss in the superior parietal cortex and 

striatal neuropathology in HD was investigated. All HD cases were categorised into two 

groups based on the Vonsattel neuropathological grading system (grade 0-1, and grade 2-4). 

In general, the population of interneurons (CB+, PV+, CR+) was reduced in the early stages 

(grade 0-1 group) of HD (P>0.05), with no significant changes in the late stages of the 

disease (grade 2-4). It is interesting to note that pyramidal cell loss in the superior parietal 

cortex follows a different pattern when associated with striatal neuropathological grade, with 

a significant cell loss in the later stages of HD (grade 2 -3) (Nana et al., 2014). These findings 

could suggest an early loss of cortical interneurons in the course of Huntington’s disease 

followed by loss of pyramidal neurons in the later stages of HD. It is also noteworthy that the 

HD grade 0-1 group mainly includes the HD cases with “motor” or “mixed” symptoms. 

Therefore, this could suggest that the degeneration of interneurons in the superior parietal 

cortex is strongly associated with HD symptomatology.  
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6.7.3 Correlation between the extent of interneuron loss in the superior parietal cortex and 

the CAG repeat length, post-mortem interval, and age at death in HD 

Next, the correlation between loss of interneurons in the superior parietal cortex with CAG 

repeat length, post-mortem interval (PMI), and age at death was investigated. The results 

showed no significant correlation between the total number of interneurons in the superior 

parietal cortex and the CAG repeat length in HD cases (Figure 6.4). 

The analysis of post-mortem interval showed no overall correlation between the total number 

of interneurons and PMI in the superior parietal cortex of HD cases. This suggests that the 

differences in time interval between death and tissue processing did not influence any 

possible resultant modifications in neuronal immunoreactivity in this study.  

Pakkenburg and Gundersen (1997) have demonstrated an association between the decreasing 

numbers of cortical neurons with increasing age. However, the results from the present study 

showed no significant correlation between the total number of interneurons in the superior 

parietal cortex and age at death in HD cases. Also, in line with the present study, a previous 

study on the age-related changes in the three calcium-binding proteins (CB, PV, and CR) 

demonstrated no significant reductions in the total number of interneurons in the human 

primary motor cortex (Bu et al., 2003). Therefore, the results of the present study can be 

regarded as separate from the influence of CAG repeat length, post-mortem interval, and age 

of the HD cases used in this study. 

 

6.7.4 The pattern of interneuron cell soma volume changes in the superior parietal cortex 

in Huntington’s disease 

In many neurodegenerative diseases, the remaining cells show degenerative changes in terms 

of size, shape, and morphology. These morphological changes could be indicative of ongoing 

neuronal pathogenesis (Kanazawa, 2001, Graeber and Moran, 2002). Therefore, the isotropic 

nucleator was used to investigate the effect of HD on the soma volume of interneurons in the 

superior parietal cortex. The results showed that the average cell soma volume of 

interneurons was reduced by 8% in CB+ (P>0.05) and 4% in PV+ interneurons, when all HD 

cases were grouped together and compared with controls. To investigate the effect of HD 

symptomatology on cell soma volume of interneurons, the HD cases were then grouped 

according to their symptom profile. In the HD “motor” cases, the cell soma volume of 
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interneurons was reduced by 17% in CB+ (P>0.05), 7% in PV+ (P>0.05), and 12% in CR+ 

(P>0.05) interneurons. In the HD “mixed” cases, the average soma volume of interneurons 

was reduced by 7% in CB+ (P>0.05), and 10% in PV+ (P>0.05) interneurons. In the HD 

“mood” cases, a 7% reduction in the soma volume of CB+ (P>0.05) interneurons was 

observed. It is interesting to note that the interneuron soma volume changes follow the same 

trend as interneuron loss, with the HD “motor” cases presenting the greatest extent of soma 

volume atrophy, and the “mood” cases showing the least. These changes in the cell soma 

volume of interneurons in the superior parietal cortex could be indicators of ongoing neuronal 

dysfunction which precedes cell death in HD. 

As mentioned in previous chapters (Chapter 4 and 5), cell soma atrophy is known to be a 

common pathological process occurring in many neurodegenerative disorders including 

Parkinson’s and Huntington’s disease (Rajkowska et al., 1998, Kanazawa, 2001). These 

changes in the cell soma volume of the remaining neurons in different neurodegenerative 

diseases could represent dysfunctional cells at different stages of neuronal degeneration. 

In summary, these results demonstrated some degree of reduction in the soma volume of 

interneurons in the superior parietal cortex in HD. The cell soma atrophy followed the same 

pattern as interneuron loss in this area of the brain, which could be indicative of a strong 

association between morphological changes, degeneration of interneurons, and 

symptomatology in HD. It would be most interesting to follow up with further studies to 

detect changes in dendritic branching and other cellular morphological features in 

interneurons within this region.  
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6.8 Conclusion 

The present study showed a significant reduction in the population of PV+ interneurons 

in the superior parietal cortex in HD. The superior parietal cortex is an association area 

which is involved in a range of sensorimotor functions associated with vision and movement 

including attention, goal-directed movement, eye movement, vestibulo-ocular reflex, and 

normal control of saccades. Therefore, loss of inhibitory signals in this region may lead to the 

disruption of cortical outputs, which in turn could result in the manifestation of different 

symptoms in HD. Furthermore, following the same pattern as cell loss, the cell soma volume 

of interneurons was shown to decline in this region of the brain. These results suggest a 

relationship between the morphological changes, degeneration of interneurons, and 

symptomatology in HD.  
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Chapter 7: General Discussion 

7.1 Introduction 

The present study provides a comprehensive and detailed investigation on the pathological 

changes of GABAergic interneurons in the human cerebral cortex in Huntington’s disease 

(HD). The human cerebral cortex is a large and complex structure, and so far three detailed 

studies have been carried out in our laboratory to investigate specific aspects of the pattern of 

cell loss in different cortical regions in HD. The present study focused on three functionally 

distinct regions of the cortex, the primary sensory cortex (Chapter 4), the superior frontal 

cortex (Chapter 5), and the superior parietal cortex (Chapter 6). These regions were 

specifically selected to complement previous studies in our laboratory, which have focused 

on investigating specific aspects of cellular changes in different regions of the cortex. The 

involvement of these cortical regions in the neuropathology of HD has been previously 

documented by MRI studies (Rosas et al., 2005, Rosas et al., 2008a). In fact, these studies 

suggest that some of the symptoms of Huntington’s disease could be reflective of the 

dysfunction of these three cortical regions (for more detail see Chapters 4-6). However, no 

previous study has investigated the cellular changes in these cortical regions in HD. 

Therefore, the overall aim of the present study was to investigate the pattern of GABAergic 

interneuron loss and to compare these findings with: (1) variable symptomatology in HD; (2) 

the striatal neuropathological grade; and (3) CAG repeat length, post-mortem interval and age 

at death. The pattern of interneuronal soma volume changes was also investigated. 

Immunohistochemistry and unbiased stereological techniques were employed to carry out this 

investigation. Chapters 4, 5, and 6 investigated the pattern of cellular and morphological 

changes of the GABAergic interneurons in the primary sensory cortex, superior frontal cortex 

and superior parietal cortex, respectively. The stereological data described in each chapter 

were then grouped and compared according to the variable symptom profiles, and striatal 

neuropathological grades of the HD cases. The overall results and key findings are brought 

together and discussed in this chapter.  
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Huntington’s disease (HD) is an autosomal dominant neurodegenerative disorder caused by 

an expansion of CAG trinucleotide repeats in the HTT gene on chromosome 4, which 

encodes a mutant protein called huntingtin (Andrew et al., 1993). Despite the single-gene 

aetiology, individuals with HD can show clear and considerable phenotypic variability. Some 

patients experience early severe motor abnormalities, while others may suffer from major 

mood/cognitive dysfunctions, with motor symptoms developing only later in the course of the 

disease. Still others may experience marked motor, mood, and cognitive symptoms from the 

time of clinical onset (Myers et al., 1991, Claes et al., 1995, Thompson et al., 2002, Tippett et 

al., 2007). The major pathological changes in the striatum of the basal ganglia are thought to 

be the primary cause of HD symptoms. Indeed, a previous study conducted in our laboratory 

has demonstrated that variable striosome/matrix degeneration relates to the variability in 

clinical symptomatology (Tippett et al., 2007). However, some of the clinical symptoms of 

the disease can be attributed to degeneration and dysfunction of the cerebral cortex. The 

advances in detailed neuroimaging studies have facilitated important steps in elucidating the 

general regional cortical basis of symptom heterogeneity in HD (Hedreen et al., 1991, Sotrel 

et al., 1993, Macdonald and Halliday, 2002, Rosas et al., 2008a). For example, Rosas and 

colleagues demonstrated a clear correlation between the discrete pattern of cortical grey 

matter thinning and variable cognitive and motor deficits in HD (Rosas et al., 2008a). In line 

with neuroimaging studies, extensive pathological studies in our laboratory have 

demonstrated, at the cellular level, a strong association between the pattern of cortical cell 

loss and variable symptom profiles in HD (Thu et al., 2010, Kim et al., 2014, Nana et al., 

2014). These studies have shown that loss of pyramidal cells and interneurons in the primary 

motor cortex is associated with movement abnormalities; whereas pyramidal and 

interneuronal loss in the anterior cingulate gyrus is associated with mood symptoms in HD. 

These findings in end-stage pathology brains suggest a cellular basis for the clinical 

heterogeneity in HD.  

 

The neuronal population in the cerebral cortex is principally made up of two main functional 

classes: the pyramidal neurons; and the local-circuit interneurons (DeFelipe and Fariñas, 

1992, DeFelipe et al., 2002). The cortical pyramidal neurons are projection neurons that use 

the excitatory transmitter, glutamate; while local-circuit interneurons use the inhibitory 

neurotransmitter, GABA, and act locally to modulate the activity of pyramidal neurons 

(Markram et al., 2004). Previous studies in our laboratory have demonstrated a strong 
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association between variable neuronal loss (pyramidal and interneurons) in two functionally 

diverse cortical regions (the primary motor cortex and cingulate gyrus) with variable 

symptomatology in HD. The present study is based on the hypothesis that this variability in 

symptomatology may be associated with a general principle of variable cortical pathogenesis 

in HD, and may thus apply across widespread regions of the cerebral cortex. Therefore, this 

study extended our previous cortical pathological studies by investigating the cellular 

changes in the total number of GABAergic interneurons in the primary sensory cortex (BA 

3), superior frontal cortex (BA 8), and superior parietal cortex (BA 7) of the human brain 

in 14 HD cases compared to 13 neurologically normal controls. This project forms an 

important part of a larger, systematic study on the pathological changes in various cell 

populations across the entire cerebral cortex in HD, which is being carried out in our 

laboratory at the Centre for Brain Research, The University of Auckland. Because of the 

close functional relationships, and the precise overlap of the corticostriatal projections from 

the primary motor and primary sensory cortices, it was hypothesised that: i) the changes in 

the primary sensory cortex would parallel those in the previously studied motor cortex; and 

ii) changes in the superior frontal and parietal association cortices would be intermediate 

between the changes seen in the primary motor cortex and anterior limbic cingulate cortex 

(Thu et al., 2010, Kim et al., 2014). 

 

The results revealed a heterogeneous pattern of GABAergic interneuron loss in the three 

cortical regions studied. This differential pattern of cell loss was shown to be associated with 

the symptom variation in HD cases. In addition, the pattern of GABAergic interneuron loss 

was compared with the striatal neuropathological grade to determine the pathological 

relationship between the cortex and the striatum; as well as with the CAG repeat length in the 

HD gene, post-mortem interval, and age at death for each HD case. These findings extend our 

understanding of the neural basis of cortical degeneration which greatly contributes to the 

symptom heterogeneity in HD.  
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7.2 Methodological considerations 

7.2.1 Human brain tissue 

There were limits on the number of cases used in this study. Due to the availability of human 

tissue and age of stored tissue, there were in total 14 HD and 13 control cases analysed in this 

study. The HD cases were further subdivided according to their dominant symptom profile, 

“motor”, “mood” and “mixed”. The HD cases were also separately subdivided into early 

stage (HD grade 0-1) or advanced (HD grade 2-3) groups according to the striatal 

neuropathological grading system. A greater sample size would increase the validity and the 

statistical power of this study, although significant changes in the population of interneurons 

were observed in the three cortical regions even with the limited number of cases.  

 

Due to limited tissue availability and time constraints, a single block from each cortical 

region of interest was stereologically analysed rather than the entire cytoarchitechtonically 

defined region. Therefore, there is a possibility of underestimating the magnitude of the 

neuronal loss since each entire region in an HD brain could be smaller in size because of 

atrophy of the HD brain. Also, due to extensive utilisation of the primary sensory cortex 

block in other studies, it was not feasible to sample and perform immunohistochemistry on 

the entire block of interest (Primary sensory cortex, S1 block). Therefore, only the first 100 

sections were sampled for counting analysis. In order to determine the total number of 

GABAergic interneurons (N) in the primary sensory cortex, it was necessary to use Nissl-

stained series encompassing the entire cortical block (S1) to calculate the total reference 

volume of the S1 block of the primary sensory cortex (Nv: Vref method), see Chapter 3 for 

more detail. This approach is not optimal for stereology (Oorschot, 1994), and therefore a 

valid assumption was made that the counting analysis in a sub-volume of a cortical region 

would yield data that is representative of the entire cortical area. The same approach has been 

used by a previous study in our laboratory, where the pyramidal cell loss in a sub-volume of 

the primary motor cortex was investigated (Thu et al., 2010), and the results have been shown 

to be consistent with the findings from another stereological study on the same cortical area 

using the entire primary motor cortex (Macdonald and Halliday, 2002).  
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7.2.2 Stereological cell counting methods 

Due to the human tissue constraints and based on the previous cortical studies carried out in 

our laboratory (Thu et al., 2010, Kim et al., 2014), the Nv:Vref method of stereological 

quantification was used to determine the total number of interneurons in the primary sensory 

cortex. The estimate of precision or reproducibility of stereological results is expressed as the 

coefficient of error (CE) (Slomianka and West, 2005). This value needs to be within an 

acceptable range to ensure that any variation observed is due to biological changes and not 

introduced by the experimental procedures. The main limitation of the Nv:Vref method is the 

lack of a statistically valid formula for calculating the coefficient of error (CE) for the total 

number of cells (N) (Schmitz and Hof, 2005). However, individual CE values can be obtained 

for Nv and Vref using the optical disector and Cavalieri estimator, respectively. Therefore, 

the CE values were evaluated separately for each component, e.g. CE (Nv) and CE (Vref). 

The average CE values for both Nv and Vref was less than 0.10 in all cases in the three 

cortical regions. This indicates that any changes observed between the HD and control cases 

is due to true biological differences rather than lack of precision in methodological counting 

procedures. The total number of interneurons in the other two cortical regions of interest, the 

superior frontal and superior parietal cortices, was estimated using the optical fractionator 

method, where only one CE value exists.  

 

7.2.3 Immunohistochemistry 

The immunohistochemical staining for calbindin-D28k (CB) labels a sub-population of non-

pyramidal interneurons as well as a smaller, lightly stained population of pyramidal neurons. 

Therefore, to obtain an accurate estimation of the total number of CB+ interneurons, every 

effort was made to identify and exclude these pyramidal cells from the counting analysis. 

Identification of the CB+ pyramidal cells was based on their morphological features (their 

conical shaped cell bodies and a prominent apical dendrite that is directed towards layer I), 

the staining intensity, and the laminar position of these cells.  
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7.3 The overall interneuron loss in the cerebral cortex in HD 

The present study is the first to characterise interneuronal loss (CB, PV, CR) across three 

functionally distinct cortical areas, i.e. the primary sensory cortex, the superior frontal 

cortex, and the superior parietal cortex. 

In the primary sensory cortex, there was no overall significant cell loss in any of the three 

interneuronal populations (CB, PV, CR) when all HD cases were grouped together and 

compared with controls (Figure 4.1, Chapter 4). These results are comparable with a previous 

study from our laboratory which demonstrated no overall significant loss of interneurons in 

the primary motor cortex in HD cases when compared with controls (Kim et al., 2014). 

Furthermore, the relative sparing of GABAergic interneurons across different cortical areas 

has been previously reported (Cudkowicz and Kowall, 1990, Macdonald and Halliday, 2002). 

In contrast, in the superior frontal cortex, the population of all three interneuron sub-

types was reduced significantly (34% loss of CB+, 55% loss of PV+, 45% loss of CR+) in 

HD cases compared to controls.  The observed loss of PV+ interneurons in the superior 

frontal cortex is in agreement with a previous study carried out by Ferrer and colleagues 

(1994). Our results also showed a significant 21% loss of PV+ interneurons in the superior 

parietal cortex. These observations suggest a differential pattern of interneuron loss in 

different functional regions of the human cerebral cortex which could account for variable 

cortical pathogenesis in HD 

This heterogeneous pattern of cell loss has also been reported for cortical pyramidal cells by 

previous studies conducted in our laboratory. These studies showed that the overall 

population of pyramidal cells is reduced significantly by 27% in the primary sensory cortex, 

27% in the primary motor cortex, 34% in the superior frontal cortex, and 30% in the superior 

parietal cortex, when all HD cases were grouped together and compared with the controls 

(Thu et al., 2010, Nana et al., 2014). It is interesting to note that the pattern of cortical cell 

loss (interneuron and pyramidal cells) in the primary sensory cortex and the primary 

motor cortex are in parallel, which suggests a strong connection between these two cortical 

regions. This will be discussed further in section 7.4.  
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In summary, the results of the present study suggest that heterogeneity in the pattern of 

cortical interneuron loss is a key feature of HD neuropathology. These observations prompted 

the hypothesis that the differential pattern of interneuron loss could be associated with both 

variable symptomatology in HD, and the severity of degeneration in the striatum (indicated 

by striatal neuropathological grading). Thus, these investigations were carried out next, and 

the results are discussed below. 

 

7.4 Association between the pattern of cortical interneuron loss 

and symptomatology in Huntington’s disease 

A great deal of variability can be observed both in the disease onset and the type of 

symptoms that individual HD patients exhibit during the course of the disease. This 

variability has been observed even in monozygotic twins who share the same genetic 

mutation and environmental factors (Georgiou et al., 1999, Anca et al., 2004, Friedman et al., 

2005). The length of the CAG expansion has been shown to be inversely associated with age 

at diagnosis (Duyao et al., 1993); however, it is a poor indicator of symptom variability. 

Therefore, it is of high importance to understand the underlying pathological differences in 

HD brains which may account for symptom heterogeneity in this disease. Characteristic 

phenotypic manifestation is likely to represent variable pathogenesis in neuronal degeneration 

and dysfunction in the brain regions responsible for specific functional roles. For example, 

previous studies in our laboratory have shown that neurodegeneration in the primary motor 

cortex and the anterior cingulate gyrus may contribute respectively to motor and mood 

symptoms observed in HD (Thu et al., 2010, Kim et al., 2014). This has been a particular 

interest of our laboratory, and a number of studies have been carried out to investigate the 

relationship between cortical neuropathology and symptom variability in HD. 

 

Major alterations in GABA neurotransmission and the inhibitory function of GABAergic 

interneurons have been implicated in the striatum and cortex of HD (Faull et al., 1993, 

Markram et al., 2004, Gu et al., 2005, Cummings et al., 2009, Kim et al., 2014). Therefore, 

the present study was designed to investigate the cellular changes of the GABAergic 

interneurons in three different areas of the cerebral cortex, and to explore the relationship 
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between the pattern of cell loss in these areas and symptom variability in HD. Our results 

showed a heterogeneous pattern of GABAergic interneuron loss in the three cortical 

regions which correlates with variable symptom profiles in HD. This leads us to suggest 

that region-specific degeneration of cortical interneurons is a key component in 

understanding the neural basis of symptom heterogeneity in HD. 

 

Cortical interneurons are critical for modulating the excitability of cortical pyramidal 

neurons.  Enhanced cortical excitability has been observed in early stages of the disease, i.e. 

seizures in juvenile HD patients (Nance and Myers, 2001), and HD mice (Cepeda et al., 

2003). In turn, enhanced cortical excitability in HD has been postulated to promote 

excitotoxicity in striatal medium spiny neurons and contribute to their degeneration, via the 

corticostriatal projection system (Grunewald and Beal, 1999). The dysfunction of cortical 

interneurons in HD has been documented previously in mouse models of HD. For example, 

electrophysiological studies in the Cre/LoxP conditional HD mice have shown an early 

deficit of the interneuronal GABAergic inhibitory inputs onto the cortical pyramidal neurons 

(Gu et al., 2005). The early loss of the inhibitory inputs onto pyramidal neurons has also been 

observed by another electrophysiological study in the motor cortex of BAC transgenic HD 

mice (Spampanato et al., 2008). Furthermore, alterations in the frequency of inhibitory 

postsynaptic currents (IPSCs) of cortical interneurons onto pyramidal neurons have been 

reported using other mouse models of HD (R6/2, YAC128, CAG140 knock-in) (Cummings 

et al., 2009). Taken together, these observations suggest that loss of inhibition by 

GABAergic interneurons happens at early stages of the disease, and it may play a 

crucial role in the corticostriatal pathogenesis of HD.  

 

7.4.1 The relationship between pyramidal and interneuronal loss with different symptoms 

(Figure 7.1-7.3) 

Variable neurodegeneration in different functional regions of the cerebral cortex has been 

shown to be strongly associated with variable symptomatology in HD. For example, a recent 

detailed pathological study in our laboratory showed a clear association between variable 

symptom profiles in HD and pattern of pyramidal cell loss in three different regions of the 

cortex, i.e. the primary sensory cortex, the superior frontal cortex, and the superior parietal 
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cortex (Nana et al., 2014). The present study extends our earlier findings in the same HD 

cases to the cortical interneurons to determine whether there is an association between 

the pattern of interneuron loss with both variable HD symptomatology, and pattern of 

pyramidal cell loss in the same cortical regions. 

 

As shown in Figure 7.1, in the primary sensory cortex, there was a significant 38% 

reduction in the population of SMI32+ pyramidal neurons in the HD “motor” cases, but 

no significant cell loss was observed in the HD “mood” cases (Nana et al., 2014). The results 

of the present study also showed a selective significant 67% loss of CB+ interneurons in the 

primary sensory cortex, which also specifically correlated with severe motor 

symptomatology in HD. Most interestingly, the pattern of interneuron loss paralleled 

pyramidal cell loss, i.e. CB+ interneuron loss was only observed in the primary sensory cortex 

of the HD “motor” cases, where significant pyramidal cell loss was also observed. One of the 

most striking findings of the present study was that the pattern of pyramidal and 

interneuronal loss in the primary sensory cortex paralleled that of the primary motor 

cortex, as shown in Figure 7.1. Previous studies from our laboratory showed a significant 

loss of SMI32+ pyramidal neurons (45%) and CB+ interneurons (57%) in the primary 

motor cortex of the HD cases with major “motor” symptoms 

 

As shown in Figure 7.2, In the superior frontal cortex, there was a significant 52% 

reduction in the population of SMI32+ pyramidal neurons in the HD “motor” cases, with 

no significant cell loss in the HD “mood” cases (Nana et al., 2014). In the present study, the 

population of all three interneuron sub-types was reduced significantly (44% of CB+, 

64% of PV+, 48% of CR+ interneurons) in the HD cases with predominantly “motor” 

symptoms. In comparison, in the HD cases with major mood symptoms, only  the 

population of CR+ interneurons was reduced significantly (43% loss) (Figure 7.2). 

 

As shown in Figure 7.3, in the superior parietal cortex, a significant 30% reduction was 

found in the population of SMI32+ pyramidal neurons in the HD “motor” cases only, with 

no significant reduction in the population of interneurons in any of the HD symptom sub-

groups (Figure 7.3). It is interesting to note that the pattern of pyramidal cell loss in the 
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superior parietal cortex follows that of the secondary visual cortex (BA18), with a 51% loss 

of SMI32+ cells in HD “motor” cases (Nana et al., 2014). No significant interneuronal loss 

was observed in this part of the cortex, when the HD cases were grouped according to their 

predominant symptom profile.  

 

These results collectively show that HD motor symptoms are associated with interneuronal 

and pyramidal cell loss in the primary motor cortex, primary sensory cortex, secondary visual 

cortex, and association cortices in the frontal and parietal lobes (the superior frontal and 

parietal cortices). Whereas, of the cortical regions discussed above, only the superior frontal 

cortex showed significant cell loss in the HD mood cases. Therefore, as a general principal, 

interneuronal and pyramidal cell loss in specific areas of the cortex in HD is associated with 

either motor or mood symptoms. There are also some specific brain regions where cortical 

cell loss is associated with both mood and motor symptoms, i.e. the superior frontal cortex. 

These findings are generally consistent with our knowledge of the functionality of the cortical 

areas investigated. 

 

The primary sensory cortex is known to be closely interconnected with the primary motor 

cortex, and together they play a critical role in integrating and utilizing information needed to 

guide and initiate effective movement (McGeorge and Faull, 1987, 1989, Porro et al., 1996, 

Lotze et al., 1999, Culham and Valyear, 2006). Indeed, both motor and somatosensory 

cortical “leg” areas project to a dorsolateral sector of the putamen, the “face” areas to a 

ventromedial sector, and the “arm” areas to a region in between (Künzle, 1975, Künzle, 

1977). Also, an extensive intracortical connection between the two cortical areas has been 

documented (Blum et al., 1968, Jones and Powell, 1968, Jones and Powell, 1969, Kaneko et 

al., 1994). In addition, previous MRI studies have found major cortical thinning in both the 

somatosensory and primary motor cortices in HD patients with prominent movement 

disorders (Rosas et al., 2008a). Furthermore, Rosas and colleagues (2008) showed that 

subjects with more prominent dystonia, bradykinesia and rigidity also demonstrate a major 

thinning of the anterior portions of the frontal cortex, including the pre-motor and 

supplementary motor areas.  
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The superior frontal cortex (BA8) is an important motor association area which is known to 

be extensively connected with the primary motor and pre-motor cortical areas (Nieuwenhuys 

et al., 2008). However, more recent evidence has shown the dysfunction of this area in 

different prominent mood disorders, such as depression and bipolar disorder (Hashimoto et 

al., 2007). We can, therefore, conclude that the superior frontal cortex is concerned with both 

mood and motor functioning. This is reflected in our results in the superior frontal cortex 

where HD “motor” cases showed significant neurodegeneration in all three interneuron 

sub-types, and HD “mood” cases showed neurodegeneration in CR+ interneurons. 

 

The superior parietal cortex (BA7) is thought to be involved in visuo-motor coordination and 

specifically, in guiding actions and directing spatial attention based on integration of 

multimodal sensory information that contributes to the localization of the body and external 

objects in space (Sakata et al., 1980, Milner and Goodale, 1995, Chen et al., 2009). Also, 

Brodmann area 7 has been associated with other diverse, yet related, functions such as visual 

attention, proprioception and pain sensation (Critchley, 1953, Heilman and Watson, 1977, 

Cubelli et al., 1984, Dong et al., 1994). This area of the cortex maintains extensive 

interconnections with other cortical regions involved with visual functions such as the frontal 

eye fields and visual association cortex (BA18 and 19) (Jones and Powell, 1970). This 

connection with BA18 could explain the similar pattern of pyramidal cell loss in these two 

areas. Therefore, it would be interesting to investigate the pattern of interneuron loss in the 

visual association area (BA18), and compare the result with the present study.  

 

Taken together, our combined overall studies suggest that the variable motor and mood 

symptomatology in HD is associated with a variation in the extent of pyramidal cell loss, and 

a differential loss of interneurons in the corresponding functional regions of the cerebral 

cortex. These findings provide further support for the crucial role of the cerebral cortex in the 

neuropathogenesis and symptom heterogeneity in HD.  
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Table 7.1 Summary of significant pyramidal and interneuronal cell loss in five different 
cortical regions 

       

   SMI32+

Pyramidal 

cells 

CB+ 

interneurons 

PV+ 

interneurons 

CR+ 

interneurons 

 Primary motor 

cortex 

motor 45% 57% - - 

mood - - - - 

 Primary sensory 

cortex 

motor 38% 67% - - 

mood - - - - 

 Superior frontal 

cortex 

motor 52% 44% 64% 48% 

mood - - - 43% 

 Superior parietal 

cortex 

motor 30% - - - 

mood - - - - 

 Limbic cingulate 

cortex 

motor - - - - 

mood 40% 71% 80% 60% 

 

This table summarises the significant percentage cell loss (pyramidal and interneuronal) in the 

primary motor cortex, primary sensory cortex, superior frontal cortex, superior parietal cortex, and 

anterior cingulate cortex. Note: some of the data presented in this table were obtained from previous 

studies carried out in our laboratory on the same cases used in the present study (Thu et al., 2010, 

Kim et al., 2014, Nana et al., 2014). Blank cells represent no significant cell loss.  

Cortical region 

%
 c

el
l l

os
s 
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Figure 7.1 A schematic diagram of the pattern of neuronal (pyramidal and 
interneuronal) loss in the primary sensory (BA3) and motor (BA4) cortices in HD cases 
with predominantly “motor” symptoms 
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Figure 7.2 A schematic diagram of the pattern of neuronal (pyramidal and 
interneuronal) loss in the superior frontal cortex (BA3) in HD cases with predominantly 
“motor” and “mood” symptoms 
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Figure 7.3 A schematic diagram of the pattern of neuronal (pyramidal and 
interneuronal) loss in the superior parietal cortex (BA7) in HD cases with 
predominantly “motor” symptoms 
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7.4.2 Loss of calbindin+ interneurons in the HD motor cases 

Considering our results for the sensorimotor and superior frontal cortices (Chapters 4 and 5), 

it is interesting to note that CB+ interneurons are only lost in the HD “motor” cases. 

Reduced calbindin immunoreactivity in different parts of the brain has been previously 

reported in many movement disorders (Brouillet et al., 1995, Mirsattari et al., 1999, van 

Rootselaar et al., 2004). In Huntington’s disease, for example, Tippett and colleagues (2007) 

showed an association between the loss of calbindin immunoreactivity in the matrix 

compartment of the striatum (which is linked to cortical sensorimotor areas) with severe 

motor impairment. Also, constitutive CB-/- null mice demonstrated impairment in motor 

coordination (Airaksinen et al., 1997), although these changes could be due to altered 

transmission of cellular signalling in Purkinje cells (Barski et al., 2003). Nonetheless, these 

observations lead us to suggest that CB+ cells play an important role in execution and control 

of movement.  

 

The cortical interneurons labelled with CB preferentially innervate the dendritic domain of 

the pyramidal neurons and thereby influence the dendritic processing and integration of 

synaptic inputs, such as the generation and propagation of dendritic calcium spikes (Traub, 

1995, Larkum et al., 1999). Therefore, we can suggest that the progressive loss of CB+ 

interneurons along with the pyramidal neurons in the sensorimotor and superior frontal 

cortices disturbs the complex cortico-cortical and cortico-striatal connections. This is 

believed to contribute significantly to the generation of motor clinical symptoms in HD by 

reducing the inhibition of the excitatory pyramidal neurons projecting to other cortical 

regions (from layer III), or to the striatum (from layer V).  

 

7.4.3 Alterations of GABAergic interneurons in other mood/motor-related disorders 

Alterations in the expression of the three calcium-binding proteins (CB, PV, CR) have been 

associated with many other mood or motor-related disorders such as schizophrenia, bipolar 

disorder, amyotrophic lateral sclerosis (ALS), motor neuron disease, epilepsy and depression 

(Baimbridge et al., 1992, Heizmann and Braun, 1992, Andressen et al., 1993, Ince et al., 

1993, Schwaller et al., 2002, Luscher et al., 2011, Turner and Kiernan, 2012). For example, 
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Turner and colleagues (2012) reported reduced immunoreactivity for both parvalbumin and 

calbindin D-28k in the ALS human brains. Also, in schizophrenia and bipolar disorder, the 

total number of PV+ interneurons was shown to be reduced in the anterior cingulate gyrus and 

the prefrontal cortex (Benes and Berretta, 2001, Beasley et al., 2002, Hashimoto et al., 2003). 

These studies, in conjunction with the findings of the present study, suggest that the cortical 

GABAergic interneurons play a critical role in both the limbic and motor circuits. 

 

In general terms, our results in both the primary sensory cortex, which paralleled those in the 

primary motor cortex (Kim et al., 2014), and the superior frontal gyrus show that motor 

dysfunction in HD is associated with the degeneration of both interneurons and pyramidal 

cells. This tempts us to speculate that loss of GABAergic interneuron-mediated inhibition 

affects the pyramidal cell viability by causing disinhibition of pyramidal cell activity which 

results in excitotoxicity and aberrant release of glutamate in the striatum, and ultimately death 

of striatal medium spiny neurons and cortical pyramidal cells. This provides evidence 

suggesting a cortical origin of neuropathogenesis in HD. Also, our results in the primary 

sensory cortex, superior frontal and parietal cortices show a variable viability of interneurons 

and pyramidal cells in different cortical areas in motor and mood symptom profiles, 

suggesting a variable pattern of pathogenesis across these three cortical areas in relation to 

the variable symptom profiles. What is irrefutable is that symptom variability is related to the 

variable pyramidal and interneuronal viability. This is the major contribution of this thesis 

which completely changes our current explanation of the pathogenesis of HD in the human 

brain.  
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7.5 Interneurons and cortical neuropathology 

7.5.1 Association between the pattern of cortical interneuron loss and the HD striatal 

neuropathological grade 

Extensive neurodegeneration in the striatum and cerebral cortex is the main pathological 

hallmark of Huntington’s disease. In the striatum, the most vulnerable neuronal types are the 

medium spiny neurons (MSNs) which degenerate progressively throughout the course of the 

disease. The extent of the striatal degeneration has been used as a grading system to indicate 

the severity of the disease (Vonsattel et al., 1985, Vonsattel and DiFiglia, 1998, Vonsattel et 

al., 2007). However, the principal site of the neuropathology, and the relationship between 

cortical and striatal neurodegeneration in HD is still the subject of much debate.  

 

In our study, the total number of interneurons in the three cortical regions investigated 

appeared to be reduced in the early stages of HD (grade 0-1). However, there was no major 

further reduction in the total number of interneurons in later stages of the disease (HD grade 

2-3) (Chapter 4, 5, and 6). This lack of clear correlation between striatal and cortical 

neurodegeneration could be due to other factors that are involved in cortical pathology, i.e. 

the variable symptomatology of HD cases in each HD grade sub-group. Therefore, we can 

suggest that the correlation between cortical interneuron loss and variable HD 

symptomatology is stronger than that with striatal neuropathological grade. It is interesting to 

note that the pattern of pathology in the striatum is also associated with the variable HD 

symptoms: that is, HD cases with profound loss of striosomes have been shown to exhibit 

pronounced mood symptoms, and those cases with differential loss of the striatal matrix 

compartment exhibit motor symptoms (Tippett et al., 2007). Taken together, our results 

clearly show that loss of cortical interneurons takes place in the early stages of the disease, 

and that the pattern of striatal and cortical neuropathology has a strong association with the 

variable symptomatology in HD.  

 

The early involvement of cortical interneurons in HD pathogenesis has been shown 

previously in mouse models of HD. For example, Gu and colleagues (2005) observed an 

early deficit of inhibitory input by GABAergic interneurons onto the cortical pyramidal 
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neurons in the Cre/LoxP conditional mouse model of HD. Also, an electrophysiological study 

showed an early loss of inhibitory inputs by GABAergic interneurons in the motor cortex of 

the BAC HD transgenic mice (Spampanato et al., 2008). Alterations in the pattern of 

inhibitory postsynaptic potentials (IPSPs) of the cortical interneurons have also been shown 

in the somatosensory cortex of three other mouse models of HD (R6/2, YAC128, and 

CAG140 knock-in) (Cummings et al., 2009). These studies suggest that the loss of inhibitory 

functions of cortical interneurons happens in early stages of the disease, and may contribute 

significantly to the early pathophysiological changes in HD. 

 

The hypothesis proposing that the striatum is the primary site of pathology in HD has been 

challenged by many previous studies. Indeed, the accumulation of mutant huntingtin 

(inclusions) is more frequently observed in the cerebral cortex than the striatum in post-

mortem human brains (DiFiglia et al., 1995, DiFiglia et al., 1997, Sapp et al., 1999), and 

abundant neuropil aggregates have been observed in the cortex of presymptomatic HD cases 

(Gutekunst et al., 1999, Sieradzan and Mann, 2001). Also, a microarray study using post-

mortem human brains (which included some of the cases investigated in the present study) 

documented a differential expression of 1482 genes (3%) in the primary motor cortex in early 

stages of HD (HD grade 0-2) (Hodges et al., 2006). In addition, Rosas and colleagues (2008) 

have reported a significant thinning of the sensorimotor, superior parietal, temporal and 

occipital cortical areas in premanifest HD subjects. In R6/2 HD mice, the first signs of 

nuclear inclusions were observed in the anterior cingulate cortex (Davies et al., 1999). These 

observations suggest that cortical atrophy is an early event in the course of HD 

pathology, and that in all probability it begins before symptom manifestation. 

 

The cerebral cortex and striatum form an extensive and highly organised projection system, 

known as the “corticostriatal pathway”. This projection system is arranged in a 

topographically organised manner (McGeorge and Faull, 1989, Haber et al., 1990). It has 

been hypothesised that early cortical dysfunction in HD contributes to alterations in the 

corticostriatal pathway, and thereby influences striatal neurodegeneration (Cepeda et al., 

2003). Since the basal ganglia and cortex play an important role in modulating motor and 

mood functions, the consequent disruption of circuits between them and neuronal death in 

both regions must play a major role in symptom phenotypes in HD. Indeed, previous studies 
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using HD mouse models propose that changes in the corticostriatal pathway occurs as early 

as premanifest HD, and may be a major contributing factor to the initiation of HD 

pathogenesis (Cepeda et al., 2003, Gu et al., 2005, Cepeda et al., 2007). Early dysfunction of 

the corticostriatal pathway is also strongly implicated in striatal excitotoxicity in HD. The 

medium spiny neurons (MSN) (the most vulnerable striatal neurons) receive excitatory 

glutamatergic input from different areas of the cortex. Loss of cortical inhibition, dysfunction 

of pyramidal neurons, and alterations in the corticostriatal pathway in early stages of HD is 

thought to result in excess glutamate release in the striatum, causing NMDA receptor-

mediated excitotoxic MSN damage (Heilman and Watson, 1977, Beal et al., 1986, Beal, 

1995, Zeron et al., 2001, Zeron et al., 2002, André et al., 2006, Spampanato et al., 2008). 

Furthermore, the corticostriatal pathway is thought to be the main tract through which brain-

derived neurotrophic factor (BDNF), a growth factor necessary for striatal neuron survival, is 

transported from the cerebral cortex to the striatum (Strand et al., 2007). Previous studies 

have shown a significant reduction in the production and transportation of BDNF from the 

cortex to the striatum (Altar et al., 1997, Conner et al., 1997, Ferrer et al., 2000, Cattaneo et 

al., 2001, Zuccato et al., 2001, Fusco et al., 2003, Baquet et al., 2005).  An in vitro study has 

suggested that early dysregulation of the BDNF gene in HD leads to disruption of the cortical 

microcircuitry (Gambazzi et al., 2010). BDNF has also been shown to be crucial for 

anatomical and functional maturation of PV+ interneurons in different cortical regions 

(Gorski et al., 2003, Berghuis et al., 2006, Itami et al., 2007). Together, these studies 

highlight the early involvement of the cerebral cortex and the corticostriatal pathway in the 

pathogenesis of Huntington’s disease.  

 

It is also important to note that HD is characterised by symmetrical bilateral degeneration in 

both sides of the forebrain. In this respect, it is of importance to note that the corticostriatal 

pathway originates from pyramidal cells in both the ipsilateral and contralateral cerebral 

cortex, and both ipsilateral and contralateral corticostriatal projections are organised in an 

identical convergent manner to the relevant areas of the striatum (e.g. both primary motor and 

sensory cortices converge bilaterally and overlap precisely in the same somatotopical regions 

of the striatum) (McGeorge and Faull, 1987, 1989). These “bilateral” overlapping 

somatotopical corticostriatal projections provide a possible scientific basis for explaining why 

HD neuropathogenesis follows an identical pattern of dysfunction and cell loss on both sides 

of the cortex and basal ganglia. This contrasts markedly with Parkinson’s disease where the 
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neuropathogenesis always starts on one side of the brain before proceeding to ultimately 

involve the opposite side of the brain. 

Therefore, we can suggest that the cerebral cortex and striatum are anatomically and 

functionally connected, and the generation of clinical symptoms in HD is likely to be caused 

by pathological processes in both the cortex and striatum, and alterations in the connection 

pathway between them. 

 

7.5.2 Other evidence indicating the involvement of GABAergic interneurons in the 

neuropathology of the cerebral cortex in HD  

Calcium-binding protein and neuroprotection 

Calcium (Ca2+) signalling has been shown to be involved in many different functional aspects 

of neurons including neurotransmitter release, membrane excitability,  and cellular changes 

underlying learning and memory (Berridge et al., 2003, Rusakov, 2006, Clapham, 2007). 

Many neurodegenerative diseases, including Huntington’s disease, have been associated with 

impaired neuronal Ca2+ homeostasis and increased intracellular Ca2+ concentration (Ferrer et 

al., 1994, Kirischuk and Verkhratsky, 1996, Muller and Gispen, 1996, Verkhratsky and 

Toescu, 1998, Thibault et al., 2007, Wojda et al., 2008). Since increased concentrations of 

Ca2+ has been shown to be toxic to neurons, intracellular Ca2+ levels need to be tightly 

regulated. Calbindin D-28k (CB), calretinin (CR) and parvalbumin (PV) are the three main 

calcium-binding proteins involved in the regulatory system of Ca2+ homeostasis in the brain 

(Van Brederode et al., 1991, Miller, 1995, Capozzi et al., 2006, Grabarek, 2006, Schwaller, 

2009). Due to their high capacity to buffer intracellular Ca2+, these calcium-binding proteins 

are suggested to protect neurons against Ca2+ overload, thereby making them more resistant 

against cellular insults such as excitotoxicity in different neurodegenerative diseases 

including HD (Cudkowicz and Kowall, 1990, German et al., 1992, Iacopino et al., 1992, 

Lukas and Jones, 1994, Macdonald and Halliday, 2002, Van Den Bosch et al., 2002). 

However, the neuroprotective role of the calcium-binding proteins has been questioned by 

other previous studies, which have shown that neurons expressing calcium-binding proteins 

are vulnerable to excitotoxicity in cultured neurons (Isaacs et al., 2000, d’Orlando et al., 

2002), motor neuron disease (Ince et al., 1993), multiple sclerosis (Clements et al., 2008), 

schizophrenia and bipolar disease (Cotter et al., 2002), dementia and Alzheimer’s disease 
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(Ichimiya et al., 1988, Hof and Morrison, 1991, Ferrer et al., 1993), Parkinson’s and 

Huntington’s disease (Iacopino and Christakos, 1990, Heizmann and Braun, 1992). 

 

The calcium-binding proteins are found widely throughout the brain. However, in the 

cerebral cortex, they are mainly expressed by different sub-populations of GABAergic 

interneurons (Heizmann and Braun, 1992, DeFelipe et al., 2002). The results of the present 

study showed differential vulnerability of the three different sub-populations of interneurons 

(CB+, CR+, and PV+) in different cortical regions. Therefore, it could be suggested that loss of 

cortical interneurons leads to the disruption of Ca2+ homeostasis, which in turn causes 

excitotoxicity in HD. The precise mechanisms underlying these disturbances are still not 

clear. 

 

Changes in the expression of GABAA receptor in the cerebral cortex of HD 

Several studies, using animal HD models, have reported alterations in GABAergic 

neurotransmission in the cerebral cortex in HD (Gu et al., 2005, Spampanato et al., 2008, 

Cummings et al., 2009). In addition, the results of the present study together with a previous 

study from our laboratory showed cellular deficits of specific GABAergic interneurons in 

five different cortical regions (Kim et al., 2014). Therefore, we can suggest that abnormalities 

in the cortical GABAergic system play an important role in the neuropathology of HD. The 

presumed inhibitory role of GABAergic interneurons is exerted by differential expression of 

various types of GABA receptors. The GABAA
 receptors are fast-activating ionotropic 

receptors that belong to the Cys-loop family of ligand-gated ion channels (Pritchett et al., 

1989, Macdonald and Olsen, 1994, Macdonald and Botzolakis, 2009). These receptors are 

expressed by pyramidal cells and interneurons throughout the cortex, and cause 

hyperpolarisation by allowing Cl- ion influx upon activation (Fritschy and Mohler, 1995, 

Whiting et al., 1999, Macdonald and Botzolakis, 2009). Alterations in the subunit 

composition of GABAA receptors are known to affect the inhibitory GABAergic system 

(Okada et al., 2000, Vicini et al., 2001). Indeed, a significant decrease in the composition of 

α5 and γ2 subunits in the primary motor cortex of HD cases has been observed (Hodges et al., 

2006). Furthermore, changes in the pattern of GABAA receptor subunit expression (α1, β2/3, α3 

subunits) in the primary motor cortex and anterior cingulate gyrus of HD cases has been 
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reported by a previous study from our laboratory (Sharma, 2009). It is interesting to note that 

the differential pattern of GABAA receptor expression was also associated with variable 

symptomatology in HD. That is, in the primary motor cortex, the mRNA and protein levels 

of all three subunits of GABAA receptors were increased significantly in HD cases with 

predominant motor symptoms. In contrast, in the anterior cingulate gyrus, a significant 

increase in all GABAA receptor subunits was observed in the HD mood cases, and not the 

motor cases (Sharma, 2009). Therefore, these findings have shown that the variable pattern of 

GABAA receptor levels in two functionally different cortical regions correlates with 

heterogeneous HD symptoms. This is in agreement with the pattern of GABAergic 

interneuron loss in the two cortical regions, i.e. the primary motor cortex and anterior 

cingulate gyrus (Kim et al., 2014). 

 

The observed increase in the GABAA receptor profile in HD could be interpreted as a 

compensatory up-regulation of postsynaptic receptors, which is caused by the loss of 

GABAergic interneurons and consequently their inhibitory action. A similar compensatory 

up-regulation of GABAA receptors due to loss of GABAergic interneurons has been 

documented in the prefrontal and anterior cingulate cortices of patients with schizophrenia, 

bipolar disorder, and major depression (Benes et al., 1992, Benes et al., 1996, Benes and 

Berretta, 2001, Blum and Mann, 2002). Also, up-regulation of GABAA, α1, β2,3, and γ2 

subunits in the HD globus pallidus has been observed (Allen et al., 2009). 

 

In summary, these results showed dysfunction of specific neurons in different brain regions, 

which could lead to a compensatory up-regulation of GABAA receptors in HD. These 

alterations in the cortical GABAergic system lead to reduced or altered interneuronal 

inhibition, and consequently the over excitation of pyramidal cells. This, in turn, results in 

excitotoxicity, which is known to affect striatal medium spiny neurons, and play an important 

role in the pathology of the cerebral cortex in HD. 
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7.6 Association between the pattern of cortical interneuron loss 

and soma volume changes in HD 

Many neurodegenerative disorders are pathologically characterised by the selective loss of a 

particular subset of neurons, and extensive morphological changes in the remaining cells. 

These morphological changes, which could be indicative of an ongoing pathology, include 

decreased cell soma volume, decreased dendritic density and dendritic spines, and blebbing 

of the nucleus or cytoplasm (Kanazawa, 2001, Graeber and Moran, 2002). For example, in 

Parkinson’s disease, 50% of the remaining nigral neurons demonstrate cellular shrinkage, 

cytoplasmic and nuclear condensation, and nuclear deformities (Kanazawa, 2001). In 

amyotrophic lateral sclerosis (ALS), the remaining spinal motoneurons have been shown to 

shrink by approximately 20-30% (Kiernan and Hudson, 1993). Furthermore, shrinkage of 

frontal cortical neurons has been observed in depression, schizophrenia, and Alzheimer’s 

disease (Rajkowska et al., 1998, Rajkowska et al., 1999, Iacono et al., 2009). In Huntington’s 

disease, a small degree of shrinkage has been observed in the remaining striatal neurons 

(Roos and Bots, 1983). However, since the cerebral cortex has been shown to play an 

important role in the pathology of HD, it is of much interest to also investigate the presence 

of “degenerative changes” in the remaining cortical neurons. 

 

The present study, therefore, focused on the changes in the soma volume of the remaining 

interneurons in the three cortical regions investigated, i.e. the primary sensory cortex, the 

superior frontal cortex, and the superior parietal cortex. The results showed a trend where the 

decline in the volume of interneurons follows the same pattern as the loss of interneurons in 

the three cortical regions. This is suggestive of a strong association between morphological 

changes (soma shrinkage), degeneration of interneurons, and symptomatology in HD. Indeed, 

these reductions in the soma volume of cortical interneurons could be indicative of ongoing 

neuronal dysfunction which proceeds cell death in HD. 

 

The mechanism of selective cell death in Huntington’s disease is still unclear. Since the loss 

of cell volume is thought to be a fundamental and universal characteristic of programmed cell 

death (apoptosis) (Bortner and Cidlowski, 1998), our results suggest that apoptotic cell death 
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could be a possible underlying mechanism for HD pathogenesis. In line with our 

observations, a previous in vitro study has shown that intranuclear huntingtin aggregates 

induce the activation of caspase-3 and the release of cytochrome c from mitochondria, 

causing the huntingtin-expressing cells to undergo apoptosis (Li et al., 2000). Also, evidence 

of apoptotic cell death (nonrandom DNA fragmentation) has been observed in the 

neostriatum of HD human brains (Dragunow et al., 1995, Portera-Cailliau et al., 1995). In 

contrast to these observations, Turmaine and colleagues (2000) observed no signs of blebbing 

of the nucleus or cytoplasm, apoptotic bodies, or fragmentation of DNA in dying neurons in 

HD human brains and their transgenic mouse model of HD. Furthermore, they found that cell 

death occurs over a period of weeks but not hours. The authors, therefore, suggest that the 

mechanism of cell death in HD is by neither apoptosis nor necrosis. Instead, the authors refer 

to the process as “dark degeneration” (Turmaine et al., 2000). However, as mentioned earlier, 

the underlying mechanism of cell death in HD is still heavily debated, and a topic of further 

investigation. The focus of Section 7.8 is to discuss some of the main proposed molecular 

pathways underlying HD pathogenesis which may also be involved in cortical 

neuropathology.   

 

7.7 Global forebrain considerations of HD pathogenesis 

The basal ganglia receive a diverse range of inputs from the cerebral cortex. This information 

is channeled back to the cortex via the thalamus, creating a circuit: the cortico-basal ganglia- 

thalamo-cortical circuit (Parent and Hazrati, 1995). The projections within the circuit form 

several functionally segregated and interconnected systems, with the sensorimotor, 

associative and limbic loops being amongst the main cortico-basal ganglia-thalamo-cortical 

connections. The motor loop involves the projections from the motor, premotor, and sensory 

cortical areas to the dorsal striatum; the associative loop involves projections from the 

dorsolateral prefrontal and lateral orbitofrontal cortical areas to the medial striatum; and the 

limbic loop involves the projections from the cingulate, orbital and prefrontal cortices to the 

ventral striatum (Alexander et al., 1991, Alexander, 1994, Parent and Hazrati, 1995, Krack et 

al., 2010). Due to the strong connections between the different components of the cortico-

basal ganglia-thalamo-cortical circuit, the disruption in any component of any of the loops 

mentioned above, either alone or in combination with cell-autonomous changes, could affect 

the functionality of the entire circuit. In a reductionist way, it is tempting to speculate that 
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loss of interneurons and pyramidal cells in different parts of the cerebral cortex affects the 

cortical projections to the basal ganglia, which could contribute to the dysfunction of 

different components of the entire circuit. Depending on the location of the cortical 

degeneration, this would alter the motor and/or the limbic loops leading to the manifestation 

of variable symptoms (motor, mood, mixed) in HD. Therefore, this reductionist line of 

argument would suggest that the pathogenesis of cell death in HD results from dysfunction of 

cortical interneurons and pyramidal neurons. This is summarized in Figure 7.4. 

 

As mentioned earlier, the results of this thesis show that the dysfunction and degeneration of 

cortical interneurons and pyramidal cells, together with striatal degeneration, play a central 

role in HD pathogenesis. However, one could take a more holistic general view of the 

pathogenesis in HD, and suggest that the HD gene induces cell degeneration simultaneously 

in some or all of the affected nuclear components of the cortico-basal ganglia-thalamo-

cortical circuit. Because of the close connection between the different components of the 

circuit, the neurodegeneration and dysfunction of these components is exacerbated and 

accelerated in both anterograde and retrograde fashions. These considerations would, 

therefore, suggest that HD pathogenesis may well start in a cell-autonomous fashion but 

spread in a non-autonomous manner.  
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Figure 7.4 Schematic diagram modelling the hypothesised dysfunction of the two main 
cortico-basal ganglia-thalamo-cortical loops in the human brain in Huntington’s disease 

This diagram illustrates the hypothesised downstream dysfunction of different cellular pathways 

(motor and limbic loops) as a result of degeneration of interneurons and pyramidal cells in different 

cortical areas. Note that the sequence of cellular dysfunction illustrated in the diagram is still under 

current debate. 

 

Motor loop: loss/dysfunction of interneurons and pyramidal cells in the sensorimotor and premotor 

areas results in the dysfunction of the cortical connections to the dorsal striatum. This will further lead 

to impairment of the basal ganglia- thalamo-cortical projections, which include projections through the 

GPe, GPi, ventral anterior and ventral lateral nuclei of the thalamus towards the motor and premotor 

cortical areas. This will ultimately result in the manifestation of motor symptoms.  

 

Limbic loop: loss/dysfunction of interneurons and pyramidal cells in the anterior cingulate gyrus and 

different areas of the frontal cortex (the limbic areas) leads to the dysfunction of cortical projections to 

the ventral striatum/ventral pallidum. This will further lead to impaired basal ganglia-thalamo-cortical 

projections, which involve projections through the mediodorsal (MD) thalamic nucleus towards the 

orbital and medial prefrontal cortical areas. This will ultimately result in the manifestation of mood 

symptoms associated with HD.  

 

GPe, globus pallidus external segment; GPi, globus pallidus internal segment; STN, sub-thalamic 

nucleus; VS, ventral striatum; VP, ventral pallidum; VA/VL, ventral anterior/ventral lateral nuclei; MD, 

mediodorsal nucleus.  
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Figure 7.4 Schematic diagram modelling the hypothesised dysfunction of the two main cortico-basal ganglia-thalamo-cortical loops in 

the human brain in Huntington’s disease.  
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7.8 Therapeutic strategies and future directions 

The majority of therapeutic strategies currently used in HD are designed to ameliorate the 

primary symptomatology of the HD condition, i.e. psychiatric agents to control behavioural 

symptoms, motor sedatives, cognitive enhancers, and neuroprotective agents (Handley et al., 

2006). However, the benefits of these drugs are very limited, and they do not address the 

underlying pathological progression.  

As discussed earlier, neuronal dysfunction and cell death in HD are due to a combination of 

interrelated pathological processes which operate in a complicated way. Here, some of the 

current HD therapeutic targets will be discussed that are related to the neuropathology of the 

cerebral cortex.  

 

7.8.1 Excitotoxicity 

As described before, excitotoxicity is considered to be one of the major causes of cell death 

in HD. Excitotoxicity relies on increased glutamate release and N-methyl-D-aspartate 

receptor (NMDAR) activity, ultimately resulting in impaired calcium signalling and cell 

death. Riluzole-mediated blockade of the excessive glutamate release from the corticostriatal 

terminals was one of the first attempts to counteract excitotoxicity in HD (Mary et al., 1995, 

Guyot et al., 1997, Panov et al., 2002, Schiefer et al., 2002). Other strategies include 

decreasing the activity of NMDARs using a glutamate antagonist (lamotrigine) or a non-

competitive inhibitor of NMDAR (remacemide) (Ferrante et al., 1987, Schilling et al., 2001, 

Ferrante et al., 2002), and blockade of NMDA receptors (memantine) (Lee et al., 2006). Most 

of the drugs mentioned have been shown to be neuroprotective in HD animal models and 

cultured cells, but unfortunately no significant beneficial results have been observed in 

patients with HD.  

Gaining a better understanding of the underlying pathological mechanisms in HD would help 

with developing new therapeutic strategies. As discussed before, loss of cortical inhibitory 

interneurons could lead to over-activation of pyramidal cells, and ultimately excitotoxicity in 

the cerebral cortex and striatum. However, it is important to test this hypothesis in the human 

brain by looking at the changes in the levels of glutamate and NMDAR activity in different 

parts of the cortex, and compare these changes with cortical interneuronal loss and variable 
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symptom profiles in HD. This will allow us to investigate the relationship between changes in 

glutamate signalling and loss of interneurons, as well as HD symptomatology.  

 

7.8.2 BDNF 

Previous studies have suggested that reduced levels of BDNF contribute to HD phenotypes 

(Auerbach et al., 2001). These findings have generated considerable excitement about 

establishing a “BDNF therapy” for Huntington’s disease. Some of the possible strategies to 

increase the levels of BDNF in HD are: administration of recombinant BDNF, gene therapy, 

BDNF mimics, and BDNF-releasing cell grafts (Zuccato et al., 2010). These possible 

strategies, however, are still under extensive investigations (preclinical). 

BDNF is thought to be produced in the cerebral cortex and transported to the striatum via the 

corticostriatal tracts. Studies using animal models of HD have reported a significant reduction 

in the level of striatal BDNF, and its correlation with HD phenotypes (Zuccato et al., 2010). 

Therefore, considering these results, it would be of much interest to investigate the changes in 

the level of BDNF across different cortical regions, and correlate these changes with variable 

HD symptomatology.  

 

7.8.3 Inclusions 

The nature and role of Htt aggregates in the clinical basis of HD pathogenesis has not been 

well understood. Further investigations are required to elucidate the pathways leading to 

aggregate formation, identify the different types of aggregates that are formed, and to learn 

whether they are neurotoxic or neuroprotective. Although these processes are still unclear, 

many drug discovery efforts have focused on blocking the formation of aggregates. Indeed, 

many studies have focused on screening and discovering new antiaggregation compounds 

(Zuccato et al., 2010). Despite promising data from using antiaggregation compounds in cell-

based assays, and non-mammalian HD models (i.e. Drosophila) (Doumanis et al., 2009), few 

convincing results have been observed in mouse models of HD (Zuccato et al., 2010). 

Therefore, many have shifted their focus to drugs that stimulate aggregate clearance. In fact, 

the list of new drugs that up-regulate autophagy and enhance the clearance of mutant 



179 
 

huntingtin is growing. It is, however, crucial to assess the safety of these compounds and 

their ability to induce autophagy in mouse models (and larger animal models) of HD. 

 

Although the variable pattern of cortical cell loss in HD has been studied extensively, the 

molecular basis for differential vulnerability of cortical cells has not been studied. One of the 

main pathological hallmarks of HD is the presence of aggregated mutant huntingtin protein 

(Htt) within cells. As an extension of the present study, some preliminary data showed that 

the distribution of Htt aggregates, as identified with the antibody 1C2, varies across different 

functional regions of the cortex. The distribution of Htt aggregates appears to follow the 

same variable pattern as loss of cortical pyramidal cells and interneurons. These 

preliminary findings indicate that the presence of Htt aggregates may play a major role in the 

differential vulnerability of cortical neurons in HD. Therefore, it is important to obtain a 

better understanding of the neuroanatomical profile (pattern of distribution and cell sub-type 

localisation) of Htt aggregates in different sub-populations of cortical pyramidal and 

interneurons. 

 

Recent data has challenged the idea that only neuronal Htt expression is involved in the 

neuropathogenesis of HD (Shin et al., 2005).  Indeed, Htt aggregates have also been found in 

non-neuronal cell types including neuroinflammatory cells such as reactive astrocytes and 

microglia (Singhrao et al., 1998, Maragakis and Rothstein, 2006, Cha, 2007, Kuhn et al., 

2007). Accumulating evidence from rodent models suggests that glial cells expressing Htt 

aggregates can elicit pathological cell-cell interactions to cause the vulnerable neurons to 

become dysfunctional and more susceptible to degeneration (Gu et al., 2005, Gu et al., 2007). 

While the current data demonstrates the involvement of pathological cell-cell 

neuroinflammatory interactions in HD pathophysiology in rodent HD models, the nature of 

these interactions within the human brain and larger HD animal models is yet to be 

discovered. Hence, it is important to understand how Htt aggregation affects cortical glial-

glial and glial-neuronal inflammatory interactions that may contribute to variable cortical cell 

loss, using human brain tissue. Also, we have developed a transgenic HD ovine model which 

has the human HD gene with 73 repeats. At 5 years of age the model shows early HD 

behavioural symptoms and pathological hallmarks (Htt aggregates in the cerebral cortex). 

Therefore, this ideal model could be used to investigate the progressive nature of Htt 
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aggregation in a larger animal model of HD. Also, cellular changes in the cerebral cortex and 

striatum can be studied at different stages of HD using this model. It is hoped that a better 

understanding of this matter could shed light on the cellular basis for clinical heterogeneity in 

HD. 

 

7.8.4 Targeting mutant huntingtin RNA: RNA interference 

Using striatal delivery of adeno-associated virus (AAV1)-short hairpin RNA (shRNA) 

directed against human mutant mRNA, Harper and colleagues (2005) observed a reduction in 

the levels of mutant huntingtin mRNA and protein in the striatum of N171-82Q mice. The 

shRNA was designed to reduce the expression of the mutant human huntingtin gene, without 

affecting the expression of the wild type copy of the gene (Harper et al., 2005). Silencing the 

pathogenic gene was shown to prevent behavioural and neuropathological symptoms in these 

HD mice (Harper et al., 2005). Another study reported similar results when AAV5 was used 

to deliver two different human huntingtin-specific shRNAs to the striatum of R6/1 mice 

(Denovan-Wright et al., 2008). Small-interference RNA (siRNA) can also be used as an 

alternative strategy to knockdown mutant huntingtin expression, which seems to be safer and 

more effective than shRNAs (Grimm and Kay, 2006, Snøve Jr and Rossi, 2006, Snøve and 

Rossi, 2006, Alemán et al., 2007). However, the RNA interference-based strategies are only 

desired if they can specifically select and silence the mutant allele, to avoid the potential 

side effects due to a partial reduction in the expression of the normal huntingtin gene and loss 

of its beneficial effects in the brain (Zuccato et al., 2010). Together, these studies have 

demonstrated that RNA interference could be used as a potential HD therapy. 

 

One of the current challenges in the field of HD is to identify and target the heterozygous 

single nucleotide polymorphisms (SNPs) that are selectively associated with the disease-

causing allele. Indeed, increasing number of disease-linked polymorphisms are now being 

identified, which suggest that a majority of HD patients may be treatable by individualised 

allele-specific RNAi that selectively targets the mutant huntingtin mRNA (Rodriguez-Lebron 

and Paulson, 2005, Aronin, 2006, Schwarz et al., 2006, Lombardi et al., 2009). 
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Despite the promising potential therapeutic applications of siRNA-based strategies, many 

technical issues remain unsolved. These include the stability of the silencing, the delivery 

modes, timing, and cellular targets (Aronin, 2006). Since the loss of striatal medium spiny 

neurons (MSNs) is one of the main pathological hallmarks of HD, many RNAi-based 

therapeutic strategies have been designed to selectively target these cells. However, recent 

evidence suggests major pathology of the cerebral cortex and alterations in the corticostriatal 

pathway in HD, indicating that a broader treatment regimen to additional brain regions (the 

cerebral cortex) should be considered. Also, it would be interesting to investigate the 

potential therapeutic applications of RNAi-based strategies using a larger animal model of 

HD (the ovine model of HD that is currently being characterised in our laboratory).  

 

7.8.5 Other future directions 

The results of the present study have shown an important association between HD 

symptomatology and variable loss of GABAergic interneurons in three different cortical 

regions. The following studies would help us to gain a better understanding of neuronal 

changes across the cerebral cortex:  

 

Morphological changes of interneurons: As discussed earlier, many neurodegenerative 

disorders are characterised by extensive morphological changes of cells. These 

morphological features include changes in the cell soma volume, and loss or thinning of 

neuronal dendrites (Klapstein et al., 2001, Laforet et al., 2001). The results of the present 

study showed that morphological changes seem to follow the same pattern as cell loss, and 

are thought to precede cell death. Therefore, future studies should be directed at investigating 

these morphological changes in GABAergic interneurons and pyramidal cells across different 

cortical regions in HD.  

 

Gene, protein and functional studies: previous studies have demonstrated differential gene 

expression in the striatum and cortex in HD (Luthi-Carter et al., 2002, Hodges et al., 2006). 

Therefore, it would be interesting to investigate the variable gene expression in GABAergic 

interneurons and pyramidal cells across the cerebral cortex in HD.  Genome-wide profiling of 
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cortical cells can be studied using techniques such as microarray and laser capture 

microscopy (LCM) analyses, where single cells can be dissected out of the tissue for genetic 

and proteomic analysis. These combined techniques can be used to determine the gene 

expression profile of interneurons in different cortical regions, for example the sensorimotor 

cortex, and the anterior cingulate gyrus. Such a study would reveal the regional cortical gene 

expression profile at the cellular level, which could in turn explain the molecular processes 

underlying differential cell loss and variable symptomatology in HD.  
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Figure 7.5 Hypothesis of cortical involvement in the neuropathology of HD (general 
summary)  
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7.9 Conclusion 

The results of the present study suggest that the differential loss of GABAergic interneurons 

in the primary sensory cortex, superior frontal and superior parietal cortices is associated with 

variable symptomatology in HD. The results also showed that morphological changes of 

interneurons (changes in cell volume) follow the same pattern as interneuronal loss in these 

three different cortical regions, which is indicative of cellular pathological changes that may 

precede cell death. The pathology of HD is likely to be due to activation of multiple 

degeneration pathways which affect different cell types in different parts of the brain. Indeed, 

our results from the present and previous studies have demonstrated a significant variable 

loss of both GABAergic interneurons and pyramidal cells across different cortical regions in 

symptomatically different HD cases. These studies provide further support for the notion that 

cortical degeneration contributes significantly to the neuropathology and symptomatology of 

HD.  
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