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Abstract 

Huntington's disease (HD) is a genetic neurodegenerative disease caused by an expanded 

CAG-repeat mutation in exon 1 of the gene encoding huntingtin (HTT) which results in an 

elongated polyglutamine (polyQ) tract. A triad of symptoms encompassing cognitive, motor and 

psychiatric features are evident in mutant gene carriers, with typical symptom manifestation in 

adult life; the degeneration of the corticostriatal (CS) pathway and disruption to its connectivity 

partially underlie the manifestation of these symptoms. The CS pathway is composed of cortical 

layer V projection neurons (CPNs) and striatal medium spiny neurons (MSNs), which are the 

principle neuronal subtypes targeted in HD pathology. The aim of this thesis was to recapitulate 

the CS pathway in vitro using human cells in co-culture, in order to better understand the early 

pathological events that lead to its disruption in HD. Using human pluripotent stem cells (PSC) 

derived from an HD family and an isogenic HTT allelic series, MSN- and CPN-containing 

cultures expressing various HTT polyQ lengths were generated using validated methods that 

were then adapted and optimised for use in this thesis.  

HD-associated phenotypes were revealed in both cell types by using a thorough approach to 

phenotypical profiling. Alterations in cell viability at baseline and after stress were documented, 

as well as changes to neuronal morphology and adhesive function. Novel investigations into 

axonal projection revealed a HTT polyQ-length dependent deficiency in HD CPNs, as well as 

altered neurotrophin production and release. Using microfluidic chambers (MFC), a co-culture 

system was created to recapitulate the CS pathway. Their use showed that it is possible to 

culture PSC-derived neurons in MFCs, with evidence of neuronal connectivity as shown by the 

formation of synapses within the devices. Differences in the level of synapse maintenance 

suggest that this platform could be useful in further assessing the development of early CS 

pathology in an HD context. 
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Chapter 1 – Introduction 

1.1 Huntington’s disease 

Huntington’s disease (HD) is a hereditary neurodegenerative disease for which the singular 

cause of pathology has been unequivocally established. First described by Dr George 

Huntington in 1872, the disease causes involuntary choreic movements and an onset of 

psychiatric symptoms, which Huntington noted were common to a proportion of individuals 

within the same family. Indeed it was reported that 'when either or both the parents have shown 

manifestations of the disease...one or more of the offspring almost invariably suffer from the 

disease, if they live to adult age' (Huntington, 1872), which we now understand to be due to the 

dominant manner in which the disease is inherited. Extensive investigation has since led to the 

discovery of the disease-causing gene mutation by the HD research consortium in 1993, which 

paved the way for better understanding the nature of the disease (MacDonald et al., 1993). 

1.1.1 Epidemiology of HD 

The prevalence of HD in the Caucasian community is approximately one in 10 000, however 

this figure is thought to be under reported (Rawlins et al., 2016). Although the disease is 

typically inherited, de novo mutations may also arise; up to 24% of new HD cases can be 

attributed to patients with no previous family history of the disease (Almqvist et al., 1999; Myers 

et al., 1993). In cases where early mortality occurs, or a misdiagnosis is given to elder family 

members, individuals may be unaware of their HD gene risk status, thus it is anticipated that a 

higher frequency of the HD mutation is present in the general population (Bates et al., 2015). 

Although incidence of HD occurs worldwide (average prevalence is 5.5 per 100 000) (Baig et 

al., 2016), there are regional pockets with above average prevalence that have attracted 

specific attention. For example, there is an extremely high prevalence in Venezuela, specifically 

in a small community near Lake Maracaibo within which 7/1000 residents carry the disease. 

This community is largely genetically isolated as it is extremely remote, as such intra-familial 

marriages are common. Based on these huge dynasties, genetic linkage studies pioneered by 

Gusella et al., in 1983, enabled researchers to identify the specific chromosome on which the 

Huntington mutation resides.  

1.1.2 Genetics of HD 

HD gene carriers possess an expansion of a triplet repeat sequence (CAG) within the huntingtin 

gene (HTT) on chromosome four (4p16.3) (MacDonald et al. 1993). The CAG expansion results 

in an extended polyglutamine (polyQ) tract within the N terminal region of the huntingtin protein 

(HTT) (Bates et al., 2015). The number of CAG repeats found within the HTT allele varies both 

within individuals (resulting in heterozygosity between their two alleles) and within the 

population, due to the inherent instability of this CAG repeat region.  

As described in Table 1, when the number of CAG repeats is <36 the individual is unaffected as 

the HTT is thought to be fully functional (Ross and Tabrizi, 2011). There have been reports 

however of 'intermediate' gene carriers, who possess 27-35 repeats, and exhibit behavioural 
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phenotypes that are common also in the HD community, such as apathy and suicidal ideals 

(Killoran et al., 2013) suggesting a mild phenotype distinct from HD may present in individuals 

with intermediate allele lengths. For CAG-repeat lengths between 36 and 39, there is 

incomplete penetrance of the disease, whereby the individual risks developing HD typically 

much later in life, however this is not guaranteed (Huang et al., 2016). Finally, if CAG length is 

>39, this is considered an expanded allele, and gene carriers will ultimately develop HD, 

manifesting symptoms at some point in their lifetime due to a toxic gain of function of the mutant 

HTT protein produced (Buren et al., 2016a), as well as potential RNA-mediated toxicity. 

Table 1. Relationship between CAG repeat length and disease classification. HD = Huntington's 

disease, AAO = age at onset. 

CAG-repeat 

length 
Classification Effect References 

< 27 Unaffected N/A 
Ross and Tabrizi, 

2011 

27-35 
Intermediate 

allele length 
Mild behavioural phenotype Killoran et al., 2013 

36-39 
Incomplete 
penetrance 

Later AAO for symptom manifestation, 

disease development not guaranteed 

Huang, Chen and 

Zhang, 2016 

39+ 
Fully penetrant 

HD 

AAO typically between 35 - 45 years, 

mortality within 15 years, variable 

disease severity, hyperkinetic motor 

phenotype. 

Buren et al., 2016 

50+ Juvenile HD 

AAO < 20 years of age. Severe 

phenotype, faster disease progression, 

bradykinetic motor phenotype 

 

Bates et al., 2015; 

Cowan and 

Raymond, 2006 

 

The disease causing mutation is inherited in an autosomal dominant manner; an individual will 

inherit and develop HD if either of their alleles posses an expanded CAG repeat. For this 

reason, there is a 50% chance each individual offspring of an affected parent will inherit the 

disease, and is one of the reasons why HD is one of the more common genetic 

neurodegenerative diseases (Rawlins et al., 2016). 

Within HD families, one common phenomenon is that offspring that have inherited a disease 

causing allele typically manifest symptoms at an earlier age than their affected parent, and in 

some cases have a more severe and rapid disease progression (Bates et al., 2015; Myers, 

2004; Reiner et al., 2011). This is an example of 'anticipation' and is most common via paternal 

inheritance (Myers, 2004). The CAG repeat is unstable and is known to expand during 

spermatogenesis; the levels of CAG-repeat expansion in sperm cells has been reported to be 

extremely high (Myers, 2004). In some cases, an especially expanded CAG-repeat is inherited 

by the offspring (>50 CAG-repeats, with cases of 100 or more repeats in juvenile HD children 

attending the Queen Square HD Multi-disciplinary Clinic, Prof Sarah Tabrizi, personal 

communication). This leads to a subtype of HD called juvenile HD, which will be discussed in 

further detail. 
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1.1.3 Clinical presentation of HD 

HD is typically characterised by a triad of symptoms that contribute to patient mortality, which 

usually occur within 15 years of initial disease diagnosis: personality and behavioural changes 

classically present first (Borgs and Godin, 2012; Julien et al., 2007); a progressive cognitive 

decline due to atrophy of the brain results in dementia (L.A. Raymond et al., 2011; Vonsattel et 

al., 2011); and finally, patients develop choreic movements which increase in severity in parallel 

to disease duration (Borgs and Godin, 2012). Alongside these defined symptoms, patients 

typically experience exhaustion, contributing to dramatic weight loss; the combination of all 

symptoms contributes to a gradual loss of independence over the course of the disease. Each 

patient is unique in their disease onset, symptom manifestation and progression, however CAG-

repeat length is strongly inversely correlated with age of onset (Cowan and Raymond, 2006; 

Reddy and Shirendeb, 2012; Wilson et al., 2017) and disease severity (Pla et al., 2014). The 

typical natural progression of the disease and each of the disease stages is depicted graphically 

in Figure 1. 1. 

 

Figure 1. 1. The typical natural progression of Huntington's disease. A diagrammatic timeline of the 

sequence of events in HD disease progression. As toxicity and pathology accrue in the brain, functional 

ability declines. This occurs prior to the manifest stage the start of which is defined by the onset of motor 

impairment. Reproduced with permission from (Bates et al., 2015). 

1.1.3.1 Motor symptoms 

Initially HD was termed Huntington's chorea, as chorea is one of the most prominent and 

recognisable motor features of the disease (Huntington, 1872). Chorea is the Greek term for 

dancing, which aptly describes this type of dyskinesia. Involuntary contractions of muscle 

groups lead to the execution of jerking and excessive movement commonly affecting the limbs 
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and the trunk. In some cases, these movements can appear directional, as though the individual 

is attempting to reach or grasp an object; HD patients can try to mask their choreic movements 

by attempting to disguise them with a semi-purposeful movement. There are arguments 

however for both a worsening, or improvement in choreic movements in correlation with 

increased voluntary actions (Fahn et al., 2007). Inability to sustain voluntary muscle contraction 

as well as excessive tongue protrusion are also some of the most commonly reported features 

of chorea (Fuller et al., 2010). These symptoms are typically observed in patients experiencing 

the hyperkinetic phase of HD, however as the disease progresses over time, there is a gradual 

reduction in the ability of HD patients to execute voluntary movements in general, leading to 

hypokinesia, bradykinesia, and rigidity (Ross and Tabrizi, 2011; Wichmann and Dostrovsky, 

2011). 

1.1.3.2 Cognitive symptoms 

The cognitive symptoms that HD patients experience are often reported much earlier in the 

disease course, typically ahead of choreic movements. Indeed, it is usually cognitive 

deficiencies as well as psychological alterations that are first noticed by their relatives, and can 

be the most distressing and debilitating features of the disease (Craufurd and Snowden, 2002; 

Stout et al., 2011). Cognitive deficits include a reduction in executive functioning, and an 

impairment to both learning and memory. In later stages of the disease this can develop into 

clinical dementia (Mielcarek, 2015). Due to alterations in the limbic system and frontal lobe 

changes, response selection is affected in patient cohorts, typically manifesting in inappropriate 

emotive responses (Estrada-Sánchez and Rebec, 2013). 

1.1.3.3 Psychiatric features 

Finally, a host of psychological and mental health disorders are associated with HD. These 

include most commonly depression and anxiety, as well as a high prevalence of apathy 

(Craufurd and Snowden, 2002; Julien et al., 2007; Pla et al., 2014). There is debate as to 

whether the disease mutation is directly causative of these features, or if the HD diagnosis itself 

is attributable; the fact that the above features are also experienced by prodromal patients i.e. 

without a formal diagnosis, suggests the former, however as these patients have typically 

already tested positive for the HD mutation, there is perhaps an element of inevitability at play 

(Borgs and Godin, 2012; Julien et al., 2007). Although some of the psychiatric features above 

can be medically managed by selective serotonin reuptake inhibitors (SSRI) for example, they 

tend to worsen in correlation with disease progression and can contribute to mortality; suicide 

rates within the HD population are extensively elevated compared to the general population, 

with up to 30% experiencing suicidal ideals, up to 10% attempting to take their own life and up 

to 6.6% succeeding (Kachian et al., 2019). Personality features such as irritability, aggression 

and obsessive compulsive behaviour are also evident in the HD community, and are particularly 

distressing for HD families (Craufurd and Snowden, 2002).  

1.1.3.4 Diagnosis 

Diagnosing HD has been made simpler due to the availability of genetic tests. If a patient has a 

family history of the disease, they can elect to be genetically tested and have their risk status 
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revealed (Craufurd et al., 2015), termed 'predictive testing' (Losekoot et al., 2013). This is often 

quite a dilemma for individuals in an HD family, as although knowing their risk status is definitive 

in whether they will develop the disease, as yet there are still no known cures, therefore many 

individuals elect not to take the test. Despite the categorical nature of genetic testing, in which a 

polymerase chain reaction (PCR) is completed against the area encompassing the CAG-repeat, 

followed by fragment analysis and sizing based on international standards (Losekoot et al., 

2013), a HD diagnosis and thus recording of age-at-onset (AAO) cannot be made unless the 

patient displays motor symptoms that are unequivocally attributable to HD and cannot be 

explained by any other cause. As such, HD patients may indeed experience cognitive and 

psychiatric symptoms decades before they are formally diagnosed with the disease (Bates et 

al., 2015; Zuccato and Cattaneo, 2014). 

1.1.3.5 Disease management 

As mentioned, to date there are no known disease modifying therapies for HD, which either 

modify the disease course and progression or cure the disease. Treatments are available to 

alleviate some of the symptoms of the disease, including antipsychotic medication and SSRI's 

which combat some of the more debilitating psychiatric features (Pla et al., 2014; Ross and 

Tabrizi, 2011). In 2008, the monoamine depletory drug tetrabenazine was licensed to treat 

chorea in the United States and to date is the best known management for the motor symptoms 

experienced by patients (Huntington Study Group, 2006). As the disease course lengthens and 

disease severity increases, full-time care is required by the HD patient as daily tasks become 

too challenging to complete. As a result, a loss of independence is experienced which can 

contribute to the worsening of psychiatric features. 

1.1.4 Juvenile HD 

As aforementioned, support for positive correlation between CAG-repeat length and disease 

severity is presented by a second type, or subset, of HD termed juvenile HD, as symptoms 

present before the patient reaches 20 years of age (Bates et al., 2015). Juvenile HD is caused 

by much longer expansions of 50 CAG repeats and above (Cowan and Raymond, 2006). The 

disease is typically much faster in its progression (Cummings et al., 2009), and also displays 

contrasting motor symptoms to that of adult onset HD: bradykinesia, rigidity and seizures are 

prominent in juvenile HD patients (Vonsattel et al., 2011). Indeed, some of these symptoms 

mimic the motor phenotype presented by adult onset cases near the end-stage of disease, 

suggesting that juvenile HD is inherently more severe. 

1.2 Huntingtin protein 

1.2.1 Wild type protein function 

Ubiquitously expressed throughout the body, wild type (WT) HTT has multiple diverse functions 

in normal physiology (Borgs and Godin, 2012). In 2018, a cryo-electron microscopy study 

unveiled the electron structure of WT HTT for the first time (Guo et al., 2018). The authors were 

successful in resolving the structure when HTT was bound to HTT-associated protein (HAP)40, 

and identified that the protein was largely composed of three domains: N- and C- terminal 
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domains which contained multiple HEAT (huntingtin, elongation factor 3, protein phosphatase 

2A and lipid kinase TOR) repeats, which are connected by a bridge domain (Figure 1. 2) (Guo 

et al., 2018). This study confirmed the hypothesis that HTT is a highly interactive protein, as 

demonstrated by the resolving of many protein-protein interaction sites. Frequently described as 

a scaffold protein, HTT is intrinsically involved in axonal trafficking and microtubule associated 

cargo transport (Schulte and Littleton, 2011). HTT possesses multiple protein-protein interaction 

sites and has several interactor proteins, such as HAP1 and p150
Glued

, which form a complex 

that assists in vesicle trafficking along axons (Borgs and Godin, 2012; White et al., 2015). 

 

Figure 1. 2. The molecular structure of HTT as resolved by cryo-electron microscopy (cryo-EM). In 

2018, the structure of the WT HTT protein, when bound with HAP40, was resolved by cryo-EM. The 

structure revealed three main regions of the protein: two huntingtin, elongation factor 3, protein 

phosphatase 2A and lipid kinase TOR (HEAT) repeat rich domains, at the N- and C- terminus, which are 

connected by a bridge domain. Figure adapted from Guo et al., 2018. 

One of the first roles discovered for HTT was its requirement for embryonic development: 

homozygote HTT knock-out mouse models are embryonically lethal by E8.5, and heterozygous 

HTT knock-out mice, whilst viable, demonstrate both physical and behavioural defects (Nasir et 

al., 1995). The fact that HTT plays a role in mitotic spindle formation could be one explanation 

for this embryonic lethality (Zuccato and Cattaneo, 2014). It is also found that WT HTT is 

required for neurogenesis (Godin et al., 2010a; Nguyen et al., 2013) and recent studies have 

identified that if knocked-out in human cells (embryonic stem cells), chromosomal instability 

occurs also resulting in impaired neurogenesis (Ruzo et al., 2018). In corticogenesis, Barnat et 

al., identified that HTT was required for newly born cortical progenitor polarisation and 

subsequent radial migration through the cortex, a process that was abolished upon the knock-

down of HTT (Barnat et al., 2017).  

Finally, the WT protein is believed to exert a neuroprotective role through a variety of 

mechanisms, including its inhibition of caspase-3 mediated apoptosis (Zhang et al., 2006), 

preventing cell death, as well as its facilitation of trophic factor production (see 1.6) and 

transport of said factors to networks of neurons within the central nervous system (CNS). The 

functions described above are limited to the CNS, however HTT is expressed in abundance 

throughout the peripheral nervous system and systemic tissues, and thus is known to have 

alternative roles throughout the body (reviewed in Mielcarek, 2015). 
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1.2.2 Mutant HTT protein gain/loss of function 

In 1997 it was confirmed by Professor Bates' group that the mutant form of HTT is prone to 

aggregation and forms inclusions that are typically found in the cell nucleus (Davies et al., 

1997). The contribution of mHTT inclusions to neurodegeneration is hotly debated. For 

example, it is hypothesised that these intranuclear inclusions may interfere with the cells ability 

to transcribe and translate essential proteins thereby contributing to cell death (Steffan et al., 

2000). However, in some HD animal models, which will be discussed in more detail, symptoms 

manifest and persist in the absence of intranuclear inclusions (Raymond et al., 2011).  

Secondary to the molecular alterations introduced by mHTT, the aggregates themselves can 

also hinder cellular functionality in a physical manner. The mHTT aggregates formed in both the 

nucleus and cytoplasm can have drastic blockage effects within the cell. There have been 

studies suggesting that the accumulation of aggregates within axon end points and synaptic 

terminals induces synaptic degeneration; action potential propagation is hindered resulting in 

reduced communication between neurons, and subsequent synaptic degeneration (Vonsattel et 

al., 2011). Secondary to the loss of synaptic transmission, the degenerating synapse sends out 

‘distress signals’ such as danger-associated molecular patterns (DAMPs) to the brain's resident 

immune cells, microglia, as well as astrocytes (Puig et al., 2018), which act in tandem to clear 

the debris left and create a pro-inflammatory environment in the surrounding area. This can lead 

to further damage to surrounding neurons if not resolved quickly (Frank-Cannon et al., 2009).  

In HD, mHTT has been shown to impair several aspects of axonal trafficking in multiple models, 

including Drosophila, HD mouse models and cultured neurons (Gunawardena et al., 2003; 

Smith et al., 2014; White et al., 2015). A second structural deficit that is induced by the 

presence of aggregated HTT, is the blockade of transport of vital organelles such as 

mitochondria throughout the cell and along axons to synaptic terminals (Davies et al., 1997; 

Han et al., 2010). The presence of mitochondria in synaptic terminals is extremely important, as 

not only do they aid with synaptic transmission and ionic homeostasis, but also facilitate active 

transport across the membrane to re-uptake neurotransmitters and restore the resting 

membrane potential. As such, when mitochondrial trafficking is deficient, synaptic degeneration 

and death can also occur due to energy failure, resulting in a similar pro-inflammatory state as 

described above (Borgs and Godin, 2012).  

One aspect of HD pathology that is still not well understood is that of neuronal vulnerability, and 

why some brain regions appear to succumb to the toxic effects of the protein more rapidly and 

in greater severity than others (Cowan and Raymond, 2006). 

1.3 Huntington's disease pathology 

1.3.1 General overview 

The pathophysiological hallmarks of HD are well defined: mHTT aggregates can be detected 

throughout the brain and post-mortem samples show decreased brain weight as a result of 

globalised atrophy in both grey matter and white matter. These correlate with a decline in 

cognitive and motor performance in patients (Hobbs et al., 2010). The primary areas of cell loss 
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however are the striatum and regions of the cerebral cortex which will be discussed in further 

detail (Bates et al., 2015; Novak and Tabrizi, 2010; Ross and Tabrizi, 2011). Imaging studies 

have been integral to the discovery of altered brain physiology in HD patients (Wilson et al., 

2017), with some changes noted prior to symptom manifestation. Indeed, changes in white 

matter integrity occur even at pre-manifest stages and correlate with disease progression 

(Novak et al., 2014). Furthermore expression of phosphodiesterase 10A (PDE10A), which is 

located primarily in striatal neurons, is documented by positron emission tomography (PET) 

studies to be decreased in excess of 25 years prior to symptom onset, indicating that the toxic 

effects of mHTT within the brain are accumulating decades before symptom manifestation and 

clinical diagnosis (Niccolini et al., 2017, 2015). 

1.3.2 Globalised atrophy and pathology 

The average weight of a human brain at post-mortem, with no clinical pathologies or disease 

diagnosis, is approximately 1350 g (Vonsattel et al., 2011); this value is influenced of course by 

age and sex differences. In contrast, the brain of a HD patient upon post-mortem is on average 

300 g less than this value (de la Monte et al., 1988; Vonsattel et al., 2011), indicating the large 

scale global atrophy of the brain that occurs during the disease. By assessing post-mortem 

samples in further detail, specific brain regions have been identified as being particularly 

vulnerable to atrophy as previously mentioned, however the loss of both grey and white matter 

throughout the cortices, deep brain regions and brain stem should not be overlooked. Indeed, in 

a large quantitative anatomical study of moderate HD cases, a 21-29% reduction was observed 

in cerebral cortex, 28% in thalamus, 57% in the caudate, and 64% in the putamen. Recently 

however, atrophy of the cerebellum has been identified in the disease, and the degree to which 

the cerebellum atrophies is in correlation with the severity of motor symptoms; the cerebellum is 

a structure that was previously thought to be spared in the disease (Rüb et al., 2013; 

Singh‐Bains et al., 2019). 

1.3.2.1 Vonsatel grading 

In 1985, Jean Paul Vonsatel pioneered a grading system that could be applied to HD brains to 

indicate the severity of the disease at post-mortem. The Vonsatel system is still used in 

research to date, and uses a combination of macroscopic and microscopic parameters to 

classify a wide variety of brain regions, including the caudate nucleus, cerebral cortex and brain 

stem (Vonsattel et al., 1985). The macroscopic analysis involved measuring the size, shape and 

volume of the caudate nucleus and putamen to determine the levels of atrophy. Microscopic 

features included calculating the ratio of neuronal density and astrocytic population, as well as 

determining the proportion of astrocytes within a region that were considered reactive. The 

scale for these measures formulated a grading system from 0 to 4, as described in Table 2. 

Table 2. Grading system developed by J P Vonsatel detailing macroscopic and microscopic 

features of HD brains. 

Grade Macroscopic features Microscopic features 

0 
No alteration to striatal 

volume or size 

Normal neuronal density and 

astrocytosis within normal 
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limits 

1 
No alteration to striatal 

volume or size 

Slightly elevated astrocytosis, 

neuronal density within 

normal limits 

2 

Slightly atrophic putamen, 

variable atrophy of caudate 

nucleus 

Marked neuronal loss and 

elevated fibrillary astrocytosis 

3 

Lateral ventricle enlargement, 

reduced size and altered 

shape of the caudate nucleus, 

putamen and globus pallidus 

Marked neuronal loss and 

high levels of astrocytosis in 

caudate nucleus, putamen 

and globus pallidus 

4 

Shrunken caudate nuclei, 

atrophic putamen and globi 

pallidi, striking enlargement of 

lateral ventricles 

Severe neuronal loss 

throughout the entirety of the 

striatum, evident astrocytosis, 

altered structure and 

organisation of the globus 

pallidus 

 

1.3.2.2 Reactive gliosis 

As documented by Vonsatel, a high level of astrocytosis is observed in the HD brain, increasing 

in severity in concordance with disease progression. In tandem with microglia, the brains 

resident immune cells, an immune response can be activated causing astrocytes to turn 

reactive, a process termed reactive astrogliosis. Both the WT and mHTT protein are expressed 

by astrocytes, and previous reports have identified that these cells have altered functionality as 

a result of the toxic protein, including reduced expression of the glutamate transporterGLT1 at 

both the mRNA and protein level (Wood et al., 2019), and reduced ability to release brain 

derived neurotrophic factor (BDNF) (Hong et al., 2016). Microglia, which provide the main 

inflammatory response in the CNS to an infection or insult, are also affected by their expression 

of mHTT. An elevated number of activated microglia have been identified both in HD patient 

brains and mouse models of the disease (Franciosi et al., 2012; Sapp et al., 2001; Yang et al., 

2017). Furthermore, elevated levels of inflammatory cytokines released by microglia have been 

found in both cerebrospinal fluid (CSF) and plasma of HD patients, in some cases before 

symptom manifestation and formal diagnosis, indicating that there is an elevated level of 

neuroinflammation early in the disease (Politis et al., 2015; Yang et al., 2017). Although much 

less common than in neurons, mHTT aggregates have been found in both microglia and 

astrocytes in HD animal models, thereby suggesting that structural toxicity could be 

accumulating in these cells also (Jansen et al., 2017). 

1.3.3 Specific regions of brain pathology 

As evident from the Vonsatel grading system described above, the area of the brain that 

undergoes the most atrophy during disease progression is the striatum. Indeed, this is the brain 
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area in which atrophy can be first observed, and as demonstrated by grade 4 HD cases, up to 

95% of the structure in its entirety is lost. The striatum is comprised of medium spiny neurons 

(MSNs), which make up 95% of the structure, with the remaining 5% comprising aspiny 

interneurons. Therefore, as we see a 95% reduction of striatal volume and integrity at end-stage 

cases, we can assume that nearly all MSNs are lost in this disease (Vonsattel et al., 1985, 

2011). A dramatic enlargement of the lateral ventricles is also evident, accompanied by the loss 

of volume in surrounding structures. In an extensive study conducted by Rosas et al., it was 

found that the ventricles were enlarged by over 100% in an HD cohort compared to control 

subjects (Rosas et al., 2003). 

 

Throughout the cerebral cortex, a reduction of grey matter thickness and integrity can be 

observed by histochemistry and imaging techniques, which is also compounded by a reduced 

thickness of corresponding white matter. Specific layers of the cortex, however, appear to be 

more vulnerable than others due to the toxicity accrued in the disease. Cortical layer V, which 

contains cortical projection neurons (CPN) has particularly striking evidence of atrophy, as well 

as layers III and VI to a lesser extent (Reiner et al., 2011). Depending on the location within the 

brain i.e. deep or superficial, white matter loss occurs at a different rate, not only in terms of 

speed of degeneration, but also in the disease time course (Wu et al., 2017). An interesting 

study published by Douaud et al., postulated that the selective degeneration of cortical layers 

and subcortical regions originates from the degeneration of the striatum; due to the extensive 

connectivity within cortico-striatal-thalamo-cortical loops, the cortical areas affiliated were also 

susceptible to degeneration. This could be one possible explanation for the overt degeneration 

observed in cortical layer V neurons, as these are the principle neurons that project to the 

striatum and form the corticostriatal (CS) pathway (Douaud et al., 2009). Taken together, the 

spread of pathology from the striatum to deep white matter tracts and cortical regions implies 

that seeding may be taking place. The concept of seeding is mostly associated with prion 

disease; fragments of toxic protein are released from diseased cells and ‘infect’ cells in their 

surrounding environment by deposition. These fragments then act as ‘seeds’, propagating 

disease pathology (Tan et al., 2015). The idea that mHTT pathology can spread in a prion-like 

fashion in the brain is becoming increasingly investigated, and would explain the sequence of 

spatial pathology spreading within the HD brain (Pecho-Vrieseling et al., 2014; Zhang et al., 

2011). 

1.3.4 Corticostriatal pathway 

 The CS pathway, therefore, is particularly sensitive to the effects of mHTT and succumbs to 

toxicity-induced degeneration relatively early in the disease process. The CS pathway is 

comprised of layer V CPNs and MSNs of the striatum. Cortical neurons project their axons 

through the brain parenchyma to synapse with their targets, the dendritic spines of MSNs, thus 

providing them with excitatory innervation. There is strong evidence for disturbed CS 

connectivity in HD, with data from both rodent models (Bates et al., 2015; McKinstry et al., 

2014) and human patients (McColgan et al., 2015) suggesting this breakdown in connectivity is 

at least partially responsible for the movement disorders observed in patients. The principle 
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function of the CS pathway is to modulate the activity of the basal ganglia circuitry and regulate 

its stimulatory or inhibitory drive to the thalamus. This in turn regulates thalamic-driven 

stimulation of the motor cortex, and enables the generation of fine motor control and movement 

(Figure 1. 6). Thus, when CS connectivity is perturbed, precise control of the motor cortex is lost 

and disruption to normal movement is evident. The two main cell types that comprise this 

pathway will now be discussed in further detail. 

1.4 Striatal medium spiny neurons 

MSNs are inhibitory cells (gamma-aminobutyric acid [GABA]ergic) that comprise 90-95% of the 

neuronal population of the striatum (Haber, 2016; Morigaki and Goto, 2017); the remaining 5-

10% is made up of interneurons of which there are four classes (Cepeda et al., 2007). 

Developmentally, MSNs arise from the neuroectoderm, specifically from cells destined to 

produce the ventral telencephalon, sometimes known as the subpallium (Campbell, 2003; Carri 

et al., 2013). The subpallium is committed to form three structures, one of which is the lateral 

ganglionic eminence and it is from this developmental structure that MSN precursors arise. 

Once terminally differentiated, striatal neurons can be identified by the specific combination of 

genes and proteins they express. High expression of dopamine- and cAMP-regulated 

phosphoprotein, Mr 32 kDa (DARPP-32) - a key mediator of dopamine signalling (Precious et 

al., 2016; The HD iPSC Consortium, 2012) - combined with COUP TF1-interacting protein 2 

(CTIP2) - a transcription factor essential for MSN differentiation (Arlotta et al., 2008) - typically 

identifies MSNs. Furthermore, the unique electrical properties attributed to MSNs allows for their 

identification in vitro. The cells have a low spontaneous firing rate but are capable of fast 

repetitive firing with stimulation. A well defined characteristic of MSNs is the slow depolarization 

state and thus delayed action potential firing of initial spikes (Figure 1. 3), which is caused by 

the activity of fast-inactivating potassium (K
+
) channels which replicate IA currents (Carri et al., 

2013; Ericsson et al., 2011). MSNs are the principle output nuclei of the basal ganglia and thus 

create complex and dense networks both with neighbouring MSNs, as well as their external 

targets (Chuhma et al., 2011). 

 

Figure 1. 3. Example image of typical MSN found in culture and schematic of delayed latency to 

fire. Left: an iPSC-derived MSN transfected with GFP and aged to 50 days in culture. The picture shows 

advanced dendrification as well as numerous dendritic spines. Right: an example of a typical action 

potential trace expected when recording from mature MSNs. 
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Within the basal ganglia there are multiple feedback loops that regulate the basal ganglia 

activity internally and consolidate output signals. MSNs can be segregated into two distinct 

pathways dependent on their synaptic targets, termed the direct and indirect pathway (Gerfen, 

1988; Silberberg and Bolam, 2015). The subtypes are distinguishable by the combination of 

genes and proteins they express, basal activity levels (Gertler et al., 2008) and at least in part 

by their morphology (Tinterri, 2016). The activity of the two pathways in unison enables 

individuals to produce controlled, coordinated movements through the activation of specific 

muscle groups and the inhibition of others. 

1.4.1 Direct pathway MSNs 

The direct pathway refers to the innervation loops originating from MSNs that express dopamine 

receptor 1 (DRD1) and substance P (SubP). Direct pathway MSNs facilitate movement via 

downstream basal ganglia signalling and regulation of thalamic activity. Anatomically, direct 

pathway MSNs are highly complex neurons with densely arborised dendritic trees, each with a 

large number of dendritic spines, hence the name medium spiny neurons (Figure 1. 3.). As 

aforementioned, direct pathway MSNs express DRD1 as its predominant dopamine receptor 

alongside muscarinic M4 receptors. The neurons also express the neuropeptides dynorphin and 

substance P, which taken together allow for their identification (Kreitzer, 2009). 

1.4.2 Indirect pathway MSNs 

The indirect pathway MSNs, although also GABAergic and thus inhibitory, have a different 

expression profile, which enables researchers to distinguish between cell types of the two 

pathways. These MSNs express dopamine receptor 2 (DRD2) as well as adenosine A2A 

receptors (A2AR) on their cell membranes and contain the neuropeptide enkephalin. Indirect 

pathway MSNs are morphologically indistinguishable from direct pathway MSNs and display 

very similar membrane properties, thus immunoreactivity and gene expression analysis is the 

only way in which the two populations can be identified in culture or in vivo thus far (Gerfen, 

1988; Kreitzer, 2009). 

1.4.3 Striatal compartmentalisation and cellular location 

The striatum itself can be functionally divided into dorsal and ventral segments; MSNs have 

been positively identified in both regions. Whilst a random distribution of direct and indirect 

pathway MSNs is found in the dorsal striatum (Gangarossa et al., 2013b), the ventral striatum, 

also known as the nucleus accumbens, displays a more complex and regimented structure 

(Figure 1. 4). The ventral striatum itself can be further divided into 'core' and 'shell' regions and 

whilst direct pathway MSNs appear evenly distributed across the entirety of the ventral striatum, 

DRD2 expressing MSNs i.e. indirect pathway, are found in lower density in the ventral shell, 

whilst the medial region of the shell was found to contain high number of DRD2 expressing 

MSNs (Gangarossa et al., 2013a); within the core, an even distribution of DRD2 expressing 

MSNs was observed (Gangarossa et al., 2013a; Tinterri, 2016). 

 

The dorsal striatum can also be segregated depending on functional organisation. These 

divisions are anatomically described as the striosome and matrix compartments. Both types of 
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MSNs can be identified in the compartments however previous studies in mice have identified 

subtle differences in expression levels of SubP and enkephalin, suggesting that the ratios of 

direct, and indirect-pathway MSNs within the distinct compartments may be slightly different. A 

higher expression of SubP has been found in the striosome compartment, suggesting elevated 

levels of direct pathway MSNs, conversely enkephalin appears enriched in matrix compartments 

suggesting a higher population of indirect pathway MSNs (Figure 1. 4). Interestingly, there is 

debate as to whether the striosome and matrix compartments receive the same innervation 

from the cerebral cortex, with studies suggesting that limbic structures preferentially target 

striosomes whilst motor cortices target the matrix (Fujiyama et al., 2015). 

 

Figure 1. 4. Simplified diagram of the human striatum. The striatum can be segregated into two main 

compartments: the striosomes, depicted by pink shapes, and the matrix shaded in light blue. Indirect 

pathway MSNs (black circles) are found in higher abundance in striosomes, whilst the matrix contains 

more direct pathway MSNs (white circles). The ventral striatum, or nucleus accumbens, is composed of 

'core' and 'shell' compartments. Direct pathway neurons (white) are spread evenly across both core and 

shell but indirect pathway neurons (black) are found less frequently in the shell.  

1.5 Cortical projection neurons 

1.5.1 Layers of the cortex 

The cerebral cortex is a complex structure that can be delineated into different functional areas 

such as the frontal cortex or motor cortex, and also into six distinct cellular layers depending on 

the neuronal subtype that resides there (Kandel et al., 2000; Molyneaux et al., 2007). The 

neurons within each cortical layer differ in their morphology, receptor expression and activity, 

which is reflected in their differing functions within the brain (Estrada-Sánchez and Rebec, 

2013). During development the layers of the cerebral cortex are generated in a time-dependent 

manner, with deep-brain layers V and VI emerging first (Molyneaux et al., 2007). Complex 

intercellular signalling mechanisms initiate a switch in developmental fate specification and 
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allow for the more superficial layers IV-I to emerge at later developmental time points 

(Molyneaux et al., 2007; Muralidharan et al., 2017; O’Leary and Nakagawa, 2002). 

1.5.2 Layer V projection neurons 

The cortical neurons that comprise part of the CS pathway have been identified as layer V 

projection neurons that are glutamatergic and therefore excitatory. These neurons can be 

further divided into two classes dependent on their morphology and their differential targets 

within the striatum: pyramidal tract (PT)-type neurons originating from lower layer V project 

primarily to indirect pathway MSNs, whilst intra-telencephalic (IT)-type projection neurons 

innervate direct pathway MSNs (Estrada-Sánchez and Rebec, 2013). As well as providing 

glutamatergic innervation, cortical neurons also provide trophic support to MSNs, which is 

essential for their survival and continued functionality. BDNF is produced by cortical neurons 

and trafficked anterogradely along axons to striatal terminals. It is then secreted in response to 

neuron depolarisation and once bound post-synaptically, initiates tropomyosine kinase receptor 

B (TrkB)-mediated signalling in striatal neurons (Baydyuk and Xu, 2014; Zuccato and Cattaneo, 

2007). As previously mentioned, cortical axonal transport has been shown to be disrupted in HD 

animal and models. Furthermore, there is also evidence to suggest that mHTT interferes with 

the expression of both the BDNF transcript and protein in cortical neurons. For this reason, 

BDNF biology is a highly investigated area of research in the HD field. However, the 

examination of BDNF within human cortical neurons in the context of HD and CS connectivity 

has so far not been reported. 

1.6 Brain derived neurotrophic factor 

1.6.1 Protein production and processing 

In humans, the BDNF gene has been mapped to chromosome 11 and contains ten exons, only 

the 3’ of which encodes the BDNF protein sequence (Binder and Scharfman, 2004). A total of 

eight unique transcripts can be produced. BDNF is produced as a proneurotrophin, which is 

cleaved by multiple enzymes, including prohormone convertase 1 (PC1), to its mature form after 

shuttling from the trans Golgi network intracellularly, and matrix metalloproteases that cleave 

the pro-domain extracellularly once secreted (Borodinova and Salozhin, 2017; Yang et al., 

2009). From primary culture models, it is known that an increase in intracellular calcium as a 

result of neuronal activity increases the transcription of BDNF, thus it is commonly thought of as 

an activity-dependent protein (Hartmann et al., 2001; Zuccato and Cattaneo, 2007). 

Furthermore, its secretion and release is also partially regulated by activity, as exocytosis of the 

protein from dense core vesicles (DCV) occurs at axon terminals upon action potential 

propagation, although there is evidence for a small level of constitutive release (Kuczewski et 

al., 2009).  

1.6.2 Protein function 

Both the mature and pro- forms of BDNF have biological function, which appear to oppose each 

other in many cases (Li et al., 2017). The reason for this is that each protein binds with different 

affinity to one of two receptors, TrkB, or the tumour necrosis factor receptor, p75. Activation of 
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each of these receptors initiates diverse intracellular signalling cascades, resulting in different 

biological adaptations and functions (Figure 1. 5). The mature BDNF protein binds with high 

affinity to TrkB which is a transmembrane receptor. Upon BDNF binding, the BDNF-TrkB 

complex forms a heterodimer and autophosphorylation occurs resulting in recruitment of 

intracellular adaptor proteins. At this point, three intracellular signalling cascades can be 

activated including: the MAPK-ERK pathway, which acts to regulate gene transcription at the 

single cell level; the PI3-AKT1 pathway, which promotes cellular survival neurite growth and 

proliferation; and activation of phospholipase C (PLC) which regulates synaptic plasticity 

(Barnabé-Heider and Miller, 2003; Borodinova and Salozhin, 2017; Reimers et al., 2014).  

 

In contrast, whilst proBDNF binding to p75 also leads to activation of intracellular signalling 

cascades, namely the NF-κB-dependent and JNK-dependent pathways, these lead to 

programmed cell death, and the Rho-RhoA pathway which is intrinsically involved with the actin 

cytoskeleton, and can lead to structural disruption (Borodinova and Salozhin, 2017; Li et al., 

2017; Qiao et al., 2017; Yang et al., 2014, 2011). It is unsurprising therefore that evidence is 

mounting to suggest that mature BDNF and pro-BDNF have opposing roles in other biological 

processes, such as cellular migration, neurite growth and dendritic branching, whereby BDNF 

enhances and stimulates these processes, and pro-BDNF hinders them (Borodinova and 

Salozhin, 2017; Li et al., 2017; Qiao et al., 2017; Yang et al., 2014).  
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Figure 1. 5. BDNF-TrkB and proBDNF-p75 downstream signalling pathways. BDNF binds with high 

affinity to TrkB receptors located on post-synaptic membranes. Here, three intracellular signalling 

cascades are initiated, including the MAPK-ERK pathway, the PI3-Akt pathway and activation of 

phospholipase C (PLC). ProBDNF binds with higher affinity to p75 receptors, which initiates NF-kB, JNK 

and RhoA signalling pathways. Figure based and adapted from (Begni et al., 2017). 

1.6.2.1 Cortical neuron BDNF production 

It is well established that cortical neurons, and cortical progenitor cells synthesise and secrete 

BDNF, which can function in not only a paracrine, but also autocrine way. Indeed it was 

observed by Barnabé-Heider and Miller (2003) that when the downstream signalling pathways 

of TrkB were inhibited in isolated progenitor cultures, cortical progenitor cell death was elevated, 

indicating that endogenous BDNF is important for progenitor cell survival and neurogenesis 

(Barnabé-Heider and Miller, 2003). Cortical BDNF production is also important in the context of 

the CS pathway, as the protein is trafficked anterogradely along cortical axons to synaptic 

terminals in proximity of the striatum. Previous publications have co-localised BDNF to proteins 

such as secretogranin II (SG-II) found in DCVs (Wu et al., 2004), therefore it is concluded that 

these vesicles are the principle mechanism by which BDNF is shuttled throughout the cell 

(Borodinova and Salozhin, 2017). It is also interesting to note that in order to be sorted 

effectively from the endoplasmic reticulum - the site of protein synthesis - proBDNF forms a 

complex with huntingtin-interactor protein 1 (HAP1), with evidence suggesting that particularly in 

cortical neurons, if formation of this complex is inhibited, levels of BDNF are reduced within the 
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cell (Yang et al., 2011), which has important implications for cortical BDNF production in HD as 

discussed later. 

1.6.2.2 MSN BDNF requirements 

As aforementioned, the binding of mature BDNF to the TrkB receptor initiates several 

intracellular signalling cascades which act to regulate cell survival and plasticity. A key feature 

of striatal neuron biology is that they are unable to produce mature BDNF themselves, therefore 

depend on exogenous uptake (Apostol et al., 2008; Zuccato and Cattaneo, 2007). Cortically 

produced BDNF delivered via the CS pathway is the principle source of BDNF for striatal 

neurons post-natally (Baquet et al., 2004). One of the key functions of BDNF in striatal neurons 

is to regulate and direct synaptic plasticity; BDNF-mediated signals alter the neurotransmitter 

receptor expression levels at the cell surface including for example AMPA receptors (Reimers et 

al., 2014), thereby contributing to the process of learning and memory. The neurotrophin is also 

integral to neuritogenesis and subsequent pathfinding ability of striatal neurons, as such it also 

plays a role in establishing striatal network complexity (Baydyuk and Xu, 2014). Finally, due to 

BDNF-mediated actin cytoskeleton remodelling, BDNF signalling can drive an alteration in the 

density and morphology of dendritic spines present on striatal processes, thereby altering the 

excitability and sensitivity of the cells as a whole (Orefice et al., 2013).  

1.6.3 BDNF production and trafficking 

Wild type HTT plays a role in upregulating BDNF transcription (Zuccato et al., 2001) via its 

transcriptional repression of the neuron restrictive silencer element (NRSE) (Zuccato et al., 

2003), and the presence of an expanded HTT polyQ is detrimental to BDNF transcription. 

Therefore it is unsurprising that in both animal models of the disease (Zuccato et al., 2005), as 

well as human post-mortem brain tissues, reduced levels of BDNF are observed (Zuccato et al., 

2007). Furthermore, live imaging studies have provided clear evidence of reduced BDNF 

trafficking in both the anterograde and retrograde direction (Baydyuk and Xu, 2014; 

Nithianantharajah and Hannan, 2013; Raymond et al., 2011). These deficits are compounded 

by a reduced vesicle release potential identified in primary cortical neurons isolated from the 

HdhQ140 mice suggesting that overall BDNF processing is defective in HD (Virlogeux et al., 

(2018).  

1.6.4 Striatal BDNF uptake, trafficking and signalling 

Whilst there are abundant publications noting dysfunctional BDNF processing on the cortical 

side of the CS pathway, it should not be overlooked that MSN uptake and post-synaptic 

signalling is also abnormal in HD. An elegant study conducted by Giné et al., in 2006 identified 

that in three genetic HD mouse models a reduced TrkB protein expression was found in the 

striatum. This was corroborated by a reduced expression of TrkB in an immortalised HD striatal 

cell line (Giné et al., 2006). Aside from the expression of the receptor itself, evidence suggests 

that the functionality, trafficking and signalling of BDNF post-synaptically is also abnormal. Liot 

et al., found that in the healthy mouse brain, once TrkB bound BDNF and was internalised 

within striatal dendrites, it formed a complex with HTT itself as well as motor protein dynein, 

facilitating its retrograde trafficking along microtubules. However, in a disease context where an 
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expanded polyQ-tract was present, this complex formation, was inhibited and thus destabilised 

the cargo from microtubules and disrupted retrograde trafficking (Liot et al., 2013). As a result, 

the induction of downstream BDNF signalling pathways - ERK phosphorylation and induction of 

c-fos - were reduced by nearly 50%, suggesting that intracellular signalling is significantly 

compromised in MSN dendrites. The consequences of these deficiencies are yet to be 

evaluated fully, however a reduction in BDNF availability via the CS pathway, compounded with 

reduced striatal uptake and signalling is why BDNF is one of the main foci in the HD research 

field, and has been put forward as a primary mechanism to explain the selective vulnerability of 

MSNs in HD (Baydyuk and Xu, 2014).  

1.7 Corticostriatal connectivity 

1.7.1 The CS pathway in the healthy brain 

In the healthy brain, the CS pathway acts in a highly controlled manner to regulate basal ganglia 

signalling and downstream effects. The innervation loops discussed are depicted graphically in 

Figure 1. 6. Briefly, in the context of regulating the motor cortex: once an excitatory signal is 

received in the cortex, this is propagated along layer V CPNs to the striatum onto both direct 

and indirect pathway MSNs. Firstly, addressing the direct pathway, MSNs increase inhibition of 

the internal segment of the globus pallidus (GPi) and substantia nigra pars reticulata (SNr). The 

cells in these regions usually provide tonic inhibition to the thalamus therefore when they 

themselves are inhibited, there is reduced thalamic inhibition resulting in stimulation of the 

motor cortex and movement (Dautan, 2016). The direct pathway is hence described as a 'GO' 

signal, as in the typical healthy individual, it stimulates movement (Figure 1. 6.A).  

Conversely, the indirect pathway can be thought of as the 'STOP' signal, as signalling through 

this pathway results in the termination of movement (Figure 1. 6.B). Indirect pathway MSNs, 

once stimulated by CS afferents, project to the external GP (GPe) and exert an inhibitory input 

thus rendering the GPe inactive. Usually inhibited by the GPe, the excitatory neurons of the 

subthalamic nucleus (STN) are thus free to stimulate the cells of the GPi and SNr resulting in 

increased inhibitory drive to the thalamus and reduced stimulation of the motor cortex, which 

acts to restrict movement (Chuhma et al., 2011). 
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Figure 1. 6. Schematic diagram of the corticostriatal (CS) pathway in healthy conditions. The CS 

pathway and downstream basal ganglia signalling can be separated into two distinct pathways: A) Direct 

pathway MSNs are activated by CS afferents and increase inhibitory drive to the GPi/SNr. GPi/SNr 

neurons are inhibited therefore tonic inhibition of the thalamus is lifted, resulting in stimulation of the 

cortex. B) The indirect pathway MSNs once stimulated by cortical afferents increase inhibitory drive to the 

GPe. This relieves the inhibitory drive to the STN resulting in increased excitatory stimulation of the 

GPi/SNr. The inhibitory neurons of the GPi/SNr increase inhibitory drive to the thalamus resulting in a lack 

of cortex stimulation. Based on and adapted from (Dautan, 2016). 

As aforementioned, the remaining 5-10% of striatal neurons can be identified as either 

GABAergic or cholinergic interneurons. These function to facilitate signalling between direct and 

indirect pathway MSNs, hence further refining control of thalamic and motor cortex activity 

(Ramanathan et al., 2002). There is also evidence to suggest that a subset of cortical projection 

neurons synapse directly with these interneurons and not with MSNs, which is hypothesized to 

facilitate the convergence and integration of information from different areas of the cortex prior 

to passing that information on to the striatum (Haber, 2016). Interestingly, striatal interneurons 

do not appear to degenerate in a similar manner to MSNs, despite also expressing mHTT, a 

phenomenon that is currently under investigation (Han et al., 2010; Morigaki and Goto, 2017). 

There is another pathway involved in basal ganglia signalling termed the hyper-direct pathway, 

as this does not involve MSN activity at all, and is in fact a direct connection of frontal cortical 

neurons to the STN (Haber, 2016). Finally, dopaminergic control of direct and indirect pathway 

MSNs is exerted by the substantia nigra pars compacta (SNc). Signalling through this structure 

ultimately acts to stimulate movement, as dopamine acts in an inhibitory manner on the indirect 

pathway, but in an excitatory manner on the direct pathway (Rangel-Barajas and Rebec, 2016). 
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1.7.2 The CS pathway in the HD brain 

In the context of HD, these pathways are disrupted and substantial evidence shows that the 

MSNs of the indirect pathway are more vulnerable to the effects of mHTT than direct pathway 

MSNs (Baydyuk and Xu, 2014; Cowan and Raymond, 2006; Ehrlich, 2012; Raymond et al., 

2011), which succumb to toxicity later on in disease progression. Higher endogenous HTT 

expression within indirect MSNs could explain this difference (Fusco et al., 2003). The 

sequential degeneration of indirect pathway followed by direct pathway MSNs is reflected in the 

evolution of movement disorder symptoms, which progress from hyperactivity to bradykinesia 

and rigidity in concordance with typical disease progression and severity. 

There is still debate as to where the initial disruption occurs within the pathway and what the 

principle driver of pathology is (Morigaki and Goto, 2017). Although it is not currently clear 

whether the root cause for pathology is a breakdown in excitatory innervation, the inability to 

process and propagate signals, or degeneration of the MSN itself, still the changes to 

downstream basal ganglia signalling are well known. In the context of the motor phenotype, for 

example, a reduced output from indirect pathway MSNs enables GPe neurons to become 

active. These neurons then inhibit the activity of STN cells resulting in a lack of stimulation of 

the neurons comprising the GPi/SNr. This results in the loss of tonic inhibitory drive to the 

thalamus, resulting in thalamic over-activity and further downstream effects i.e. excessive and 

involuntary movement (Figure 1. 7A).  

In later stages of the disease, the direct pathway MSNs also degenerate which results in 

constant tonic inhibition of the thalamus, due to a lack of inhibition of the GPi/SNr. As such, the 

thalamus is inhibited and reduced downstream activation of brain regions such as the motor 

cortex is observed (Figure 1. 7B). This is why the typical progression of movement disorder 

symptoms in patients evolves from hyperkinesia as a result of indirect pathway neuron 

degeneration, through to bradykinesia and eventually rigidity when the direct pathway neurons 

malfunction.  
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Figure 1. 7. Schematic diagram of the CS pathway in the diseased HD brain. A) Disrupted CS 

connectivity leads to a breakdown in basal ganglia signalling. A reduced inhibitory drive from indirect 

pathway MSNs renders the GPe active. Inhibitory GPe neurons increase inhibitory drive to the STN 

resulting in no stimulation of the GPi/SNr. This leads to a reduced inhibitory drive to the thalamus, allowing 

for over stimulation of the cortex. B) Reduced inhibitory drive from direct pathway MSNs renders the 

GPi/SNr active, which causes an increased inhibitory drive to the thalamus and subsequently reduced 

stimulation of the cortex. 

1.7.3 Contribution to motor phenotype 

In HD, the contribution of the CS pathway and its breakdown in connectivity to the motor 

phenotype presented by patients is well understood. Degeneration of the indirect pathway, 

leading to a reduced inhibitory drive to the thalamus in early stages of the disease, causes 

overactivation and stimulation of downstream thalamic targets such as the motor cortex. Thus, 

when overstimulated we observe the manifestation of uncoordinated, involuntary movements 

lacking fine control, that are classically experienced by HD patients. Furthermore, as the 

disease progresses and the DRD1 positive population also diminishes in patient brains, we 

begin to see a gradual reduction in all movement, leading to bradykinesia, rigidity and inability to 

commence movement. In end-stage patients, dysphagia is common due to a loss of muscle 

tone in the pharyngeal muscles, as such pulmonary and bronchial infection is frequent; 

pneumonia is in fact one of the leading causes of death for HD gene carriers, rather than the 

disease itself (Heemskerk and Roos, 2012). 

1.7.4 Contribution to cognitive phenotype 

The CS pathway is also involved in executing higher cognitive functioning, therefore it is 

hypothesised that the breakdown of CS connectivity contributes to the cognitive changes 

experienced by patients (Craufurd and Snowden, 2002). Whilst the dorsal striatum is principally 

important for motor cortex information processing, cortical projections from limbic structures 
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preferentially target the ventral striatum (Petrasch-Parwez et al., 2012), primarily the striosome 

compartment (Mehrabi et al., 2016). The fronto-striatal loops present in the brain appear to be 

compromised in HD and are hypothesised to be responsible for diminished executive 

functioning, psychomotor functioning, perceptual and spatial skills and memory (reviewed in 

Craufurd and Snowden, 2002; Julien et al., 2007). 

1.8 Modelling HD  

Due to the inaccessibility of human neural tissue samples from living HD gene carriers, animal 

models are necessary in order to study HD pathology on a cellular and molecular level. There 

are a wide variety of model species to choose from including pigs (Yan et al., 2018; Yang et al., 

2010), sheep (Jacobsen et al., 2010), rats (Carreira et al., 2013) and the overwhelming 

popularity of using HD mouse models, of which there are many and will be discussed further 

below. Regarding in vitro studies, cell models of the disease have also been developed, which 

are particularly useful for studying neural-specific aspects of the disease.  

1.8.1 Animal models  

As mentioned, the majority of HD research in animals to date has been conducted using mouse 

models of the disease (Ferrante, 2009), however there are many different types of genetic HD 

mouse model that can be classified as either transgenic, encompassing both fragment and full-

length models, as well as knock-in models. Each have their advantages, but no HD mouse 

model is perfect and instead should be selected carefully in order to best address the scientific 

question at hand.  

1.8.1.1 Mouse models of HD 

The most widely used mouse model to date in the HD field is undoubtedly the R6/2 exon 1 

model, in which the human exon 1 fragment containing around 150 CAG-repeats is expressed 

alongside both copies of the murine huntingtin gene Hdh. As the name suggests, this is a 

fragment model of HD and has an extremely aggressive phenotype, with manifestation of 

symptoms as early as four weeks of age, and mortality typically between 14-16 weeks of age 

(Mangiarini et al., 1996). Due to the early onset and rapid disease progression in this model, it is 

frequently selected for research. However, due to the very large CAG-repeat length 

incorporated into the mouse genome, which frequently undergoes expansion (to repeat-lengths 

in excess of 250), there is debate as to whether this model is actually more representative of 

juvenile HD rather than the more typical adult onset (Ferrante, 2009). In contrast, full-length 

transgenic mouse models of HD, including the yeast artificial chromosome (YAC) (Hodgson et 

al., 1999), and bacterial artificial chromosome (BAC) models (Gray et al., 2008) have a much 

more representative disease progression. Subtle phenotypes first manifest around two months 

of age, and progress over the course of twelve months. Finally, knock-in models have been 

developed in which the human HTT sequence has been inserted into the native murine 

homologue Hdh, thus expression of human HTT is under the control of the murine promoter 

(Shelbourne et al., 1999).  
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All of the above models recapitulate some of the phenotypes and symptoms of the human 

disease, including brain atrophy, weight loss, motor and cognitive deficits and premature death. 

However, each of the above models also have their own caveats and phenomena that are not 

typically described in the human disease: as the most aggressive model, R6/2 mice have much 

wider spread pathology (Cummings et al., 2009) than exhibited in human HD brains, with mHTT 

aggregates observed in nearly all brain regions; YAC mice expressing full-length HTT 

containing 128 CAG-repeats exhibit weight gain (Van Raamsdonk et al., 2006); BACHD mice 

appear to manifest symptoms in the absence of abundant aggregate load, which again begs the 

question of the toxicity of the actual aggregates themselves. As knock-in mouse models 

express the human mHTT transcript endogenously, typically the phenotypes observed are 

much less severe, and the disease course can be much extended. As such, these mice are 

challenging to use for therapeutic studies as there is less 'room for improvement', so to speak, 

as the phenotypes are not extreme even in diseased mice. One caveat that cannot be 

overlooked when it comes to animal models of HD, is just that, they are animal models of a 

human disease, and of course do not develop HD naturally, thus cannot be expected to fully 

recapitulate a disease that only occurs in humans. 

1.8.2 Cell models 

A whole range of immortalised cell lines, mostly of transgenic origin, have been used to study 

HD to date. Rodent primary cells are popular tools for use, as is the immortalised mouse striatal 

STHdh line, which has been heavily used in the literature (Trettel et al., 2000) Another cell 

model used in the field of HD is that of a human immortalised neural progenitor line produced by 

ReNeuron, termed ReNCell (Donato et al., 2007; Pollock et al., 2006). This cell line readily 

differentiates into neurons and glia in culture, thus can quickly and efficiently produce the 

material required to study phenotypes on a cellular level. The cell line is amenable to transient 

and stable transfection, thus can be manipulated to express any number of CAG-repeats (within 

experimental and technical limits) thus these cells have previously been used to study HD 

pathology. With that said, Ghosh et al (submitted 2019) struggled to find mHTT-dependent 

cytotoxic phenotypes in a cellular cohort with either 71, or 129 CAG-repeats aside from mHTT 

aggregation and mitochondrial dysfunction, suggesting that ReNCells may not be the best 

model in which to study disease.  

Over a decade ago, it became possible to generate human cell lines of any germ layer from 

patient tissue biopsies with the advent of induced pluripotency technology (Takahashi and 

Yamanaka, 2006). This technological development was extremely beneficial to researchers in 

the field of neurodegenerative disease, as it enabled us to finally generate human neural 

material that could harbour the genetic abnormalities associated with human disease and 

express disease causing toxic proteins at presumably endogenous levels (reviewed by Wu et 

al., 2019). To date, disease related phenotypes have been observed in human PSC-derived 

neurons for Alzheimer's disease (Arber et al., 2019), Parkinson's disease (Arber et al., 2017), 

and amyotrophic lateral sclerosis (Tyzack et al., 2019); a range of HD lines with different CAG-

repeat lengths have also been used to study HD, many of which were isogenic, or genetically 

matched (Camnasio et al., 2012; Conforti et al., 2018; Garcia et al., 2019; HD iPSC Consortium, 
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2017; HD iPSC Consortium et al., 2012; Mattis et al., 2015; Xu et al., 2017b), thereby 

confirming these can be a useful model for future studies into neurodegenerative disease. With 

that said, genetic heterogeneity and sub-optimal differentiation protocols can produce spurious 

results in culture, therefore any disease phenotypes revealed in PSC-derived cultures must be 

interpreted with caution, and where possible, compared to genetically related, or isogenic 

controls. More than that – studies have shown that genetic heterogeneity and differences in 

culture techniques are by far and away the biggest driver in terms of phenotypic differences 

observed (Volpato et al., 2018). 

1.8.3 Human models 

The ideal scenario to study human neurodegenerative disease, would be to sample brain 

material from living patients at repeated time points, so that a longitudinal analysis of disease 

pathology and progression could be completed. This however is not feasible due to ethical and 

practical reasons, confounded also by the large number of subjects that would be required to 

properly power such studies. We can, however, obtain non-invasive samples from living 

patients to be converted into stem cells by inducing pluripotency, or genetically manipulating 

already harvested embryonic stem cells. Indeed, PSC resources have come to the forefront of 

modelling neurodegenerative diseases including HD, as they enable us to investigate early 

events in disease pathogenesis, as well as follow the development of pathology and disease 

progression in real-time (Tousley and Kegel-Gleason, 2016; Wu et al., 2019). 

1.8.3.1 PSCs 

Over the past decade, a flood of differentiation protocols have been published that can reliably 

produce cells from the three germ layers, including neurons, in an in vitro format (Arber et al., 

2015a; Carri et al., 2013; Shi et al., 2012; Victor et al., 2014). By reprogramming somatic cells 

taken directly from patients, such as HD gene carriers, and reprogramming them to pluripotency 

prior to differentiation, we can be sure that the endogenous mutation carried by that patient is 

also present in the cellular material generated (Wu et al., 2019). Furthermore, it is possible to 

genetically manipulate these PSCs further, by for example 'editing out' the precise disease 

causing mutation, thus generating an isogenic control for comparison (Cong et al., 2013; Mali et 

al., 2013).  

Since the development of MSN and CPN differentiation protocols, many publications have been 

produced which explore the HD-associated phenotypes that emerge in culture (Castiglioni et al., 

2012; Conforti et al., 2018; HD iPSC Consortium, 2017; HD iPSC Consortium et al., 2012; 

Mattis et al., 2015; Mehta et al., 2018; Nekrasov et al., 2016; Wiatr et al., 2018). These will be 

discussed in detail throughout this thesis.  

1.8.3.2 Neurodevelopmental biology  

The development of the brain is described as the most complex developmental process that 

occurs through gestation, and continues postnatally throughout childhood and adolescence 

(Stiles and Jernigan, 2010). All neural material stems from epiblast cells which migrate to the 

rostral region of the primitive streak on day 13 (E13) of gestation. These epiblast cells form into 
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the three gestational layers: endoderm, mesoderm and ectoderm, the latter of which is 

responsible for forming both the peripheral organs such as skin (epidermal ectoderm) and the 

brain and central nervous system (neuroectoderm). The signalling of TGF-β family members 

such as BMP and Noggin are inhibited causing neural induction and the differentiation into 

neural progenitor cells – these are the starting source for all neuronal tissue (Meyers and 

Kessler, 2017). Neurodevelopment is coordinated by a series of signals which emanate, in part, 

from the primitive node (Stiles and Jernigan, 2010). This molecular signalling centre induces a 

change in gene expression in cells migrating along the rostro-caudal axis of the embryo, 

causing them to secrete TGF-β inhibitors which catalyses the differentiation of underlying 

epiblast cells into neural progenitors. Over time, the signals generated by the primitive node 

alter, causing a rostro-caudal organisation to form; forebrain structures such as the cortex and 

subcortical regions are formed from the earliest migrating cells (rostral), whilst later migrating 

cells will form hindbrain structures (caudal) (Budday et al., 2015; Stiles and Jernigan, 2010). 

The second stage of neurodevelopment is the formation of primary vesicles which occurs 

immediately prior to neural tube closure. The prosencephalon is particularly important to this 

thesis as it is the primary vesicle from which both CPNs and MSNs will eventually be derived, 

after its differentiation into the telencephalon and diencephalon.  

The different structures within the brain are formed as a result of molecular patterning 

orchestrating a multitude of gradients throughout the brain. For example, opposing expression 

levels of the transcription factors Emx2 and Pax6 orchestrate an anterior lateral to posterior 

medial gradient which aids the formation and separation of motor cortex, and visual cortex 

neural progenitor cells (Budday et al., 2015; Meyers and Kessler, 2017; Stiles and Jernigan, 

2010). Neural progenitors migrate along these gradients receiving further extrinsic cues 

ultimately guiding them towards a specialised and terminal cell fate. 

Striatal Neurodevelopment 

As aforementioned, the striatum and other structures that make up the basal ganglia are 

derived from the ventral telencephalon that forms the lateral ganglionic eminence (LGE) (Arber 

et al., 2015a; Campbell, 2003). Developmental biologists have capitalised on the understanding 

of this sequential process, to produce protocols that mimic the sequence of events and extrinsic 

cues that result in striatal neurodevelopment. As such, we are now able to produce striatal 

neurons from PSCs and other sources.  

Successful striatal differentiation begins with a period of neural induction, which can be 

achieved by dual SMAD inhibition. SMAD inhibitors such as SB431542, dorsomorphin and 

LDN-193189 act to inhibit TGF-β and BMP, resulting in induction to neuroectodermal cell fate 

(Arber et al., 2015a; Carri et al., 2013). Dependent on the protocol in question, a variety of 

different extrinsic cues can then be used to induce ventral telencephalic fate - thus producing 

LGE regionalised cells - including activin A and sonic hedgehog (SHH) signalling modulation.  
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Activin A is a member of the multifunctional TGFβ protein family and has been described as a 

critical protein required for neurogenesis (Abdipranoto-Cowley et al., 2009). In 2012, it was 

identified that inclusion of activin A within differentiating neuroectodermal cultures could induce 

a caudal ganglionic eminence (CGE) fate, the cells of which went on to develop cortical 

interneurons (Cambray et al., 2012). It was hypothesised by the Li group that application of 

activin A at an earlier time point within differentiation could induce regionalisation to an LGE 

fate. This hypothesis was proven correct in 2015 by the same group, in which their activin-

mediated differentiation protocol produced functionally active MSNs within 36 days (Arber et al., 

2015a). Investigation into the mechanism of action produced a link between activin A exposure 

and expression of the transcription factor CTIP2, whereby longitudinal activin exposure resulted 

in a consistent increase in CTIP2-expressing neurons (Arber et al., 2015a).  

In contrast, modulation of the compounds Wnt or SHH act to achieve the same result of 

regionalising the culture, to the ventral fate necessary to develop striatal neurons. This 

regionalisation can be achieved by exposing neural progenitor cultures to a higher 

concentration of SHH, or alternatively by inhibiting Wnt signalling by exposing cultures to 

dickkopf 1 (DKK1), in the presence of a low SHH concentration (Li et al., 2009). The reason for 

this is that both of these techniques act to modulate the expression and activity of zinc-finger 

protein GLI3, which normally acts to modulate SHH signalling. This DNA-binding transcription 

factor is expressed in both full-length and truncated forms and is principally modulated by Wnt 

signalling. Wnt acts to increase the expression of full-length GLI3 resulting in antagonisation of 

SHH signalling and a dorsal regionalisation. However, when SHH concentration is increased, or 

Wnt signalling is inhibited, the truncated form of GLI3 is preferentially expressed and SHH 

signalling is thus increased, leading to ventralisation of the culture (Li et al., 2009). 

Once ventralised, striatal progenitors can be matured into functionally active MSNs by the 

application of several growth factors, including BDNF and GDNF, combined with exposure to 

retinoic acid (RA), the bioactive form of vitamin A. RA is required for the proliferation, 

differentiation and homeostasis of diverse cell types, and although not essential in early stages 

of differentiation, it is required at later stages to produce terminally differentiated, functional 

striatal neurons (Podleśny-Drabiniok et al., 2017). Similarly, the growth factor BDNF is required 

to facilitate MSN maturity by inducing transcriptional changes resulting in reduced apoptosis 

and dendritic spine development. Finally, GDNF is also a neurotrophic factor which although not 

critical for MSN survival, has been suggested to contribute to the further fate specification of 

MSNs, inducing the indirect pathway specific neurotransmitter substance P (Humpel et al., 

1996). 

1.8.3.3 Neurodevelopmental biology of the cerebral cortex 

Contrary to striatal neurodevelopment, no further chemical stimulation is required to produce 

cortical neurons once cultures have undergone neural induction. This is because the default 

patterning of neural progenitors once successfully neurally induced, is to pattern to the layers of 

the cerebral cortex. Whilst ventralisation is required to produce striatal neurons, maintained Wnt 

signalling specifies dorsal regionalisation of the telencephalon, resulting in cortical patterning. 
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Development of the six distinct layers of the cortex however does require external guidance in 

the form of radial glial cells. The formation of the cortical plate is dependent on the migration of 

cortical progenitors along radial glial cells from ventricular and subventricular zones. In the early 

stages of cortical plate development, two ‘zones’ are established: a superficial marginal zone, 

and the subplate. Cortical progenitors accumulate in layers above the subplate to form the 

distinct layers of the cortex, with early-born neurons establishing the deepest layers of the 

cortex – layers 5 and 6 – whilst later born neurons migrate towards the marginal zone to form 

the more superficial layers; the marginal zone eventually becomes cortical layer 1 (Budday et 

al., 2015). Once a cortical neuron reaches its terminal destination, it can begin to form 

connections with intended targets. As deeper-layer neurons are born first, they can be 

distinguished not only by their location within the cortical plate, but also by their morphology as 

they possess elaborately branched dendritic trees accompanied by a rounded cell body. This is 

in contrast to newly born neurons which posses an apical dendrite, elongated cell bodies and a 

descending axon which remains connected to the subplate (Bystron et al., 2008).  

If the order and timeline of events outlined above is recreated in vitro,as demonstrated by (Shi 

et al., 2012), it is possible to generate CPNs from PSCs. The length of time neurons are 

maintained in culture will determine how enriched the culture is for a specific cortical layer. 

Earlier terminated cultures will be enriched for the deepest layer neurons, whilst any extension 

to culture period will produce proportionally more upper layer neurons. 

By following the above described procedures, researchers have been successful in generating 

MSN and CPN cultures derived from both healthy and disease cell donors, enabling the 

investigation of early events in disease pathogenesis, and contributing to our knowledge of 

previously unknown developmental defects that may be occurring in neurodegenerative 

disease. 

1.9 Existing models of the CS pathway 

Previous studies into the disrupted CS connectivity in HD have been conducted primarily in 

animal models of the disease, although imaging data has also been produced to support this 

hypothesis in human patients (McColgan et al., 2015). More recently, efforts have focused on 

attempting to recapitulate the CS pathway in vitro to enable study on a level in which cellular 

isolation is possible.  

1.9.1 Animal models 

Studying freely-moving animals i.e. non head-fixed, that have intact brain circuitry, as well as 

brain slices obtained from HD animal models at defined disease time points, has increased 

understanding of the electrophysiological abnormalities that occur in the CS pathway during HD. 

In transgenic models of HD, multiple groups have observed an increased firing rate of MSNs at 

rest, with concomitant decreases in burst firing and decreased synchrony in firing across 

networks, suggesting that MSNs are hyperexcitable, but firing is not co-ordinated or regulated 

as it should be (Bunner and Rebec, 2016; Estrada-Sánchez et al., 2015; Miller et al., 2011; 

Walker et al., 2008). Unsurprisingly, evidence for dysregulated glutamate signalling as well as 
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dopamine modulation is well documented in the literature. In R6/1 mice, NicNiocaill et al., 

identified a prolonged glutamate presence in the synaptic cleft which was caused by a rapid 

release of glutamate, followed by a delayed re-uptake in the striatum (NicNiocaill et al., 2001). 

When assessing dopamine levels in the brains of transgenic HD mice, Dallérac et al., found a 

dramatically increased concentration of dopamine in the brains of pre-symptomatic mice, 

contrasting with a drastic reduction of the neurotransmitter in later stages of this disease. This 

combined with the opposing roles of dopamine on the direct and indirect pathway MSNs - 

inhibiting D2-expressing MSNs (indirect pathway) yet exciting D1-expressing MSNs (direct 

pathway) - is another piece of supporting evidence explaining the progression from hyperkinetic 

to bradykinetic movement during the course of the disease (Dallérac et al., 2015). Finally, in 

freely moving transgenic animals, researchers have been able to acquire whole network activity 

data from both R6/1 and R6/2 mice (Cabanas et al., 2017). During a procedural learning task, 

Cayzac et al., identified that the R6/1 striatum was not 'recruited' or activated to the same level 

as control mice (Cayzac et al., 2011). In contrast, striatal activity at rest in R6/2 mice was 

recorded as higher than WT littermates by Rebec, Conroy and Barton, a phenomena that was 

discovered to be due to reduced ascorbate levels in the extracellular space of HD mouse brains 

- upon treatment with ascorbate, the activity levels reverted to WT levels (Rebec et al., 2006). 

1.9.2 Human imaging data 

By using advanced neuroimaging techniques, it has been possible for researchers to visualise 

the CS pathway in human patients. By applying complex analytical software, such as 

tractography, we are now able to detect changes in connectivity levels between brain areas and 

compare them in diseased and healthy brains. Several studies have been conducted that 

focussed on the connectivity between cortical and striatal regions all of which found 

abnormalities when compared to control subjects. Marrakchi-Kacem et al., analysed the brain 

scans of symptomatic HD patients and controls prior to applying high angular resolution 

diffusion-weighted data (HARDI) to recover the anatomical connectivity between regions. Their 

results indicated that a reduction in the number of tracts connecting the striatum and cortex 

were evident in HD patients. The connectivity between regions differed in magnitude depending 

on if the caudate or putamen was assessed: caudate preferentially lost connections with parietal 

over frontal regions, whereas the putamen loss connectivity preferentially with temporal, then 

frontal, then parietal regions (Marrakchi-Kacem et al., 2013). Novak et al., identified altered 

structural connectivity between the cortex and striatum, in which the putamen, pallidum and 

thalamus were most affected (Novak et al., 2015). McColgan et al., used MRI and diffusion 

tractography analysis to assess premanifest and manifest HD patients against control subjects 

and also noted altered cortical connectivity to the caudate nucleus, putamen and the thalamus. 

Both the caudate and putamen also showed abnormal connectivity to their onward targets and 

the degree of this loss appeared to correlate with the total motor score of patients upon 

assessment. The authors hypothesised that the breakdown of long range connections, such as 

the CS pathway, in premanifest patients caused a network segregation to occur between brain 

regions, which progressed to a loss of integrated connectivity upon symptom manifestation 

(McColgan et al., 2015), a finding that was echoed in a study conducted by Poudel et al., in 
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which the authors suggested that altered synchrony across neural networks, including altered 

CS connectivity, would lead to the development of clinical symptoms in patients (Poudel et al., 

2014). 

1.9.3 Primary cell models 

In vitro models of the CS pathway using primary neurons isolated from HD mouse models have 

contributed to our knowledge and understanding of how this pathway is affected in HD. Most 

models to date have used a mixed population paradigm, in which cortical and striatal neurons 

are dissected in isolation, prior to mixing cell suspensions and seeding on the same coverslip. 

Non-contact models have also been designed in which mono-cultures are seeded prior to 

placement in a communal culture device, as well as the utilization of non-permeable substances 

such as wax or cell-culture inserts. Relatively recently, more sophisticated culture systems have 

been developed which enable culture compartmentalisation, these are constructed using 

microfluidic devices.  

1.9.3.1 Mixed population 

The concept of mixed population models is such that CPNs and MSNs are in direct contact with 

each other, sharing communal media and free to form as many or as little synaptic connections 

as required by the culture. A wide array of data has been collected by multiple research groups 

detailing HD deficiencies in CS co-cultures, largely pertaining to electrophysiological 

abnormalities, dendritic tree complexity and neuronal viability. In 2012, Milnerwood et al., 

developed mixed population co-cultures derived from WT and YAC128 mice. Focusing primarily 

on electrophysiology and glutamatergic signalling, the authors identified that YAC128 cultures 

had an increased extrasynaptic NMDAR current. These results were found to be cell 

autonomous with regards to MSNs, as in chimeric cultures the phenotype was evident when 

YAC128 MSNs were used, irrespective of pre-synaptic cortical phenotype (Milnerwood et al., 

2012). With the advent of optogenetic techniques, Artamonov et al., were able to selectively 

stimulate WT and YAC128 CPNs co-cultured with MSNs and observe activity differences. By 

stimulating CPNs and recording from MSNs, the authors identified a disrupted synaptic 

transmission in YAC128 cultures (Artamonov et al., 2013). 

 

Consistent with these data were reports from firstly Buren et al., followed by Schmidt et al., in 

2018, in which the same experimental design was used with WT cultures and YAC128 cultures, 

respectively. In these studies, the authors manipulated the ratio of cortical: striatal seeding 

density; either 1:1 or 1:3 cultures were seeded in mixed population coverslips. Strikingly, similar 

results were seen between WT and YAC128 studies, in which the lower cortical plating ratio 

(1:3) exhibited reduced striatal viability, reduced cell capacitance, a reduction in dendritic 

arborisation complexity and total dendritic length. However, in the latter study, phenotypes were 

also observed in the equal plating ratio (1:1), including reduced dendritic complexity and overall 

dendritic tree length, as well as the finding of reduced dendritic spine number in 1:3 YAC128 

cultures. This study also constructed chimeric cultures which identified that these phenotypes 

were MSN cell autonomous, as whenever YAC128 MSNs were present in the culture, the 



49 
 

phenotypes emerged, including a reduced viability phenotype after 21 days in culture (Buren et 

al., 2016a; Schmidt et al., 2018).  

 

Finally, a more recent study conducted by Yu et al., in 2018 assessed different aspects of 

BDNF such as release potential and trafficking in the zQ175 knock-in HD mouse model. The 

authors found that in both isolated CPN cultures, and those co-cultured with MSNs, there was a 

decreased concentration of BDNF released in HD cultures and BDNF trafficking was 

significantly reduced (Yu et al., 2018). 

1.9.3.2 Microfluidic models 

To enable easier analysis of directionality dependent phenotypes, as well as examine 

constituents of co-cultures in isolated environments, there has been a movement toward using 

compartmentalised culture devices such as microfluidic chambers (MFCs), which are 

particularly useful for studying neuronal phenotypes in neurodegenerative disease (Fantuzzo et 

al., 2019). 

 

MFCs are specialised culture devices that consist of two or more chambers, usually connected 

by micro-channels (Figure 1. 8A) Explained in more detail throughout the thesis, MFCs enable 

the researcher to limit physical interaction between cell populations, as well as introduce fluidic 

isolation to the culture if desired (Figure 1. 8C). As such, therapeutic treatments can be applied 

to one cell type for example, and read-outs acquired from a second. The devices lend 

themselves perfectly to studying neuronal populations, as whilst the micro-channels prevent 

free movement of cell bodies between compartments, the micro-channels permit axon 

projection (Figure 1. 8B). There are very few published reports using MFCs to construct the CS 

pathway in a HD context, however those in the literature have proven informative.  

 

Figure 1. 8. Microfluidic chamber (MFC) design and properties. MFCs are culture devices constructed 

of two or more chambers (A) in which cells can be seeded and thus physically separated. Micro-channels 

(B) connect the two chambers, lending themselves to studies assessing neuronal cells as the micro-

channels are amenable to axon projection. The chambers can be fluidically isolated from each other (C) as 

shown by the separation of blue and red food colouring.  

Zhao et al., assessed synapse formation and aspects of BDNF functionality in co-cultures 

derived from primary BACHD neurons seeded in MFCs. In contrast to the previous results 

described above, the authors identified a reduction of synapses in co-cultures that contained 
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BACHD CPNs, irrespective of MSN genotype, suggesting that mHTT expression in the 

presynaptic neuron was sufficient to initiate disease pathology (Zhao et al., 2016). 

 

The most complex recapitulation of the CS pathway to date was published by Virlogeux et al., in 

2018. This study developed a tri-chamber MFC, technical and experimental details of which will 

be discussed in Chapter 5. Once established, the authors analysed BDNF anterograde and 

retrograde transport, and reported the same findings as discussed previously; both anterograde 

and retrograde transport of BDNF was compromised in HD co-cultures. The authors also 

constructed chimeric cultures in a similar format to above, and identified that the phenotypes 

described were dependent on the genotype of the presynaptic compartment i.e. the CPNs. In 

cultures where CPNs expressed mHTT, the HD-associated phenotype was observed, 

irrespective of the genotype of MSNs, thus supporting the finding by Zhao et al (Virlogeux et al., 

2018). 

1.9.4 Caveats of existing models 

It goes without question that there are caveats to the models described above, which limit the 

translatability of the results. In mixed population models, there is no structure or organisation to 

the connections formed, thus although cortico-striatal synapses will indeed be formed, 

anatomically incorrect striato-cortical synapses may also be formed. Furthermore, due to the 

high intraneuronal connectivity, these striato-cortical synapses may alter CPN behaviour and 

thus confound the identification of HD-associated phenotypes. There is the possibility of auto-

synapsing i.e. axo-axonal as well as axo-somatic synapses, forming in these cultures, again 

due to the unorganised cell seeding. Whilst in the broader context of HD it may be interesting to 

evaluate the impact of MSNs on CPN activity, when considering the CS pathway individually, 

this information is superfluous, as it is not physiological relevant. Another caveat of mixed 

population models of the CS pathway, is the difficulty posed in confirming the identity of the 

neuron from which you are recording. Although the majority of the studies described above 

utilised transient transfection of fluorescent proteins prior to mixing cell suspensions, the 

transfection efficiency is very unlikely to be 100%, and very few studies use retrospective dye 

labelling (Arber et al., 2015b). Distinguishing between neuronal populations based on 

morphology is challenging even in sparse cultures, as such it cannot be relied upon in co-

culture cases in which hundreds of thousands of cells have been seeded. Taken together these 

caveats may be cause for concern, as one cannot be 100% certain of the cellular identity one is 

observing or recording from. 

 

The latter caveats discussed here, are negated when considering MFCs, as the physical 

separation of seeding chambers ensures that the researcher can confirm the identity of the 

neuron or sample in question. Overall, these devices introduce a much higher level of specificity 

and control over co-cultures, as almost every aspect of culture can be controlled including if the 

media within each compartment must be fluidically isolated for example. The main caveat of 

these devices however, relates to this; the size limitations of the devices themselves mean that 

a relatively small number of neurons can be seeded, in order not to overwhelm the chambers 
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and result in channel blockage. Furthermore, depending on the fragility of the neurons in 

question, the maintenance of the devices could be challenging; repeated media changes into a 

small, constricted chamber introduces large pressure changes and exerts shear stress on the 

cells. With that said, these devices are thus far the best platform in which neural circuitry can be 

modelled both biologically and physiologically in vitro. 

 

The final caveat that pertains to both these models, is that so far in the literature, they have only 

been completed with murine cells. Indeed, to date there are no publications of the use of human 

cells in MFCs in the context of HD, or even in mixed population co-cultures (Fantuzzo et al., 

2019). Secondly, with regard to human studies, they have investigated HD-associated 

phenotypes in only one of the primary cellular targets of HD - either human PSC-derived MSNs, 

or CPNs. As of yet, there have been no studies that have looked at both cell types in 

combination. Hence, to date there has not been a human recapitulation of the CS pathway in 

vitro, which led to the conception and design of this project. 

1.10 Thesis aims 

1.10.1 General research goals 

The overarching goal of my PhD was to design and optimise a platform in which the CS 

pathway could be reliably recapitulated using human PSC-derived neurons. I aimed to establish 

both pure and ‘chimeric’ cultures to enable investigation into the exact driver of the pre-synaptic 

and post-synaptic pathology, as well as complete these co-cultures with a range of CAG-repeat 

lengths to identify if CAG-repeat length impacted upon co-culture phenotype. 

1.10.2 Specific aims and objectives 

1) Differentiate and characterise PSC-derived MSNs and CPNs from iPSCs generated 

from an HD family and an isogenic ESC HTT allelic series: 

 i) Adapt the Arber et al protocol to reliably produce MSNs with CAG-repeats ranging 

 from 22Q - 81Q in a standardised manner; 

 ii) Adapt and optimise the Shi et al protocol to reliably produce layer V CPNs with CAG-

 repeats ranging from 22Q - 81Q in a standardised manner; 

 iii) Develop novel protocols for the cryopreservation and thawing of partially 

 differentiated MSNs and CPNs, to facilitate experimental designs requiring 

 synchronised differentiations;  

 iv) Characterise PSC-derived neurons using immunofluorescence to confirm cellular 

 identity. 

 

2) Evaluate and quantify the emergence of HD mutation-associated phenotypes in PSC-

derived MSNs and CPNs: 

 i) Assess key parameters such as viability and adhesion over a time course; 

 ii) Identify the impact of exogenous cellular stress on neuronal viability (MSN specific); 

 iii) Assess the maturation of PSC-derived neurons using electrophysiological 

 techniques (MSN specific); 
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 iv) Measure the expression of BDNF in PSC-derived neuronal cultures and compare 

 expression levels and release (CPN specific). 

 

3) Design and optimise a co-culture platform that biologically and physically 

recapitulates the CS pathway:  

 i) Establish mixed population co-cultures of PSC-derived CPNs and MSNs in a shared 

 culture device; 

 ii) Trial the seeding and maintenance of PSC-derived CPNs within in-house generated 

 MFCs; 

 iii) If ii) successful, trial the seeding and maintenance of PSC-derived MSNs in MFCs; 

 iv) If ii) and iii) successful, design a seeding and maintenance protocol to co-culture 

 PSC-derived CPNs and MSNs in MFCs; 

 v) If all of the above is successful, generate pure (WT:WT, HD:HD) and chimeric 

 (WT:HD HD:WT) co-cultures in MFCs and assess connectivity. Ideal measures of 

 assessment: cell viability, synapse formation, synaptic transmission, BDNF 

 trafficking and release within a co-culture setting. 

 

 

 

 

Chapter 2 – Materials and methods 

2.1 Reagent preparation 

All reagents used for cell culture were prepared as per the manufacturer's instructions and 

diluted to the appropriate final concentration as found in Table 3. Where appropriate, reagents 

were sterile filtered, and aliquoted to avoid freeze-thaw. Unless stated otherwise, culture 

reagents were sourced from Gibco. The cell culture media was made up as follows: 

MSN pre-26 media = 3:2 mixture of DMEM/F12 and Neurobasal, 1x N2, 1x B27 (without 

vitamin A), 200 mM L-glutamine, 100 μM 2-mercaptomethanol. 

MSN post-26 media = 3:2 mixture of DMEM/F12 and Neurobasal, 1x N2, 1x B27 (with vitamin 

A) 200 mM L-glutamine, 100 μM 2-mercaptomethanol, 50 U/mL penicillin, 50 mg/mL 

streptomycin (50 mg/ml Pen/Strep). 

N2B27 media = 1:1 mixture of N2 medium [DMEM/F12 GlutaMAX, 1x N2, 5 μg/mL insulin, 1 

mM L-glutamine, 100 μM nonessential amino acids, 100 μM 2-mercaptomethanol, 50 U/mL pen, 

50 mg/mL strep] and B27 medium [Neurobasal, 1x B27, 200 mM L-glutamine, 50 U/mL pen, 50 

mg/mL strep].  
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Table 3. List of materials and reagents used for PSC maintenance, MSN and cortical differentiation 

and maturation. 

Reagent 

Final 

concentration 

MSN/CPN 

(italicised) 

Cat. no Supplier 

DMEM/F-12 (w/o 

glutamine) 
-- 21331-046 ThermoFisher 

Neurobasal -- 21103-049 ThermoFisher 

D-PBS -- 14190-094 ThermoFisher 

Distilled Water  15230-188 ThermoFisher 

N2  17502-048 ThermoFisher 

B27 (w/o vitamin A)  12587-010 ThermoFisher 

B27 (with vitamin A)  17504-044 ThermoFisher 

L-Glutamine  21985-023 ThermoFisher 

LDN193189 100 nM SML0559 Sigma 

SB431542 10 μM/10 μM SM33-10 
Cambridge 

Biosciences 

Dorsomorphin 200 nM/1 μM SM03-10 
Cambridge 

Biosciences 

Activin A 25 ng/mL AF-120-14E PeproTech 

BDNF 10 ng/mL AF450-02 PeproTech 

GDNF 10 ng/mL AF-450-10 PeproTech 

Y27632, ROCK inhibitor 10 μM Y0503 Sigma 

Penicillin/Streptomycin 5 U/mL 1500063 ThermoFisher 

Fibronectin 25 μg/mL FC010 Millipore 

Poly-d-lysine 0.01% P7280 Sigma 

Laminin 20 ng/mL 3400-010-02 Trevigen 

Geltrex 1:100 A1413302 ThermoFisher 

Essential 8 -- A1517001 ThermoFisher 

Essential 8 Flex -- A2858501 ThermoFisher 

EDTA 0.5 mM 15575-020 ThermoFisher 

Accutase -- A1110501 ThermoFisher 

Formalin 10% HT51012 Sigma 

6-well plates  140675 Nunc 

12-well plates  150628 Nunc 

24-well plates  142475 Nunc 

96-well plates  167008 Nunc 

Perkin Elmer 96-well 

CellCarrier plates 
 6005550 Perkin Elmer 



54 
 

 

2.2 Human pluripotent stem cells (PSC) 

The CAG-repeat length within the HTT gene encodes for a string of glutamine residues, 

commonly referred to as polyQ, however at the end of the CAG-repeat, there is a CAACAG 

terminus, both of which encode glutamine. Therefore, although a persons' HTT gene may be 

composed of 50 CAG-repeats, the polyQ length should technically be reported at 52, due to the 

two additional glutamine residues. Within this thesis, the lines used are described as both XX-

CAG repeats, as well as XXQ, therefore the number differs between descriptions. To clarify, a 

control line expressing 20 CAG repeats, will be referred to as 22Q.  

2.2.1 Generation of PSCs 

For the HD family induced PSC series (iPSC), fibroblast samples were kindly donated from an 

HD family, comprising an unaffected parent (20 CAG repeats within the HTT gene), and three 

offspring with juvenile HD, with CAG-repeat lengths of 56/20, 67/20 and 73/20. The fibroblasts 

were reprogrammed in a non-integrated manner to iPSCs by Sendai reprogramming 

(CytoTune-iPS 2.0 Sendai Reprogramming kit, Life Technologies, A16517, A16518) by 

collaborators at the Rockefeller University (Prof Ali Brivanlou). As depicted in Figure 2. 1, three 

clones were obtained for each donor (line), allowing us to control for any variability caused by 

the reprogramming itself. For this project, experiments were conducted primarily with the three 

clones containing the longest CAG repeat length (75Q clone 1/2/3), compared to the three 22Q 

clones (22Q clone 1/2/3) unless stated otherwise. This series is from now on termed the HD 

family series. 

To complement and corroborate the results generated from the HD family series, experiments 

were repeated with an isogenic allelic series of human ESCs generated and kindly shared by Dr 

Mahmoud Pouladi, (A* Institute, Singapore University). Briefly, the female human ESC line [H9] 

was subjected to genome editing using TALENs whereby the CAG repeat sequence in exon 1 

of the HTT gene was modified to include 28, 43, 63 or 79 CAG-repeats (Figure 2. 1). As the 

control line (30Q) was also subject to modification, the impact of the genome editing process 

was controlled for. Multiple clones of each isogenic line were then generated, however this 

project used a single clone of each CAG-repeat length for experimentation in multiple 

differentiations. This series is from now on termed the IsoHD series. 

2.2.2 Thawing PSCs  

Six-well culture dishes were coated with Geltrex® hESC-qualified Reduced Growth Factor 

Basement Membrane Matrix (Gibco) diluted 1:100 in cold DMEM: F12, and incubated at 37˚C 

for 1 h. Cryopreserved PSCs were gently thawed by partially submerging in a 37˚C water bath 

for 30 s - 1 min until an ice crystal remained. The contents were gently transferred dropwise to a 

15 mL Falcon centrifuge tube using 5 mL stripette on aspiration level one, before 7 mL room 

temperature (RT) Essential 8 (E8) media was added drop-wise. The Falcon was inverted every 

2 mL to aid gentle mixing in with the fresh medium and reduce osmotic shock to the cells. The 

cells were centrifuged at 200xg for 5 min, supernatant was discarded and the cells were re-
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suspended in 2 mL fresh E8 media. Geltrex was aspirated before the cell suspension was 

added dropwise to the wells. One cryovial was plated into a single well. Cells were distributed 

across the well by moving the plate laterally in a ‘cross formation’ and incubated at 37˚C [5% 

CO2/air] for 24 h before a full media change was completed to remove cell debris.  

2.2.3 Maintenance of PSCs  

PSC cultures were maintained on Geltrex substrate diluted as previously described, in E8 

media which was changed every 24 h. To maintain cells for more than 24 h, cultures were 

changed to double volume Essential 8 Flex media, which can sustain cultures for two days. 

When PSC colonies reached 80-90% confluence they underwent an EDTA passage as 

described below. 

Upon reaching confluency, PSC colonies were passaged at 1:10 (Monday) and 1:6 (Friday) 

ratios, subject to experimental timeline. The Geltrex was aspirated, and replaced with 1 mL RT 

E8 media. The media was discarded and cells were washed once in PBS, before 1 mL 0.5 mM 

EDTA (warmed to 37˚C) was added to the cells and incubated for 4 min. The EDTA was 

aspirated and using a 5 mL stripette, cells were washed off the plate with 1.5 mL E8 media 

using a pipette boy on eject level three. A maximum of three washes were used to remove cells, 

before they were diluted appropriately and added dropwise to the recipient plates. 

Quality control experiments were conducted on both PSC cohorts prior to use for differentiation 

and experimentation. These experiments involved routine and repeated mycoplasma testing, 

CAG-repeat sizing and karyotyping. Experiments were also conducted assessing the 

pluripotency of the cells post-reprogramming by assessing the expression levels of key 

pluripotency markers Oct4, Sox2 and NANOG. These experiments were completed prior to the 

start of this project and are therefore not included in this thesis. 

 

Figure 2. 1. PSC donor demographics. The HD family series comprised three clones of an unaffected 

parent [22Q (1/2/3)], and two offspring who developed juvenile HD [58Q (1/2/3), 75Q (1/2/3)].  The IsoHD 

series comprised lines expressing 28, 43 and 78 CAG repeats. Clones marked in bold are those selected 

to generate the data presented in this thesis. Figure adapted from (Park et al., 2008). 
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2.3 Generation of PSC-derived medium spiny neurons (MSNs) 

For this project, mature MSNs were produced using an adapted version of an established 

protocol (Arber et al 2015). The protocol uses the combination of SMAD inhibition, followed by 

activin A and vitamin A stimulation over a period of 36 days to generate a heterogeneous 

neuronal culture. Within this population, a proportion of cells can be identified as MSNs due to 

their co-expression of DARPP-32+/CTIP2+.  

2.3.1 Neural induction  

As depicted in Figure 2. 2, the adapted protocol ran as follows. Following several passages, and 

consistent stable colony formation (circular colonies with increasing diameter, no evidence of 

contaminating cells or spontaneous differentiation), PSCs were seeded into Geltrex coated 12-

well plates at high density; typically, a fully confluent well of a six-well plate was split into three 

wells of a 12-well plate using the standard PSC EDTA passage procedure. PSCs were cultured 

to approximately 90% confluency at which point neural induction was initiated. Cells underwent 

a full media change into MSN pre-26 media, supplemented with the following SMAD inhibitors: 

100 nM LDN193189, 10 μM SB431542, 200 nM dorsomorphin. SMAD inhibition rapidly down-

regulates pluripotency transcripts such as OCT4 and NANOG, causing the cells to differentiate 

towards forebrain neural precursor fate of the neuroectoderm lineage. Neural induction was 

continued for 10 days, with cells undergoing a half media change every 48 h.  

 

Figure 2. 2. Summary of medium spiny neuron (MSN) differentiation protocol. Over the period of 36 

days, PSCs were differentiated to lateral ganglionic eminence precursors and matured to MSNs. The cells 

underwent sequential media supplementation changes as well as different plate coatings to encourage 

neuronal differentiation and maturation. These were compounded by timed passages at days 10, 19-22 

and 30.  
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2.3.2 Neural precursor cell (NPC) differentiation 

At day 10, cells were prepared for their first passage by a complete media change into 1.5 mL 

MSN pre-26 medium supplemented with 25 ng/mL activin A and 10 μM ROCK inhibitor for a 

minimum of 1 h. During this time 12-well plates were coated with 25 μg/mL fibronectin in PBS, 

which were washed once in PBS prior to use. After incubation, the conditioned media was 

collected from the cells and retained. The cells were washed once in PBS before 0.02% EDTA 

was added and incubated at 37˚C for 1 min. This served to loosen the attachment of cells to the 

Geltrex substrate to facilitate removal, however no observable difference was noted in the 

culture. The EDTA was removed and replaced with 1 mL conditioned media, before the cells 

were scratched gently with a 10 mL stereological pipette to generate large clumps of cells. 

These were diluted with the remaining conditioned media, followed by fresh MSN pre-26 media 

including above supplements to a final volume of 1.5 mL per well of a 12-well plate. The final 

passage ratio was 2:3. Cells were then left to adhere for 24 h upon which 1 mL of media was 

replaced with 1.5 mL MSN pre-26 media supplemented only with 25 ng/mL activin A, with half 

media changes continued every 48 h. This acted to gradually reduce the concentration of 

ROCK inhibitor in the media. 

After 19-22 days in culture, the cells had completed neural differentiation and were thus termed 

neural progenitor cells (NPC). Due to the addition of activin A, the NPCs were directed down the 

lateral ganglionic eminence lineage, which can be demonstrated by an upregulation of 

transcripts: CTIP2, FOXP2, DLX2, and GSX2 (Arber et al., 2015a). The NPCs were subjected to 

a second EDTA passage, in which cells were washed once in PBS prior to addition of 0.02% 

EDTA and incubated at 37˚C for 90 s. The EDTA was aspirated and 1 mL MSN pre-26 media 

supplemented with 25 ng/mL activin A was added per well. The cells were scratched with a 

P1000 tip and multiple wells pooled in a 50 mL Falcon tube. The final volume of cell suspension 

was increased to account for 1.5 mL per well of a 12-well plate, at a passage ratio of 1:2 – 1:4 

depending on how confluent the NPCs were (typically 1:3). Passaged cells were re-plated into 

12-well plates that had been incubated with 20 ng/mL laminin for a minimum of 2 h, which was 

aspirated immediately prior to cell plating. The NPCs underwent half media changes every 48 h. 

At this stage in the protocol, the first adaptation was made as there was an opportunity to pause 

differentiation and cyropreserve NPCs. 

2.3.3 Cryopreservation of NPCs 

Two methods of cryopreservation were designed and optimised, one of which utilises StemPro 

Accutase to lift the cells off the substrate to generate a single cell suspension similar to the 

‘Accutase split’ detailed in Shi et al., (2012). The second follows the second passage procedure 

described above; this freezes cells as small clumps and over the course of this project gave a 

better revival percentage, therefore was the preferred method. In both protocols, once 

dissociated from the culture plastic, 1 mL cell suspension was aliquoted per cryovial which 

contained 100 μL DMSO (final concentration 10% DMSO, 90% MSN pre-26 media). The 

cryovials were inverted once to ensure thorough mixing prior to placing in a Mr Frosty container, 

and stored at -80˚C for 24 h. Cryovials were transferred to LN2 for long-term storage.  
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2.3.4 Maturation and seeding 

When NPCs reached d26, the cells underwent a full media change to MSN post-26 media, 

which contains vitamin A and promotes the maturation of NPCs to MSNs. Furthermore, it was 

observed that maturation was also enhanced when cells were less densely populated in the 

culture dish, therefore an adaptation to the protocol was made which allowed for better control 

over plating density and distribution. MSNs were subjected to a third passage, in which 

Accutase was pre-warmed to 37˚C prior to use (which was found to greatly increase the survival 

of cells post-passage as it decreased the required incubation time to approximately 5 min) and 

Geltrex was used as the coating substrate of coverslips or imaging plates to enhance the 

distribution of the cells when cultured for extended periods of time. After 36 days in culture, the 

protocol was complete and a population of MSNs could be identified within the heterogeneous 

culture. For this project, MSN cultures were maintained beyond d36 to encourage further 

maturation of the neuronal population, and to study the effect of ageing on HD phenotype 

emergence.  

2.3.5 Ageing cultures 

To allow for the analysis of maturing cultures, a protocol was developed to minimise stress to 

the cells. Half media changes were performed twice weekly, approximately every four days. 

This involved maintaining the plate in a horizontal position, and using a pipette boy on aspiration 

level two to remove half the media from the well. Fresh media was applied on eject level zero 

down the side of the well, with the stripette positioned against the very top edge. This acted to 

disperse the media laterally across the side of the well surface, thereby reducing the force of 

fresh media entering the well. This prevented a focal point from forming at the cell layer, and 

greatly improved maintained cell adhesion to the substrate. In cases where cells did start to 

detach, the media was spiked with the adhesion substrate (laminin 20 ng/ml, Geltrex 1:50 

dilution) as required, but no more than once every fortnight. Cells were routinely maintained and 

thus aged, in this manner to over 100 days in culture. 

2.4 Generation of PSC-derived cortical projection neurons (CPNs) 

Similarly to MSNs there are multiple protocols, all of which are well established, that produce 

functionally active, mature cortical neurons from each of the six cortical layers. The core 

protocol chosen for this project, published by Shi et al., (2012), is widely used in the field and 

reliably produces cortical layers I-VI in 130 days.  

2.4.1 Neural induction 

The protocol is depicted schematically in Figure 2. 3. Following several passages and 

consistent stable colony formation, PSCs were seeded into 12-well plates that had been coated 

with Geltrex diluted as previously described. Typically, a fully confluent well of a six-well plate 

could be split into two wells of a 12-well plate using a standard PSC EDTA passage procedure. 

PSCs were cultured to 100% confluency at which point neural induction was initiated. Cells 

underwent a full media change into N2B27 media, supplemented with the following SMAD 

inhibitors: SB431542 10 μM, dorsomorphin 1 μM. A 90% media change was conducted every 

day for 12 days to generate NPCs of the neuroectoderm lineage. During the media change, the 
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plate was maintained in a horizontal position and the meniscus was unbroken; aspiration of all 

media proved too harsh on differentiating cultures and resulted in culture death. 

 

Figure 2. 3. Summary of cortical differentiation protocol. PSCs are directed to form neural precursor 

cells during a process of neural induction, prior to successive neural precursor patterning and 

differentiation to the six layers of the human cortex in a time dependant manner. Dual SMAD inhibition is 

sufficient to induce neural lineage, no further media supplementation is required. Plate coatings are altered 

throughout the 60 days to promote neuronal purity, which is supported by timed passages at d12, d22, d35 

and an optional d45-d60 passage. 

2.4.2 NPC differentiation 

The default patterning of NPCs is to differentiate into the layers of the cortex, therefore no 

further chemical stimulation was provided to the cells. The original published protocol details a 

series of dispase splits to purify the cultures of any non-neuronal cells and encourage neural 

rosette formation. However it was established during the course of this project that by following 

the EDTA passage method as described in 2.3, the viability of cortical NPC cultures post-

passage was greatly increased and did not negatively alter differentiation efficiency or neuronal 

purity at the termination of culture. Quantitative nor qualitative data was collected prior to culture 

disposal therefore is not presented in this thesis. Cortical NPCs underwent EDTA passages as 

described above on days 12 and 22 at ratios 1:2 and 1:3 respectively. Cultures were maintained 

on laminin coated plates with media changes every 48 h. At this point in culture, neural rosettes 

were evident, and neural processes began to form networks across the culture dish.  

2.4.3 Cryopreservation of cortical NPCs 

Similarly to MSN NPCs, differentiating cortical cultures are also amenable to cryopreservation, 

however this is completed at d30 due to the slower differentiation rate. Cortical NPCs are frozen 

down using the Accutase passage method as described below. However the cell pellet is re-

suspended in ice cold N2B27 media and aliquoted into cryovials, prior to the addition of DMSO 

solution to a final concentration of 10% before transferral to -80˚C in a Mr Frosty freezing 

container. After 24 hours, cryovials could be transferred to LN2 for longer term storage. 
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2.4.4 Deep layer cortical neuron seeding 

After 35 days in culture, deeper cortical layer neurons (layer VI evident, layer V emerging) make 

up the majority of cells in the culture. To seed into experimental format, cells underwent an 

Accutase passage to generate a single cell suspension. Briefly, media was aspirated and 500 

μL pre-warmed Accutase was added to wells and incubated for 5 min. During this time, the cells 

lift off in the Accutase as a single sheet which can be picked from the wells using a P1000. The 

cell sheet was dispersed in 10 mL PBS and centrifuged at 350xg for 5 min. The pellet was re-

suspended in RT N2B27 media and cell density was calculated. The appropriate volume of cell 

suspension was diluted in N2B27 medium and distributed in laminin coated culture vessels. If 

there was an excess of cells above what was required for experiments, these were frozen down 

at a minimum density of 1 x 10
6
 cells/vial. As cortical NPCs tended to proliferate at higher rates 

than MSN NPCs, the cultures were matured at semi-sparse density with twice weekly media 

changes. As this project was focused on recapitulating the CS pathway, layer V was the primary 

interest, as this layer contains the cortical neurons that project to the striatum and form the CS 

pathway. For this reason, cultures were typically maintained and terminated between 50 - 60 

days in culture, as more superficial layers of the cortex were not required. Furthermore, it was 

determined that the CPNs could be subject to further Accutase passages between days 45 - 60 

to amplify the percentage of layer V neurons whilst also reducing the number of proliferating 

NPCs. Cultures could be aged in the same manner as described in 2.3.5 and cultures were 

successfully maintained to 200+ days in culture. 

2.5 Cell imaging 

2.5.1 Standard immunofluorescence imaging 

Neuronal cells were subject to an Accutase passage and seeded at a density of 3x10
4
 per 13 

mm diameter glass coverslip in 4-well, or 24-well culture plates (Nunc). Glass coverslips were 

sterilised and tempered to improve substrate adhesion by baking in an electric oven at 200˚C for 

a minimum of 6 h, and stored in sterile conditions until use. Coverslips were coated with 150 μL 

Geltrex per coverslip. Immediately prior to seeding, Geltrex was aspirated, no washing was 

required. 

When cells reached maturity, supernatant was aspirated and replaced with 250 μL 10% formalin 

solution for 15 min at RT. Formalin solution was removed with two washes in PBS, then cells 

were permeabilised with 0.2% Triton-X 100 (Sigma) in PBS for 15 min. Non-specific binding was 

blocked with 10% donkey (dk) or goat (gt) serum (dependent on secondary antibody host 

species), and 1% bovine serum albumin (BSA) in PBS for 1 h at RT, followed by incubation with 

primary antibodies at the appropriate dilution (see Table 4) for either 2 h at RT, or 4˚C 

overnight. Primary antibodies were removed and replaced with 300 μL PBS per well and left to 

incubate for 5 min with no agitation. This process was repeated three times, before Alexa Fluor-

conjugated secondary antibodies corresponding to the correct species were diluted 1:1000 in 

PBS and added to coverslips for incubation in the dark for 45 min. Excess secondary antibody 

was removed with two washes in PBS, before 1 μg/mL Hoechst in PBS was applied to 

coverslips for 5 min protected from light. Coverslips were further washed twice in PBS before 



61 
 

mounting onto Superfrost glass microscope slides (VWR) in Antifade Fluorescence Mounting 

Medium (DAKO) and stored at 4˚C until visualisation using fluorescent, confocal or super 

resolution microscopy. 

Table 4.  Description of antibodies and the dilutions used within this Thesis 

Antigen Host Isotype 
Dilution 

IF 
Cat No. Supplier 

DARPP-32 Rabbit  1:200 sc-11365 Santa Cruz 

DARPP-32 Rabbit IgG 1:200 ab40802 Abcam 

CTIP2 Rat  1:200 ab18465 Abcam 

TrkB Mouse IgG2a 1:200 sc-7268 Santa Cruz 

PSD-95 clone 

K28/43 
Mouse IgG2a 1:400 MABN68 Millipore 

Homer Rabbit  1:300 ab75037 Abcam 

SYT1 Mouse IgG2a 1:400 105011 Synaptic Systems 

Synaptophysin Rabbit  1:400 ab68851 Abcam 

Substance P Rat  1:200 ab7640 Abcam 

GAD65/67 Goat  1:200 sc-7513 Santa Cruz 

GABA Rabbit  1:100 ab332299 Abcam 

DRD1 Rabbit  1:200 SAB4500671 Sigma 

ki-67 (D3B5) Rabbit  1:400 12202S Cell Signalling 

Nestin Mouse  1:600 MAB5326 Millipore 

BDNF Rabbit  1:700 ab108319 Abcam 

Tbr1 Rabbit  1:500 ab31940 Abcam 

Tbr1 Chicken  1:100 ab31940 Millipore 

NeuN 1B7 Mouse IgG2a 1:1000 ab104224 Abcam 

βIII-tubulin Rabbit  1:500 ab18207 Abcam 

βIII-tubulin Chicken  1:500 ab107216 Abcam 

MAP2 Chicken  1:1000 ab5392 Abcam 

 

2.5.2 High content imaging (HCI)  

2.5.2.1 Immunofluorescent staining 

The seeding density required for HCI differed between cell-type due to the proliferation rates of 

cells. For CPNs, cells were seeded at 1.5 x 10
4
 cells/well, whereas MSNs were seeded at 2 x 

10
4
 into Perkin Elmer Cell Carrier Black 96-well plates (PE plates). Cells were seeded only in 

the inner 60 wells of each plate, leaving an evaporation barrier of wells around the periphery 

which could be topped up with sterile media. MSNs were seeded at ~d28 - 30, cortical neurons 

at ~d35. Once the cells reached the desired age in culture, they were fixed as follows. Using a 

multichannel pipette, 150 μL culture media was removed and replaced with 150 μL 10% 

formalin solution. Immediately, 100 μL supernatant was removed and replaced with 100 μL 
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fresh 10% formalin solution. The plates were fixed for 12 min at RT in sterile conditions. To 

remove the formalin solution, 150 μL was aspirated and replaced with 150 μL sterile PBS. 

Immediately, a further 100 μL supernatant was removed and replaced with 100 μL fresh PBS 

containing 0.02% sodium azide. To prevent evaporation, a sealing film was placed over the 

plate prior to replacing the lid, and plates were stored at 4˚C until use.  

To prepare the plates for imaging, a scalpel was used to cut out sections of sealing film around 

the wells to be stained. Using a multichannel pipette, all PBS was removed from the wells 

required, by aspirating liquid from the edge of the wells without touching the cells. The cells 

were then permeabilised with 0.2% Triton X-100 in PBS by applying 100 μL down the side of 

the well. The plates were incubated at RT for 15 min and the blocking solution was prepared. To 

block non-specific binding of primary antibody to antigens, the cells were blocked with PBS 

containing 1% BSA and 10% gt or 10% dk serum depending on the species the secondary 

antibody was raised in. Once permeabilisation was complete the solution was removed from the 

side of the well, without touching cells. Blocking solution was applied at 100 μL per well and 

incubated for a minimum of 1 h at RT. Whilst blocking, the primary antibodies were prepared as 

follows (dilutions for each antibody used can be viewed in Table 4). For high content imaging 

(HCI), antibody combinations were accumulated and labelled as 'well sets'. The same well sets 

were applied to each clone for assessment and completed at the same time where possible, to 

avoid variability. All well sets used in this project are detailed in  

Table 5. Primary antibodies were diluted in PBS containing 1% BSA and 50 μL was applied per 

well to minimise antibody usage. To apply, the blocking solution was removed and primary 

antibody solution applied down the side of the well. Plates were incubated for either 2 h at RT or 

4˚C overnight with no agitation. Excess primary antibody was removed with a series of wash 

steps: 150 μL PBS was added directly to wells to take the volume to 200 μL. 150 μL 

supernatant was removed and replaced with a further 150 μL fresh PBS. Plates were then 

incubated for 5 min and the process was repeated a further three times. During the last wash, 

Alexa Fluor-conjugated secondary antibodies were prepared at a 1:1000 dilution in PBS and 

protected from light. All supernatant was removed from wells and 100 μL secondary antibody 

solution was applied down the side of wells. The plates were protected from light and incubated 

at RT for a maximum of 1 h. To wash the cells, 100 μL PBS was added directly to wells to take 

the volume to 200 μL. Washing steps were then completed as described above, twice. To stain 

the nuclei, a 2x Hoechst solution (2 μg/mL) was prepared. Half of the washing buffer (100 μL) 

was removed from wells and replaced with 100 μL 2x Hoechst staining solution. The plates 

were incubated in the dark for 5 min at RT prior to a final two rounds of washing as described 

above. The stained wells were then re-covered and plates were stored at 4˚C protected from 

light until imaged. Immediately prior to imaging, 100 μL supernatant per well was removed. 

Plates were typically imaged immediately. 
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Table 5. Well sets used in this thesis. This table lists primary and corresponding secondary antibodies, 

optimal exposure time (ms) and Z plane (μm) at which all images were acquired using Opera Phenix HCI. 

[donkey - dk; goat - gt; mouse - m; rabbit - rb; rat - rt; chicken - ch]  

Well set 

B 

Primary S830 EM48 DARPP-32 

Secondary dk anti-gt 488 dk anti-m 568 dk anti-rb 647 

Exposure (ms) 2000 5000 4000 

Z (μm) 8 8 8 

E 

Primary Spinophilin βIII-tubulin -- 

Secondary gt anti-rb 488 gt anti-m 568 -- 

Exposure (ms) 100 200 -- 

Z (μm) 11 8 -- 

K 

Primary Nestin ki-67 βIII-tubulin 

Secondary gt anti-m 488 gt anti-rb 568 gt anti-ch 647 

Exposure (ms) 200 400 400 

Z (μm) 5 5 5 

L 

Primary DARPP-32 CTIP2 βIII-tubulin 

Secondary gt anti-rb 488 gt anti-rt 568 gt anti-ch 647 

Exposure (ms) 500 500 200 

Z (μm) 8 7 7 

M 

Primary βIII-tubulin ki-67 MAP2 

Secondary gt anti-m 488 gt anti-rb 568 gt anti ch 647 

Exposure (ms) 100 2000 700 

Z (μm) 8 8 8 

N Primary Caspase 3 Nestin βIII-tubulin 



64 
 

Secondary gt anti-rb 488 gt anti-m 568 gt anti-ch 647 

Exposure (ms) 1000 500 500 

Z (μm) 5 5 5 

X 

Primary ki-67 CTIP2 Nestin 

Secondary gt anti-rb 568 gt anti-rt 568 gt anti-m 488 

Exposure (ms) 600 800 1000 

Z (μm) 8 8 6 

cA 

Primary TBR1 CTIP2 βIII-tubulin 

Secondary gt anti-rb 488 gt anti-rt 568 gt anti-ch 647 

Exposure (ms) 1000 1500 600 

Z (μm) 7 8 6 

cB 

Primary PSD95 Synaptophysin MAP2 

Secondary gt anti-m 488 gt anti-rb 568 gt anti-ch 647 

Exposure (ms) 600 500 500 

Z (μm) 10 10 10 

cC 

Primary BDNF TRKB MAP2 

Secondary gt anti-rb 488 gt anti-m 568 gt anti-ch 647 

Exposure (ms) 800 500 500 

Z (μm) 6 6 5 

cH 

Primary S830 CTIP2 EM48 

Secondary dk anti-gt 488 dk anti-rt 568 dk anti-m 647 

Exposure (ms) 400 1500 1200 

Z (μm) 8 8 8 
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cK 

Primary Nestin ki-67 βIII-tubulin 

Secondary gt anti-m 488 gt anti-rb 568 gt anti-ch 647 

Exposure (ms) 200 400 400 

Z (μm) 5 5 5 

W 

Primary TrkB BDNF βIII-tubulin 

Secondary gt anti-m 488 gt anti-rb 568 gt anti-ch 647 

Exposure (ms) 1000 600 600 

Z (μm) 7 7 7 

Y 

Primary GABAa A2Ar Sub P 

Secondary gt anti-rb 488 gt anti-m 568 gt anti-rt 647 

Exposure (ms) 600 800 600 

Z (μm) 7 6 6 

Z 

Primary DRD1 CTIP2 Calbindin 

Secondary gt anti-rb 488 gt anti-rt 568 gt anti-m 647 

Exposure (ms) 600 600 600 

Z (μm) 6 7 7 

 

2.5.2.2 Imaging 

To measure immunofluorescence of stained wells, the Opera Phenix HCI platform was used 

(Perkin Elmer). This is a semi-automated imaging device that takes confocal images in a high 

throughput manner. Plates were inserted into the Phenix and for each Well set, an imaging 

setup was determined. To identify the optimal exposure time for each fluorophore, a series of 

snapshots were taken at increasing exposure times. The optimal exposure was determined as 

the time necessary to produce strong specific signal, but minimise background signal. To 

identify the optimal Z plane for each antibody, a Z stack was taken in test mode covering either 

10 or 20 μm depending on cell density. Each fluorophore was assessed individually and the 

plane at which staining gave the optimal expected staining pattern was input into experimental 

set up. Finally, exposures were checked again to ensure that the Z plane had not altered the 

signal. Where possible, Z planes were kept constant within a Well set. For example, expected 
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nuclear staining was imaged at the same Z as Hoechst, however in some cases it was not 

possible to keep this constant across the four wavelengths. The experimental set up was 

completed by selecting the desired wells to be imaged, a minimum of twenty fields of view 

(FOV) were selected randomly and acquired for each well resulting in a minimum of 120 FOV 

per clone, per Well set. Details of exposure times and Z planes for each experimental set up are 

documented in Table 5. The acquired images were automatically uploaded to Columbus 

(Harmony), the inbuilt analysis software, where analysis scripts were designed as described 

below.  

2.5.2.3 Columbus script analysis 

The Opera Phenix is supported by a cloud based analysis software called Columbus, which can 

be used to design image analysis scripts using in-built analysis parameters. For each Well set 

used in this project, a unique analysis script was designed, optimised for cell type, and run in 

batch mode across all plates to be analysed. An example of a Well set analysis script is shown 

in Figure 2. 4. Briefly, a representative image was selected from the 120 collected per clone. In 

the image analysis tab on Columbus, a script was constructed from building blocks provided by 

the software. These include, but are not limited to: 'Find Nuclei', 'Find Cytoplasm' and 'Find 

Cells'. Each of the building blocks contained several methods of segmentation, which were 

manually applied to the image to find the most suitable method. The online help document was 

frequently referred to, as particular methods are associated with distinct cell-types; the 'neuronal 

cell' method was most frequently used. Within each method, the threshold and parameters 

could be further fine-tuned to provide the closest alignment with the staining pattern observed.  

Each analysis script began with finding nuclei, which were then subject to morphological and 

intensity analysis. These parameters were used to identify pyknotic nuclei, signalling non-

viability, and thresholds were established which enabled the selection of viable nuclei from the 

total population (40 μm < area > 200 μm; intensity < 1850). All subsequent measurements were 

calculated as a percentage of viable nuclei. Each fluorophore, corresponding to specific 

antibody staining, was assessed individually, with the primary aim of calculating the percentage 

of positive cells from the viable cell total. These data were then collated in the 'Define Outputs' 

tab, where the user could script formulas which would then produce the percentage of positively 

stained cells. The completed analysis file was saved to the Columbus data base. In order to 

avoid bias within an experiment, the same analysis script was applied to each clone stained 

with the corresponding Well set. To perform this, users navigated to the 'Batch Analysis' tab and 

selected the analysis script to be used. The user then selected all the data to be analysed with 

this script which was run by Columbus, and saved alongside the original imaging files. To 

access the data, the analysis file for each clone was downloaded and copied into NotePad, to 

provide a text version, before copying to Microsoft Excel. At this point, the average of each 

defined output was calculated, alongside the standard deviation. These values were then 

copied to GraphPad Prism for further analysis. 
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Figure 2. 4. Example image analysis script flow through conducted on Columbus software. A) 

Nuclei were identified using the 'Find Nuclei' function in Hoechst 33342 channel, using method parameter 

'M'. B) After measuring nuclei roundness, area and intensity, a selection criteria was set to exclude objects 

that did not meet threshold criteria (40 μm < area > 200μm, intensity < 1850), discarded objects are 

highlighted in red; selected objects are classified as a new population labelled 'viable nuclei'. C) Various 

other measures including 'Find Cytoplasm' as depicted here, were used to select objects within specified 

fluorescence intensities, and calculated as a function of viable nuclei. Summary tables were generated 

using the 'Define Outputs' tab, which lists data in numerical form, this can then be exported and analysed 

in Microsoft Excel and GraphPad Prism.  

2.5.3 Super resolution microscopy (SIM) 

Super resolution fluorescent microscopy was carried out in collaboration with Dr Edward J Smith 

(Bates laboratory) Institute of Neurology, UCL. Cells were prepared on 13 mm glass coverslips 

as previously described (2.5.1). Super resolution fluorescent images were captured using a 

Nikon Eclipse Ni-E N- SIM Super Resolution system and Andor Ixon camera at 100x 

magnification. Images were saved as ND2 files and processed using NIS Elements AR software 

with n-SIM module. Final images were exported as TIFF image files and AVI videos. 

2.5.4 IncuCyte longitudinal imaging 

A series of longitudinal imaging experiments were designed in order to assess morphological 

differences between genotypes in MSNs and CPNs in baseline conditions as well as after 

treatment (BDNF withdrawal, conditioned media experiments). PSC-derived neurons were 

seeded into PE plates at a density of 1.5 x 10
4
 cells per well, with six wells per clone per 

condition. Seeding took place 24 h prior to the start of longitudinal imaging to allow the cells 

enough time to attach and recover from Accutase passage.  
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Plates were placed in an IncuCyte S3 live-cell imaging system (Essen Bioscience) which was 

maintained at 37˚C [5% CO2/O2], and an initial image was taken after 30 min incubation to 

ensure any condensation build-up had evaporated and would not confound imaging. Plates 

underwent a half media change within 24-48 h post insertion, and this was timed to follow image 

procurement as closely as possible so that the cells had 6 h to recover prior to the next image 

acquisition. Images were acquired from four FOV per well, every 6 h for a minimum of 72 h. 

Phase contrast image sets were analysed using IncuCyte S3 2018B software (Essen 

Bioscience), and the inbuilt ‘NeuroTrack’ analysis was used to quantify neurite processes and 

cell bodies (Figure 2. 5). Typical settings were: Segmentation Mode = Brightness; Segmentation 

Adjustment = 1.2 Background: Cells; Min Cell Width = 6 μm; Neurite Filtering = Best; Neurite 

sensitivity = 0.5; Neurite Width = 1 μm.  

 

Figure 2. 5. Mask image of NeuroTrack software. The in-built NeuroTrack software segments the image 

FOV into either cell body clusters (blue) or neurites (yellow) for each image and time point. The software 

then automatically extracts the data e.g. average neurite length (mm). Image is the sample image provided 

by the EssenBioscience website.  

2.5.5 Fluo-4 live cell imaging 

To investigate the presence of calcium transients within cultured neurons, the calcium binding 

dye Fluo-4 was used. Labelled calcium indicators are molecules that exhibit an increase in 

fluorescence upon binding Ca
2+

. Fluo-4, is commonly used as the non-

fluorescent acetoxymethyl ester (Fluo-4 AM) which is cell permeant and cleaved inside the cell 

to give the free, fluorescent Fluo-4 which is well-excited by the 488 nm line of the argon-ion 

laser. By conducting time-series recordings on a confocal microscope it was possible to 

visualise the fluctuations of Ca
2+ 

within the cell. Calcium transients are indicative of action 
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potential ability as they require the functionality of ion channels within the cell membrane, 

required for action potential propagation along the axon. Mature MSN cultures at various time 

points (range d40-d135) were washed with HEPES buffer [115 mM NaCl, 1.2 mM CaCl2, 1.2 

mM Mg Cl2, 2.4 mM K2HPO4 diluted in sterile water, pH 7.4 adjusted by HCl] to remove cell 

debris prior to incubation with 200 mM Fluo-4 diluted in HEPES buffer for 30 min at 37
˚
C. 

Cultures were protected from light and cells were imaged using repeated time-series recordings 

taken by confocal microscopy for a maximum of 20 min post-incubation.  

2.5.6 GFP transient transfection 

A transient transfection of PSC-derived neurons was designed and optimised using 

Lipofectamine 2000 (ThermoFisher), Opti-MEM (Gibco) buffer and pmaxGFP DNA. A range of 

plasmid concentrations were trialled and assessed for transfection efficiency, expression and 

signal strength (0.31 μg, 0.47 μg, 0.625 μg and 1.25 μg pmaxGFP vector [stock = 1 μg/μL in 

10mM Tris pH 8.0, Lonza]). The optimal signal expression for imaging was deemed to be 

between 0.625 and 1.25 μg, therefore subsequent transfections were carried out at 1 μg.  

Briefly, the number of reactions required was calculated for the experiment and solutions made 

up in 7 mL bijou tubes (Thermo) as follows: 25 μL Opti-MEM + 2 μL Lipofectamine 2000; 62.5 

μL Opti-MEM + 1 μL (1 μg) pmaxGFP (Lonza). Solutions were triturated thoroughly prior to 

adding 27 μL GFP solution to Lipofectamine solution (1:1 volume ratio). Lipofectamine + GFP 

solution were triturated ten times and incubated at RT for 5 min. For each well to be transfected, 

10 μL of Lipofectamine + GFP was added dropwise to culture wells and incubated at 37
˚
C for 48 

h. Expression of GFP increased over time in culture and was maintained with minimal toxicity 

for 20 days.  

2.6 Cell-based assays 

2.6.1 Lactate dehydrogenase (LDH) cytotoxicity assay 

CytoTox 96 Non-Radioactive Cytotoxicity Assay kits (Promega) were used to quantitatively 

measure lactate dehydrogenase (LDH) levels in cell culture supernatants. LDH is a cytosolic 

enzyme that is released from cells undergoing apoptosis or necrosis, therefore this kit broadly 

measures levels of cell death within a culture. The assay was conducted as per the 

manufacturer’s instructions. Briefly, to assess levels of LDH in cell culture medium, 50 μL cell 

supernatant was transferred to a sterile 96-well plate (Nunc), leaving 50 μL culture media on the 

cells. To induce cell lysis, enabling quantification of total cell death, 5 μL of 10X Total Lysis 

solution (supplied) was added to cells, and incubated for 45 min at 37˚C. LDH assay powder 

was dissolved in 12 mL assay buffer and protected from light. The reconstituted assay solution 

was added at 50 μL per well to both supernatant and total cell death samples and incubated at 

RT for 30 min protected from light. Stop solution (supplied) was added to plates prior to reading 

on a Tecan Spark spectrophotometer at 450nm and data was analysed using Microsoft Excel 

and GraphPad Prism. The percentage cell death of each sample was calculated using the 

following equation: 
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2.6.2 Bicinchoninic acid (BCA) protein assay 

The Pierce BCA protein assay (Thermo Fisher) was used to determine total protein 

concentrations from samples. Briefly, a serum albumin protein standard was generated using 

serial dilutions as directed per the manufacturer's instructions. Cell pellets were removed from -

80˚C and reconstituted in RIPA buffer supplemented with 1x protease inhibitor and 1x 

phosphatase inhibitor. Pellets were homogenised using vigorous trituration (>10 passes) to 

produce a smooth cell lysate. For aged neurons, which have a higher lipid content due to 

extensive neuronal processes and subsequent increased plasma membrane volume, it was 

sometimes necessary to homogenise the cell lysate further by passing through sterile needles 

of increasing gauge(19G - 23G). Once fully homogenised, 10 μL of sample was added to wells 

of a 96-well plate, alongside protein standard samples. The working reagent (WR) of BCA buffer 

was generated by mixing 50 parts buffer A, with 1 part buffer B, and 200 μL WR was added to 

each standard/sample. The plate was protected from light and incubated at 37˚C for 30 min. 

After cooling to RT, the plate was read on a Tecan Spark spectrophotometer and absorbance 

values were measured at 562 nm. To calculate protein concentrations, a line of best fit was 

applied to the protein standard curve. The raw value for the 'blank' was subtracted from all 

experimental samples, prior to transposing raw sample values using the equation of the line.  

2.6.3 Adhesion assay 

To optimise the conditions for future adhesion assays, a pilot experiment was completed on 

PSCs. PSCs from a single well of a confluent 12-well plate were collected using Accutase. Cell 

pellets were re-suspended in 5 mL E8+ and 50 μL cell suspension was applied to a Geltrex 

coated 24-well plate, containing 300 μL E8+ per well. Cells were added in reverse order 

instalments of 0, 5, 10, 15, 30 and 45 min at 37˚C. At the end of the last time-point, the plate 

was removed from the incubator and shaken vigorously to detach loosely adhered cells, leaving 

only those which had formed a strong attachment. Wells were then washed vigorously twice 

with PBS to further remove loosely attached cells. The remaining cells were counted manually 

using 10x magnification on an AxioVert.A1 inverted microscope (Zeiss) and images were 

captured by an AxioCam ICam1 camera (Zeiss). Three FOV were acquired for each condition 

which was run in duplicate. This pilot experiment indicated that 15 min attachment was optimal, 

as a moderate percentage of cells could form attachments, but the cultures remained sparse 

enough to enable visual quantification. These conditions were then used for all subsequent 

adhesion experiments. 

2.6.4 BDNF withdrawal 

The adapted Arber et al., (2015) protocol used to generate MSNs was further adapted to allow 

for assessment of acute BDNF withdrawal, and BDNF deficiency on MSN viability. For acute 

assessment, d36 MSNs were subjected to BDNF withdrawal for a period of either 24 or 48 h. To 

deplete existing BDNF from culture media, an 80% volume media change was completed with 
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MSN post-26 media supplemented with activin A and GDNF at d36. This volume ensured that 

the meniscus remained intact above cells to prevent sheathing, but reduced the concentration 

of BDNF in culture media to less than 2 pg/mL. Parallel cultures underwent the same process 

with fully supplemented MSN post-26 media. Cells assayed for 48 h BDNF withdrawal 

completed this process again after 24 h. The half-life of LDH in culture media is nine hours, 

therefore to ensure optimal accumulation of LDH and thus accurate measurement of cell death, 

a half media change was completed 5 h prior to assay termination. After 24 or 48 h BDNF 

withdrawal, cells and samples were subject to LDH assay as described (section 2.6.1). 

Chronic BDNF deficiency was carried out as follows: during the second passage, MSNs were 

seeded into two culture plates per experiment in identical conditions (number of wells, density, 

volume). At d26, one plate underwent a full media change into fully supplemented MSN post-26 

media. The second plate was subject to a full media change into MSN post-26 media 

supplemented only with activin A and GDNF. The cells were cultured in these conditions, 

undergoing half media changes every 48 - 72 h until d50 in culture. 

2.6.5 Potassium chloride and glutamate stimulation 

Cortical neurons were seeded in 24-well plates at a density of 5 x 10
4
 cells per well. At d50, 

90% of culture media was removed from wells and replaced with either control media [N2B27], 

or media supplemented with 50 μM potassium chloride (KCl) (Sigma), or 200 μM glutamate 

(Sigma). Cells were incubated at 37˚C for 30 min. The conditioned media from cells, and cell 

lysates were collected using Accutase. Samples were either used immediately, or snap-frozen 

on dry ice prior to being run on a BDNF ELISA as described below. 

2.6.6 Enzyme-linked immunosorbance assay 

All BDNF ELISAs (Sigma) were carried out as per the manufacturer's instructions. Briefly, all 

reagents and samples were equilibrated to RT; all subsequent steps are carried out at RT 

unless otherwise stated. The protein standard curve was generated by performing serial 

dilutions of reconstituted BDNF protein standard (supplied), providing a range of 16 - 0.066 

ng/mL plus a blank control (Assay Buffer B, supplied). Standards and samples were added to 

the ELISA plate and allowed to incubate under 500 rpm agitation for 3 h, or overnight at 4˚C. 

Conditioned media samples ran undiluted, cell lysate samples were diluted 5-fold in Assay 

Buffer B (supplied). The plate was subject to 4x 200 μL/well washes using 1x ELISA wash 

buffer (supplied), prior to primary antibody addition at a dilution of 1:80 in Assay Buffer B. 

Primary antibody was incubated under agitation for 1 h prior to washes as previously described. 

Streptavidin-HRP (supplied) was then added to the plate at a 1:200 dilution in Assay Buffer B, 

and incubated for 45 min under agitation. The plate was washed again as previously described 

and vigorously tapped against paper towels to ensure all moisture was removed. Finally, ELISA 

colorimetric TMB reagent was added to the plate and incubated under agitation for 30 min 

protected from light. Stop solution was added (50 μL) and the plate was read at 450 nm on a 

Tecan Spark spectrophotometer. 
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The blank standard value was subtracted from sample absorbance values, prior to deriving the 

protein concentration of samples using the standard curve. BDNF protein concentrations were 

normalised to total protein concentrations of corresponding cell lysate samples as assayed by 

BCA (Section 2.6.2). 

2.7 Microfluidic chamber assembly 

Microfluidic chambers (MFC) are devices that can be engineered to fluidically isolate two or 

more distinct chambers. They were used in this project to replicate the physical separation of 

CPNs and MSNs that is normally found in the brain, in an attempt to recapitulate the CS 

pathway as optimally as possible. All microfluidic work was conducted in collaboration with Prof 

Giampietro Schiavo. The MFC insert template was previously designed and optimised by 

members of the Schiavo laboratory.  

2.7.1 Production of MFC polydimethylsiloxane (PDMS) insert 

The substrate to make the MFC gel inserts was made as follows: polydimethylsiloxane PDMS 

solution (VWR) was weighed out to account for 4 g/MFC, and curing agent added to a 10% w/v 

final concentration. The reagents were mixed thoroughly for 5 min before being placed in a 

vacuum chamber for a minimum of 1 h. To remove debris and dust from MFC templates, three 

rounds of cleaning took place using clear Scotch tape. Once prepared, the PDMS solution was 

poured into each MFC template, any bubbles formed were removed from the chambers and 

micro-channel areas using a P200 pipette tip. The MFCs were then baked in an electric oven at 

67˚C for a minimum of 1 h. Once baked, the MFCs were allowed to cool for 10 min, before the 

hardened gel MFC inserts were removed from the templates using sculpted tweezers. Excess 

gel was removed and wells were generated by cutting over the corners of each of the chambers 

to create entrance/exit routes for media/cells.  

2.7.2 Decontamination and plate preparation 

To bond the MFC gel insert to tissue culture dishes, two methods were initially used depending 

on the length of experiment. These included plasma bonding, which also sterilised gel inserts, 

and reversible PDL bonding (Park et al., 2006). During the course of this project, the plasma 

cleaner became unreliable therefore all data presented was produced using the reversible PDL 

bonding method. As this method does not include a decontamination or sterilisation step, a 

protocol was developed to encourage sterile conditions. Once gel inserts had been cut to size 

and access provided to the chambers, the inserts were soaked in 75% ethanol under agitation 

for a minimum of 4 h. The inserts were then removed and allowed to air dry in a laminar flow 

cabinet to enable the ethanol to evaporate. Inserts were then submerged in sterile distilled 

water to remove any traces of residual ethanol before air drying. During this time, 35 mm glass 

bottom dishes were coated with 0.1% PDL in water, and incubated at 37˚C for a minimum of 4 

h. Dishes were then washed three times in distilled water and allowed to air dry in a laminar flow 

cabinet.  
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2.7.3 MFC assembly 

Once both the gel insert and glass bottom dish were sterilised and coated, the gel insert was 

dropped from a height (approximately 10 cm) using sterilised tweezers into the centre of the 

dish. This process ensured that a tight seal was made between insert and coating substrate, 

and negated the need to form a seal by applying additional pressure - this distorts the 

morphology and dimensions of the micro-channels. Immediately after bonding, the MFCs were 

primed with 1% BSA prior to coating with 20 ng/mL laminin for a minimum of 2 h at 37˚C. 

Laminin solution was washed out with two culture media washes prior to cell seeding.  

2.7.4 Cell seeding of MFCs and maintenance 

Several rounds of optimisation were completed with regard to seeding density. Briefly, CPNs 

were harvested at d49 by Accutase. Cell density was calculated to account for 4 x 10
4
 cells per 

MFC for axonal crossing studies described below, or 5 x 10
4
 cells per MFC for co-culture 

experiments. The protocol to seed cells into the MFC can be observed in Figure 2. 6. The cell 

suspension was then centrifuged at 100xg for 4 min to pellet the cells, which were then re-

suspended in N2B27 medium at a volume of 5 μL per MFC (Figure 2. 6A). The recipient MFC 

had N2B27 media removed from the wells and was laid horizontally. Using a 10 μL pipette, 5 μL 

of cell suspension was injected into the somal chamber by inserting the pipette tip directly into 

the chamber entrance. To introduce hydrostatic pressure to the device and prevent somal 

chamber flow-through, 10 μL N2B27 medium was then applied to both the entrance and exit of 

the axonal chamber (Figure 2. 6B). MFCs were left to incubate at 37˚C and maintained in a 

horizontal position for a minimum of 30 min. Finally 150 μL, and 100 μL culture media was 

added drop-wise to the somal and axonal chamber wells, respectively (Figure 2. 6C), a process 

repeated after 24 h incubation. Cultures were maintained with half media changes every 48 h. 

This process involved removing 100 μL from each well of the MFC and replacing with fresh 

N2B27 media.  



74 
 

 

Figure 2. 6. Diagram of cell seeding procedure completed for MFC experiments. A) Cells were 

pelleted in an Eppendorf tube and resuspended to account for 5 μL cell suspension/MFC. B) This was 

slowly injected directly into the upper somal chamber entrance. To prevent somal chamber flow through 

and to introduce a negative hydrostatic pressure, 5 μL N2B27 media was added drop-wise to both upper 

and lower axonal chamber wells. C) Following 30 min horizontal incubation at 37˚C, 150 μL, and 100 μL 

N2B27 media was added to somal and axonal chamber respectively.  

2.8 Use of MFCs to assess axons 

2.8.1 Cell seeding 

For axonal crossing experiments, CPNs were seeded as described above at a density of 4 x 10
4
 

cells per somal chamber. A total of three MFCs were used per clone, and minimum of two 

clones of each line were used per experiment. Multiple experiments were performed which 

incorporated multiple differentiations, therefore the analysis accounts for variability in 

differentiation efficiency, MFC bonding and culture conditions.  

2.8.2 Axon crossing 

2.8.2.1 Pilot experiment 

After 24 h incubation post-seeding of clones 22Q (1/2) and 75Q (1), MFCs were placed in a 

plate holder and observed under 20x magnification on an AxioVert.A1 inverted light microscope 

(Zeiss). The pilot experiment consisted of four measures as depicted in Table 6. Measure 1 

investigated the ability of CPNs to project their neural processes into micro-channel entrances, 

and was measured every 48 h. Measure 2 assessed the frequency of neural processes 

successfully crossing through micro-channels and emerging into the axonal chamber; measure 

2 was assessed every 24 h. Measure 3 was completed on the final day of experimentation, and 

assessed the efficiency of neural projection by dividing measure 2 by measure 1. Finally, 

measure 4 assessed the formation of neural networks post-projection into the axonal chamber 

in terms of morphology.  
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Table 6. Description of measures assessed in pilot axon crossing experiments. 

Biological 

process 
Measure Description 

Days 

assessed 

How exploratory 

are the axons? 
1. Channel occupancy 

The number of micro-channels 

(total 68/MFC) occupied by 1 

or more neural projection. 

1, 3, 5, 7 

How fast are the 

axon 

cytoskeletal 

dynamics? 

2. Latency to cross 

The number of axons 

successfully projected through 

to the axonal compartment. 

Every 24 h 

How efficient is 

the culture in 

terms of axon 

projection? 

3. Projection efficiency 

The total number of axons 

projected through to the axonal 

chamber divided by the total 

number entered. 

End of 

experiment 

(d7) 

Are the neurons 

capable of 

generating an 

axonal network? 

4. Network complexity 

An assessment of how 

complex the projected axonal 

networks are: axonal 

interactions and branching 

points, evidence of synaptic 

swellings. Scoring system as 

follows: 

0 = no networks formed/no 

interactions. 

1 = axons are in close 

proximity to each other. 

2 = axons look to be 

interacting with each other in a 

simple network. 

3 = axons are interacting with 

each other in a complex 

network - multiple interaction 

points on same axons and 

multiple axon interactions. 

End of 

experiment 

(d7) 

 

2.8.2.2 Full experiment 

The data collected in the pilot experiment led to identifying the optimal conditions required for 

axonal crossing. Furthermore, the number of measures was reduced to focus on measure 2 - 

the frequency and latency of axonal crossing (Figure 2. 7). Briefly, every 24 h, MFCs were 

observed under 40x magnification on an AxioVert.A1 (Zeiss) microscope. Using a manual cell 

counter, the number of neural processes emerging into the axonal chamber from micro-

channels was counted. In conditions where multiple processes emerged from the same micro-

channel, every effort was made to accurately count the number of individual processes. In some 

conditions however, the resolution of the microscope limited this, therefore a weighted system 

was used to quantify axons: where processes were sparse they scored 10; half-filled the micro-

channel, 20; and filled the micro-channel scored 40. The tally of projected processes was 

documented for each MFC every day for seven days and recorded in Microsoft Excel.  
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Figure 2. 7. Diagram of axon crossing full experiment. A) CPNs were seeded as previously described 

and allowed to adhere and begin projecting for one day. B) For a total of seven days, neuronal processes 

were counted every 24 h as they emerged into the axonal chamber (right panel) to give a longitudinal 

assessment of axonal projection frequency and latency. 

2.9 Electrophysiological recordings 

All electrophysiological work was conducted in collaboration with Yichen Qui of Dr Stephanie 

Schorge's laboratory (UCL's Institute of Neurology). To prepare the cultures for proposed 

experiments, MSNs were seeded at a density of 5 x 10
4
 for patch clamp recordings. Cultures 

were maintained as previously described, with half media changes performed every 48 h. Patch 

clamp recordings were performed on cultures matured to d60 and were completed within seven 

days. Recordings from a minimum of nine cells per condition was required to enable reliable 

conclusions from data. Patch clamp conditions were replicated as described in Arber et al., 

(2015). Briefly, for current-clamp recordings of cultured neurons, the internal solution contained 

(in mM): 126 K-gluconate, 4 NaCl, 1 MgSO4, 0.02 CaCl2, 0.1 BAPTA, 15 Glucose, 5 HEPES, 3 

ATP-Na2, 0.1 GTP-Na, pH 7.3. The extracellular (bath) solution contained (in mM): 2 CaCl2, 

140 NaCl, 1 MgCl2, 10 HEPES, 4 KCl, 10 glucose, pH 7.3. 

Neurons with unstable resting potential and/or holding current > 200 pA were discarded. Bridge 

balance compensation was applied and the resting membrane potential was held at -70 mV. A 

current step protocol was used to evoke action potentials (APs), by injecting 500 ms long 

depolarizing current steps of increasing amplitude from -20 pA (Δ 10 pA). Recordings were 

acquired with a Multiclamp 700A amplifier (Axon Instruments, Molecular Devices) and a Power3 

1401 (CED) interface combined with Signal software (CED), filtered at 10 kHz and digitized at 

50 kHz. Action potentials were selected only if the voltage crossed 0 mV.  

2.10 Corticostriatal co-culture 

2.10.1 Conditioned media experiments 

Conditioned media was collected from 90% confluent CPNs plated in 12-well plates at d50. 

Briefly, 24 h prior to collection, CPNs underwent an 80% media change with fresh N2B27. 

Twenty-four hours later, the media was collected from multiple wells and pooled prior to 
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centrifugation to remove cellular debris. The supernatant was then collected, aliquoted and 

snap frozen for use in future experiments.  

2.10.1.1 CPN conditioned media onto MSNs 

At d30, MSNs were passaged using Accutase into PE plates at 2 x 10
4 

cells per well. Three 

control clones and three HD clones were plated in the inner sixty wells, thus each clone 

occupied ten wells. At d36, MSNs received a 90% media change to remove as much MSN post-

26 media as possible. CPN conditioned media was thawed on ice and allowed to reach RT. 

Each well containing MSNs received 100 μL CPN conditioned media, MSN control (MSN post-

26 media fully supplemented) or cortical control (N2B27) in the plate layout as depicted below 

(Table 7). The plate was incubated at 37˚C for a minimum of 2 h prior to transfer to the 

IncuCyte. Plates underwent a half media change of conditioned media after 48 h and the 

experiment was terminated 48 h later (total conditioning time 96 h). The media was collected 

and subject to LDH assay, however cells were not lysed to provide a value for total cell death. 

Instead, cells were fixed with 10% formalin solution as previously described, and subject to HCI 

immunofluorescence; the total cell count was used to normalise LDH absorbance values as 

described in 2.6.1. 

Table 7. Plate layout for CPN conditioned media experiment on d36 MSNs. Each condition was run 

in duplicate per MSN clone. This schematically shows the plate layout of the inner 60 wells of the PE 

plates seeded with MSNs derived from cultures of 22Q, 30Q and 75Q clones. Each MSN clone was 

seeded into a row of 10 wells, with 2 wells per treatment. MSN control = supplemented MSN post-26 

media; CPN control = N2B27 media. 

 

2.10.2 MFC co-culture cell seeding 

To construct physical CS co-cultures, PSC-derived CPNs and MSNs were seeded into somal 

and axonal chambers of an MFC respectively (Figure 2. 8). The seeding occurred 

simultaneously and followed the same protocol as described in 2.8.4. Briefly, 5 x 10
4 
CPNs were 

injected into the somal chamber, followed by 4 x 10
4
 MSNs injected into the axonal chamber. 

Each cell type was maintained in its own media. A small volume increase was introduced to the 
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CPN chamber which maintained the positive pressure towards the MSN chamber, whilst also 

discouraging MSN retrograde projection.  

 

Figure 2. 8. Corticostriatal co-cultures in MFCs. To generate CS co-cultures in MFCs, cortical and MSN 

cell suspension were seeded into somal and axonal compartments at 5 x 10
4
 and 4 x 10

4 
respectively. The 

cell suspension was injected into top chamber entrances in 5μL volume and allowed to adhere for 30 min. 

Subsequently, 150μL and 125μL N2B27 media and supplemented MSN post-26 media was added drop-

wise to the CPN and MSN chambers respectively. Co-cultures were maintained with twice weekly media 

changes in which 100μL supernatant was removed from each well and replaced with fresh media for the 

corresponding cell type.  

2.10.3 Co-culture maintenance 

Co-cultures were maintained with twice weekly media changes. Briefly, 100 μL supernatant was 

removed from each of the wells, and replaced with 100 μL fresh N2B27 media (cortical wells) or 

fully supplemented MSN post-26 media (MSN wells).  

2.10.4 Co-culture assessment 

2.10.4.1 Pilot experiment 

As no previous reports of human PSC-derived co-cultures successfully generated within MFCs 

were found in the literature, a pilot experiment was designed in order to discover the optimal 

conditions and timeline required for assessment. Due to cell genotype availability, the pilot 

experiment was completed with 75Q CPNs, projecting onto 22Q MSNs (Table 8). A total of 

three MFC co-cultures were produced for each genotype combination, so that a semi-

longitudinal assessment could be completed. The initial experimental design called for levels of 

cell death to be assessed after 10 days co-culture, therefore one MFC from each genotype 

combination was fixed as previously described and subject to activated caspase-3 staining. The 

remaining two MFCs per combination were maintained in culture. At d22 co-culture, a second 
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MFC was fixed and subject to immunofluorescence labelling of synaptic markers. The final MFC 

was monitored closely to identify the maximum length of time the co-cultures could survive in 

the MFCs without compromising cell viability; these cultures were terminated at d30 co-culture 

(4 weeks). The results from these pilot experiments contributed to the design of the full 

experiment detailed below.  

2.10.4.2 MFC based CS co-cultures 

Due to the success of the pilot experiment, a 4 x 4 experiment was designed whereby four 

clones (two x 22Q, two x 75Q) were selected in both CPN and MSN format. At d40, both CPNs 

and MSNs were harvested using the Accutase passage protocol, and seeded into somal and 

axonal compartments of an MFC, respectively. The somal chamber received 5 x 10
4 

CPNs 

whilst 4 x 10
4
 MSNs were seeded into the axonal chamber. For each co-culture combination as 

depicted in Table 8, two MFCs were generated. A total of sixteen co-culture combinations were 

constructed, resulting in 32 MFCs for assessment in total. After 24 h incubation, images were 

taken of each co-culture MFC on an AxioVert.A1 microscope using an AxioCam 503 mono 

(Zeiss), under 20x magnification. Further images were acquired after 21 days, and 30 days co-

culture respectively. MFCs underwent half media changes every 72 h and were monitored 

closely every 24 h for signs of cell death or deteriorating conditions. 

Table 8. Experimental design of co-culture pilot experiment, and full cohort assessment.  
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2.10.4.3 Co-culture LDH 

To assess the levels of cell death in MFC co-cultures longitudinally, repeated media samples 

were taken to run on LDH assay. After seven days co-culture, MFCs were tilted 45º and 250 μL 

was removed from both of the bottom wells. After approximately 30 seconds, two samples of 50 

μL were collected which contained the ‘flow through’ media from the cells contained within the 

chamber. These samples were placed in individual wells of a 96-well plate for LDH assessment. 

The top chambers received 100 μL fresh culture media which was allowed to flow through due 

to gravity. 

After 22 days co-culture, one of the MFCs for each co-culture combination was kept horizontal 

and 2x 50 μL samples were taken from the top cortical, bottom cortical, top MSN and bottom 

MSN wells, respectively. MFCs were then tilted to 45º to allow the flow through from the cell 

chambers to accumulate in the bottom well. Subsequently 2x 50 μL samples were taken and 

labelled as flow through #1 and #2 respectively. The MFCs were then devoid of media, and 

were fixed with 10% formalin by applying 200 μL to both of the top wells and allowing it to flow 

through for 15 min at RT. The formalin was removed and MFCs were subject to 3x PBS washes 

prior to further experimentation. The collected samples were subject to LDH assay as previously 

described (2.6.1). In order to control for cell density, nuclear counts were completed of both 

cortical and MSN chambers for each co-culture. Each image taken, represented 6/68 micro-

channels in height, and 1/5 of the chamber width. To estimate the total cell number in each 

chamber, the nuclear count value was multiplied by 11.33 (68/6) and further multiplied by 5. 

LDH raw values had background intensity removed prior to normalisation by the corresponding 

chamber cell number. This process was repeated with the remaining MFC for each co-culture 

combination after 30 days co-culture. 

2.11 Statistical analysis 

Due to the complexity surrounding biological replicates in PSC investigations (as for each line, 

all material originates from the same donor), every effort was made to produce sufficient 

replications of each experiment to account for both biological and technical variation. To 

account for the potential variability introduced as a result of Sendai reprogramming, 

experiments were completed in a minimum of two clones per genotype i.e. a figure stating a 

result for 22Q is the combined average of measurements made from at least two 22Q clones 

(1/2/3). To overcome variability introduced by the differentiation process, experimental results 

from multiple differentiations were pooled for analysis. Finally, all experimental conditions 

(unless otherwise stated) were run with at least two internal replicates per condition. For 

experiments where culture variation was expected (e.g. due to possible variability introduced 

during MFC construction) a minimum of 3 independent culture plates were assessed. To 

facilitate the interpretation of the results presented within this thesis, and aid the reader in 

understanding the sample size from which results were derived, the following formatting code 

can be used: 
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N = biological replicates per genotype (individual donors) 

n = experimental replicates per genotype (number of clones) 

n = technical replicates per experiment 

Unless otherwise stated, data were processed initially in Microsoft Excel, prior to transfer to 

GraphPad Prism v8.0 for Windows. Here, all graphs were generated and statistical analysis 

completed. Figures were designed and formatted in Adobe Illustrator. Data are presented as 

mean ± standard deviation (SD), or in some cases as mean ± standard error of the mean 

(SEM). Statistical p-values are graphically presented as follows: * p<0.05, ** p<0.01, *** 

p<0.001, **** p<0.0001.  

To compare the mean difference between two groups, such as MSN cell viability at baseline in 

the HD family series, a two-tailed Student's t-test was employed. To compare the mean 

differences between three or more groups during a single time point, e.g. MSN viability at 

baseline in the IsoHD series, a one-way analysis of variance (ANOVA) was used. When multiple 

independent variables were selected for an experiment e.g. IsoHD MSN viability assessment 

when treated with/without BDNF, a two-way ANOVA was used. In each case, where multiple 

comparisons were being calculated, Bonferroni or Tukey post-hoc testing was applied, so p 

values could be adjusted appropriately for multiple comparisons. To assess the mean 

differences occurring over time, where some data points may be missing e.g. CPN axon 

crossing experiments, a mixed effects analysis was employed, and multiple comparisons 

corrected for by Tukey post-hoc test. Repeated measures ANOVA was employed when 

assessing mean differences occurring over time when no data was missing (IncuCyte data), as 

well as linear regression analysis where appropriate.   
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Chapter 3 - Optimisation, characterisation and Huntington's 

disease phenotypes in PSC-derived MSN-containing cultures 

3.1 Background 

The pathology caused by mHTT is widespread across the CNS, however several cell types are 

selectively vulnerable and succumb to dysfunction and death early in the disease. The MSNs of 

the striatum are particularly vulnerable in HD; it has been well established for many years that 

MSNs are one of the principal cell-types lost in the disease (Bates et al., 2015). MSNs receive 

the majority of their excitatory innervation and trophic support from layer V CPNs via the CS 

pathway and together they assist in controlling coordinated movement (Bates et al., 2015; 

Cepeda et al., 2007; Ehrlich, 2012). The pathology exhibited by MSNs in HD and its models are 

substantial; the neurons exhibit an extensive range of different pathologies, some of which are 

dependent on the model system and organism in which investigation takes place. Human post- 

mortem studies have consistently demonstrated almost complete atrophy of the caudate and 

putamen regions in end-stage HD patients (Tippett et al., 2007; Vonsattel et al., 2011). 

Similarly, imaging data shows a gradual loss of neostriatal volume in correlation with disease 

progression, with evidence of atrophy more than ten years before onset (Georgiou-Karistianis et 

al., 2013; Wilkes et al., 2019). These data support the hypothesis that striatal degeneration and 

atrophy occurs prior to symptom onset.  

Due to the difficulty in obtaining striatal tissue from pre-manifest or early-stage HD gene 

carriers, there is a lack of data regarding the effect of mHTT on human MSN biology, including 

how it contributes to dysfunction and pathology, especially in early stages of the disease. 

Therefore, most information in the field regarding HD cellular pathology in MSNs is derived from 

animal models, but also, more recently, from PSC-derived MSN models of HD. 

3.1.1 MSN dysfunction in animal models of HD 

As aforementioned, there are three main types of HD animal model widely used in the field. 

Knock-in, fragment and full-length models have all contributed to our understanding of MSN 

pathology in HD, but they all have limitations (reviewed in Raymond et al., 2011). Whilst 

fragment models such as the R6/2 display a very aggressive form of the disease, with mortality 

usually before 16 weeks of age, full-length models have a much longer, and some would argue 

more representative, disease progression typically developing over the course of two years; 

both types of model display the hallmark striatal and cortical atrophy observed in HD. Studies 

conducted in each of these models have identified electrophysiological and synaptic alterations 

of mHTT-expressing MSNs, including reduced synaptic and elevated extra-synaptic NMDA 

receptor currents that contribute to increased apoptosis (Milnerwood et al., 2012), a 

hyperpolarised resting membrane potential facilitating hyper-excitability (Ehrlich, 2012), and 

decreased dendritic spine density (Reis et al., 2011). 

3.1.2 MSN dysfunction and pathology in PSC-derived models of HD 

As human MSNs cannot be easily studied within HD patients, researchers have developed 

methods of studying human MSN biology by generating them either from PSCs or even directly 
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from fibroblasts, so that disease pathology can be studied in vitro (Takahashi and Yamanaka, 

2006; Tousley and Kegel-Gleason, 2016; Victor et al., 2018). Due to the importance of striatal 

pathology in HD, there have been several publications describing the emergence of HD-

associated phenotypes in PSC-derived or directly differentiated MSNs. In their 2012 paper, the 

HD iPSC Consortium completed an in-depth transcriptional analysis of PSC-derived MSNs 

expressing 21-33 CAG-repeats (controls) and 60, 109 and 180 CAG-repeats. The authors 

identified 1601 genes that were differentially expressed (DEG) in HD lines and the genotypes 

clustered separately during hierarchical clustering analysis (The HD iPSC Consortium, 2012). 

The same group went on to show that 29% of DEGs were attributable to developmentally 

associated genes, as well as axon guidance and growth cone functionality (HD iPSC 

Consortium, 2017). Two independent studies also identified a down-regulation of TrkB 

expression, the BDNF receptor expressed by MSNs, and up-regulation of the NMDA receptor 

subunit NR2B (Mattis et al., 2015; The HD iPSC Consortium, 2012). Combined, these two 

altered expression levels could be responsible for the enhanced levels of cell death observed in 

mHTT expressing lines. Indeed, decreased viability after BDNF withdrawal is a common finding 

in PSC-derived MSN studies (The HD iPSC Consortium, 2012; Xu et al., 2017b), but whether 

this cell-type is preferentially lost, or most susceptible, in such cultures is undefined (Mattis et 

al., 2015).  

Most studies to date have not found evidence of mHTT-positive aggregate formation within 

cultured human neurons, however there have been two reports to the contrary. Nekrasov et al 

found that when cultured for six months, EM48+ HTT aggregates could be observed in the 

nuclei of directly-converted HD lines, a process which could be accelerated with the treatment 

of the proteosome inhibitor MG132 (Nekrasov et al., 2016). Directly-converted MSNs also 

present HD-associated phenotypes much more rapidly in culture, without the apparent need for 

ageing or exogenous stress (Victor et al., 2014). It is hypothesised that the directed 

differentiation process leaves epigenetic signatures intact within the cells (unlike somatic cell 

reprogramming techniques), therefore the differentiated cells retain the age-associated genomic 

modifications of the donor.  

One important aspect of PSC-derived HD studies that is relatively under investigated to date, is 

the impact of the genetic background on cell line phenotypic presentation in culture. In 2017, Xu 

et al,  observed a range of HD-associated phenotypes in a cellular cohort derived from non-

related individuals expressing 33 and 180 CAG-repeats, as well as corresponding isogenic 

clones that had been corrected to non-pathogenic range from the 180 CAG line. It should be 

noted that although the cells were directed toward GABAergic fate, they were not explicitly 

characterised for MSN identity, instead termed forebrain neural cells. Transcriptional analysis 

identified 159 and 131 DEGs between non-isogenic control and HD PSCs and NPCs 

respectively, however, more than 50% of those DEGs were not reproduced when comparing 

between 180Q and isogenic controls. This suggests that the genetic background and 

associated variability of cells had as much of an impact on cell function as the HD mutation 

itself. Indeed, most experiments described above were also carried out using only a single clone 

per genotype; the Xu et al study highlighted the importance of using multiple clones during 
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experimentation to account for variability introduced by the reprogramming or genetic correction 

process. 

The data produced from direct reprogramming, as well as PSC-derived neuronal studies, has 

contributed to our understand of human pathology in HD and the way it manifests. Although 

there are juvenile cases of the disease, HD is classically defined as an adult-onset disease, with 

symptom manifestation typically emerging in the fourth decade of life (Bates et al., 2015; Myers, 

2004; Zuccato and Cattaneo, 2014). Animal models and human imaging data have shown that 

pathology begins well in advance of symptom emergence, but it has been questioned as to 

whether this would translate to human cellular models that are, in effect, more representative of 

the developing brain (Mehta et al., 2018). The studies discussed here have demonstrated that 

HD-associated phenotypes are occurring in the earliest stages of neuronal differentiation and 

persist through ageing in culture. This project wanted to further investigate these phenomena in 

a robust and reliable manner, as well as model environments such a chronic BDNF deficiency, 

which may be occurring throughout development and persist during ageing in the HD brain. To 

improve the reliability of data, this project was designed in such a way that multiple cell sources, 

genotypes and clones would be tested in order to control for phenotypic variability due to factors 

other than HTT polyQ-length. 

3.2 Aims 

1. Adapt the Arber et al protocol for PSC differentiation into MSNs to enable: 

- synchronisation of multiple differentiating lines 

- HCI experimentation and analysis 

- long term culture to assess age-related phenotypes  

2. Characterise the full cohort of PSC-derived MSNs with a range of CAG repeat lengths, 

in terms of culture composition. 

3. Determine whether MSN cultures from PSC lines with CAG lengths > 39 show reduced 

cell viability either basally or in response to stress. 

4. Evaluate whether MSNs with HD-associated CAG lengths demonstrate additional or 

novel phenotypes in vitro over time. 

3.3 Methods 

A summary of methods used in this Chapter are outlined below. Full details of experimental 

protocols can be found in Chapter 2 - Material and methods.  

Pluripotent stem cells from the HD family series and IsoHD series were cultured as described in 

section 2.2 prior to differentiation into MSNs using the Arber et al protocol that has been 

adapted as follows (section 2.3). In order to fully characterise the cells produced by this 

protocol, it was necessary to complete multiple optimisation steps for each experiment, which 

are described and presented in full in this chapter. Briefly, in order to decrease the amount of 

time required to fully differentiate cultures, methods of cryopreserving partially differentiated 

neurons were developed (section 2.3.3). To increase the material generated per differentiation 

and optimise the culture density and distribution for imaging experiments and electrophysiology, 



85 
 

additional passages were introduced at later time points of the differentiation protocol (section 

2.3.4). 

To ensure each experimental technique produced the most accurate and reliable data, several 

parameters were optimised. For example, the immunofluorescence protocol was optimised in 

terms of seeding density and plating method as well as the way in which cells were fixed. Each 

antibody used was optimised for permeabilisation protocol and antibody dilution, the results of 

which are described in this chapter. Once fully optimised, immunofluorescent characterisation 

was completed. Characterisation of the MSNs was carried out using phase contrast microscopy 

and confocal microscopy, detailed methods of which are in section 2.5. For image capture 

completed with the HCI platform, adjustments were made to the culture protocol as detailed in 

section 2.5.2. Analysis was carried out using Columbus cloud-based software (version 2.8.0) 

(section 2.5.2.3). Confirmation of dendritic spines was achieved using super resolution 

microscopy as described in section 2.5.3.  

To assess the emergence of mHTT-associated phenotypes, a variety of methods were used. 

Detailed morphological analysis was completed using an IncuCyte longitudinal imaging platform 

as described in section 2.5.4 with in-built NeuroTrack software used for quantification. An 

adhesion assay previously published in the literature was used as a template for this project 

(Casey et al., 2015), however optimisation was carried out prior to experimentation (section 

2.6.3). 

The viability of MSNs at various time points in culture was assessed by running conditioned 

culture medium samples on a commercially available lactate dehydrogenase assay (section 

2.6.1); absorbance values were normalised to internal controls for each experiment. To assess 

the impact of BDNF withdrawal on MSNs in both acute and chronic conditions, a protocol was 

developed as described in section 2.6.4. The electrophysiological properties including 

membrane properties and firing ability of MSNs was assessed by whole cell patch-clamp as 

described in 2.9. Quantification and analysis was completed by the Schorge laboratory. 

Statistical analysis was completed as described in section 2.11. 

3.4 Contributions 

 Yichen Qui performed the patch-clamp experiments and analysis presented here. 

Experiments and analysis were performed in blind conditions, with un-blinding 

completed prior to data insertion into this thesis. These experiments were performed in 

collaboration with Dr Stephanie Schorge and were completed under the supervision of 

Dr Gabriele Lignani. Experimental procedures, timelines and materials were discussed 

between this author and Yichen Qui for all experiments completed. The method of 

analysis and quantification was also discussed prior to being performed, however had 

to be completed by Yichen due to software licensing limitations.  

 Dr Edward Smith performed and produced the images presented here by super 

resolution microscopy.  
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 Dr Alison Wood-Kaczmar and Dr Ralph Andre first adapted the Arber et al protocol for 

HCI of MSN cultures and produced the original scripts for image analysis of well sets L 

and N, which were modified for the purpose of these experiments.  

3.5 Results 

3.5.1 Adaptation of PSC-derived MSN differentiation protocol and analysis 

methods 

3.5.1.1 Cryopreservation of NSCs 

The differentiation protocol to generate MSNs spans a minimum of 36 days in culture, so steps 

were taken to design and optimise a cryopreservation procedure that could be implemented 

part-way through the differentiation process. Two protocols were designed based on cell 

passaging techniques employed in both differentiation protocols used in this project (Arber et 

al., 2015a; Shi et al., 2012). Both techniques produced a heterogeneous population of viable 

cells, however cell viability and density was improved when the EDTA-based freezing procedure 

was used (Figure 3. 1).  

Cryopreservation of PSC-derived NSCs had not been previously described in the literature, 

therefore immunofluorescence experiments were designed to investigate the cell-type of thawed 

cells. The neuronal marker, MAP2, the MSN marker, CTIP2, the NSC marker, nestin, and the 

proliferating cell marker, ki-67, were used on cells that had been fixed 3-4 days post-thawing 

(d23-25 post-differentiation). Cells co-expressing nestin and ki-67 were considered NSCs. Cells 

expressing MAP2 were considered neuronal and if found to co-express CTIP2 were considered 

immature MSNs. Figure 3. 2 clearly demonstrates that thawed cells give rise to a mixed 

population of both NSCs and immature MSNs, which went on to produce a heterogeneous 

culture of DARPP-32+/CTIP2+ neurons at d36, sample images of which can be observed in 

Figure 3. 7. This indicated that the freeze-thaw procedure did not overtly alter the culture 

composition at this developmental stage and was a viable method to facilitate synchronising 

differentiations of multiple PSC lines. 



87 
 

 

Figure 3. 1. Brightfield images of thawed MSN cultures that were cryopreserved using different 

methods at day 19-21 and then revived. At day 19-21 of MSN differentiation, two methods of 

cryopreservation were tested. Thawed cells of 22Q and 75Q HD family series successfully revived after 

Accutase and EDTA-mediated dissociation and cryopreservation, however the morphology and maturity of 

cultures appeared to differ depending on cryopreservation method. Scale bars represent 50 μm. 
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Figure 3. 2. Confocal immunofluorescence images of revived cultures following different 

cryopreservation protocols. The composition of cultures post-revival was assessed by 

immunofluorescence to identity if the cryopreservation process would affect cell fate. Cultures of 22Q and 

75Q lines were immunostained using antibodies against the proliferation marker, ki-67, the NSC marker, 

nestin, the MSN marker, CTIP2, and the neuronal marker, MAP2. Nuclei are shown in blue. Both methods 

produced a mixed culture of proliferating NSCs and maturing MSNs. Scale bars represent 50 μm. 

3.5.1.2 Accutase passage of differentiating cultures 

In order to generate immunofluorescent images of high quality, it was essential to produce 

cultures that when seeded allowed easy identification of individual cell subtypes. However it 

became apparent that this could not be reliably achieved with the clones tested when using the 

established protocol as published. The maturing MSN-containing cultures adopted a topology 

termed ‘ball and cabling’, whereby numerous cell bodies organised into clusters (balls) and over 

time formed bundles of axonal projections between clusters located nearby (cables). This 

cellular distribution precludes straightforward imaging and quantification, and so a third passage 

step was incorporated into the established protocol akin to that used in Shi et al (2015) for 

cortical neurons. An Accutase passage completed at day 30 was used to generate a single-cell 

suspension that allowed for more control over plating density and distribution.  
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3.5.1.3 Geltrex coating of culture plates 

Following the adaptation to the established protocol described above, a second adaptation was 

designed and optimised by members of the Tabrizi lab. This aimed to further improve the 

cellular distribution of MSNs at the final passage, as well as maintain an even distribution 

throughout the maturation process, so that imaging experiments on aged cultures could be 

successfully conducted. A side-by-side comparison was conducted of cellular distribution over 

time after the final passage, whereby MSN-containing cultures were plated onto the advised 

substrate (PDL and laminin [PDL/L]), or Geltrex. Initially, it was found that the distribution of 

cultures immediately after passaging did not differ between substrates, however only Geltrex 

was able to maintain an even distribution when time in culture was extended; cultures passaged 

onto PDL/L displayed evidence of ‘ball and cabling’ (Wood-Kaczmar & Andre et al., under 

review). For this reason, all imaging experiments were conducted on MSN-containing cultures 

passaged onto Geltrex at d30.  

3.5.1.4 d30+ passage 

During aging in culture, it was observed that a population of NPCs persisted and sometimes 

overgrew cultures, despite including an additional passage at d30. As such, whether Accutase 

passages completed at a later time-point could reduce the NPC population to obtain a purer 

neuronal population and preserve MSNs was tested. Parallel cultures were subjected to an 

Accutase passage at days 35, 40, 45 and 60 post-differentiation, with observational analysis of 

culture viability as the primary aim and cell distribution as a secondary one. It was observed that 

during the d60 passage the population of NPCs could be drastically reduced, whilst seemingly 

preserving the neuronal population. A potential explanation for this could be that the reduced 

NPC population favours the differentiation of remaining NPCs, and also increases the 

availability of media components to post-mitotic neurons, thus generating a healthy, more 

mature culture. Likewise, to a lesser extent, the volume of NPCs was also reduced in cultures 

passaged at d35-45. Due to the timeline in which experiments were routinely completed (usually 

d36 ± 3 days), these additional passages were of more use when ageing was required.  

3.5.1.5 Preparation of cultures for Immunofluorescent imaging 

Most of the antibodies used in this study had not been previously tested in the laboratory, so 

each stage of the immunofluorescence protocol (section 2.5) was optimised. It was previously 

observed that when GFP-transfected MSNs were fixed with 4% paraformaldehyde (PFA) in 

PBS, the GFP signal was quenched. Therefore, subsequent fixation was completed using 10% 

formalin. Although this formulation also contained PFA, it was not found to quench fluorescent 

signal, potentially due to increased stability of the fixing solution. Furthermore, the duration of 

time cells spent in fixative was also found to affect the specificity of some primary antibodies 

binding to their epitopes. Fixing cells for a duration in excess of 15 min at RT was found to 

cause non-specific binding of anti-CTIP2 to a cytoplasmic epitope; CTIP2 is a nuclear protein. 

This phenomenon was also found to occur with other nuclear proteins such as the neuronal 

marker, NeuN. For this reason, the duration of subsequent fixation experiments was limited to a 

maximum of 15 min for standard confocal imaging, or 12 min for HCI to account for the extra 
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time required for formalin removal and washing. This reliably produced the correct staining 

pattern for all antibodies used, in accordance with the manufacturer's quality control data. 

3.5.1.6 Antibody optimisation 

To facilitate optimal binding of antibodies to the correct epitopes, several other parameters were 

optimised for confocal imaging. The first related to permeabilisation of fixed cells prior to 

incubation with primary antibodies. Several of the antibodies tested were targeted against 

transmembrane proteins with epitopes located on the extracellular surface e.g. (anti-DRD1), 

therefore it was hypothesised that the permeabilisation of the plasma membrane may impede 

optimal binding due to changes in the structure of transmembrane receptors or dispersion of 

epitope-binding sites. Therefore, a side-by-side comparison was conducted on cells that had 

either undergone a 15 min permeabilisation step, or not, prior to primary antibody addition. 

Whilst permeabilisation was deemed essential for some targeted proteins such as the synaptic 

markers PSD-95 and synaptophysin, transmembrane proteins including DRD1 were found to 

present with an enhanced staining pattern when the plasma membrane of cells remained intact 

(Figure 3. 3). 



91 
 

 

Figure 3. 3. Testing permeabilisation of cells for using antibodies for key neuronal markers. 

Cultures of a 22Q line were aged to d36 and fixed for immunofluorescence staining. Sister cultures were 

used, some of which underwent 15 min permeabilisation in 0.2% Triton-X 100 in PBS at RT, whilst the 

other was exposed to PBS only. Both cultures were then blocked and probed for anti-DRD1, anti-

synaptophysin, anti-PSD95, and anti-MAP2 at dilutions previously described. The cells were washed and 

incubated with appropriate secondary antibodies prior to visualisation by confocal microscopy at 40x 

magnification. The staining pattern observed for DRD1 was enhanced in cells that remained un-

permeabilised, whereas synaptic antibodies only displayed the expected staining pattern after 

permeabilisation. Scale bars represent 20 μm. 

Finally, extensive optimisation was carried out for each antibody used to determine the optimal 

dilution that produced a high signal-to-noise ratio and minimal background (non-specific) 

staining. Dilution ranges were calculated as per the manufacturers’ recommendations for each 

primary antibody, typically three dilutions were tested on parallel cultures, accompanied by a 

secondary only control. An example of the dilution optimisation process can be found in Figure 

3. 4. The optimised dilutions for antibodies used in subsequent experiments are listed in Table 

4. 
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Figure 3. 4. Example of antibody dilution optimisation process performed for each antibody used 

within the project. PSC-derived MSNs were cultured for 36 days prior to fixation. A series of antibody 

dilutions were carried out on sister ultures to identify the dilution that gave the best staining pattern with as 

high signal-to-noise ratio as possible. Secondary only controls were also completed to identify any cross- 

reactivity. Images were produced by confocal microscopy at 40x magnification. Scale bars represent 20 

μm. 

3.5.2 Confirmation of MSN identity following differentiation of PSCs 

3.5.2.1 Generation of neural stem cells 

The classic morphology of NSCs is a 'paving stone'-like morphology with dense cytoplasm that 

gives cultures a phase-dark appearance (Georgiou-Karistianis et al., 2013). Brightfield images 

were taken of cultures after the second passage, when a high proportion of differentiating NSCs 

were expected. A panel of example images can be found in Figure 3. 5, showing no obvious 

difference between genotypes.  
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Figure 3. 5. Brightfield images of PSC-derived cultures aged to d21 post-differentiation to an MSN 

fate. Using brightfield illumination at 10x magnification, PSC-derived MSN-containing cultures were 

observed mid-way through differentiation (d21). There was no obvious difference in morphology or 

maturity between genotypes; neuritic processes can be observed beginning to protrude, and somal size 

appears decreased, indicative of immature or transitioning neurons, indicated by white arrows. Scale bars 

represent 50μm. 

3.5.2.2 Generation of medium spiny neurons 

The addition of trophic factors BDNF and GDNF, plus maintained exposure to Activin A, aids 

the continued differentiation and maturation of cultures into MSNs. The brightfield images taken 

at ~d36 showed a reduced somal size and extensive neural processes some of which are 

extensively branched. Although culture density appeared higher in 22Q cultures in comparison 

to 75Q, because cultures were not plated at a specific density unless for specific experiments 
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the density differential could be due to random differences in seeding. No obvious 

morphological differences were observed on this scale (Figure 3. 6) 

 

Figure 3. 6. Brightfield images of d36 HD family series PSC-derived MSN-containing cultures. 22Q 

and 75Q PSCs were differentiated to d36 and imaged using 10x brighfield magnification to capture overall 

culture morphology. Each clone presented with a classical neuronal morphology and extensive branching 

was observed. No morphological differences could be observed between genotypes, although culture 

density did appear to differ. Images are representitive of d36 cultures and scale bars represent 50 μm. 

3.5.2.3 Expression of key MSN identity markers 

The classic identification of MSNs is based on morphology, as well as dual expression of 

DARPP-32 and CTIP2 (Arber et al., 2015a; Carri et al., 2013; Victor et al., 2014). The PSC-
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derived MSNs used in this project were assessed for their expression of these markers 

alongside the pan-neuronal marker, βIII-tubulin as shown in Figure 3. 7. A proportion of cells in 

cultures of all genotypes co-expressed these markers. The exact percentages were quantified 

using HCI, as described below.  

 

 

Figure 3. 7. Representative images of DARPP-32+ CTIP2+ MSNs. 22Q and 75Q PSC-derived MSNs 

were cultured to d36 prior to fixation and probing with MSN identity markers anti-DARPP-32 and anti-

CTIP2 alongside a broad spectrum neuronal marker. Within each culture, a proportion of cells positively 

co-expressed DARPP-32 and CTIP2. Images were acquired by HCI (Opera Phenix, Perkin Elmer) at 40x 

magnification; scale bars represent 50 μm. 

The average percentages of cells within a culture expressing key MSN identity markers was 

assessed by HCI and unbiased analysis. Using unique scripts written and optimised for each 

well set, it was possible to quantify and then compare expression levels of markers between 

genotypes at d36 (Figure 3. 8). To assess the neuronal purity of cultures, the percentage βIII-

tubulin expressing cells (over a threshold) was assessed across cultures (Figure 3. 8A). It was 

observed that in a mHTT-dependent manner there was reduced neuronal purity of cultures. 

When compared against control (comprising the combined data sets of 22Q and 30Q lines), 

45Q and 75Q cultures exhibited 34% and 30.1% reductions in neuronal purity, respectively (p = 

0.0297, p = 0.0162). The identity of non-neuronal cells (~40% in control cultures) was not able 

to be determined. 

Depending on the origin of PSC (HD family or IsoHD) there was high variability in the 

percentage expression of some markers. For example, the percentage of neuronal cells (as 

quantified by thresholded βIII-tubulin expression) that expressed DARPP-32 appeared to greatly 

differ between HD family and IsoHD-derived cultures: 22Q and 75Q cultures contained 13% and 

14% positive expression respectively, whilst 30Q and 45Q cultures contained 2% and 1.8% 

respectively. This however could be due to the number of cultures tested, as a single clone was 

used for ESC-derived cultures, whereby the 22Q and 75Q were averages of three clones per 

genotype. To control for these differences, 22Q and 30Q data sets were combined and termed 
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'control' so that the power of comparison was increased. When assessing controls against either 

45Q or 75Q cultures, no significant difference was found in the percentage of βIII-tubulin+ cells 

expressing DARPP-32 (p = 0.2323, p = 0.55) (Figure 3. 8B). In contrast, there was a significant 

difference in the proportions of CTIP2+ cells between genotypes. Percentages of CTIP2+ cells 

were 41.62%, 12.9% and 28.5% respectively for controls, 45Q and 75Q lines (Figure 3. 8C). 

These results were statistically significant (control vs 45Q, p = 0.0127; control vs 75Q, p = 

0.043). As a result of the variation observed in Figure 3. 8B, the percentages of dual expression 

are skewed, however it should be observed that the percentages of cells co-expressing 

DARPP-32 and CTIP2 are nearly identical to those of DARPP-32 alone, suggesting that the 

majority of DARPP-32+ cells were also expressing CTIP2 (control = 7.78%, 45Q = 1.35%; p = 

0.19, 75Q = 9.8%; p = 0.6) (Figure 3. 8D). 

To better gauge the expression of DARPP-32, an intensity analysis was conducted (Figure 3. 

8E). It was shown that there was a mHTT-dependent reduction in DARPP-32 intensity across 

cultures (control = 6.73 x10
7
, 45Q = 2.55 x10

7
, 75Q 2.98 x10

7
; control vs 45Q, p = 0.0056; 

control vs 75Q, p < 0.0005). 

Finally, the proportion of cells in culture that were proliferating, or still differentiating, was 

determined by assessing ki-67+, or nestin+ cells (Figure 3. 8F,G,H). The levels of proliferation in 

culture differed depending on genotype (control = 37.31%, 45Q = 5.5%, 75Q = 22.57%; control 

vs 45Q, p = 0.0008; control vs 75Q, p = 0.0059). However, no significant difference was 

observed in the expression levels of nestin (Figure 3. 8G), although comparison of control and 

45Q expression levels showed a difference that was almost statistically significant (p = 0.062). 

When assessing the co-expression of ki-67 and nestin, to approximate how many of the 

proliferating cells in culture were NSCs, a similar pattern to ki-67 staining alone was found 

(Figure 3. 8H), suggesting that the majority of proliferating cells in culture are indeed NSCs 

(control = 29.85%, 45Q = 5.1%, 75Q = 27.28%; control vs 45Q, p = 0.002; control vs 75Q, p = 

0.63). 
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Figure 3. 8. HCI analysis of key MSN identity markers assessed in PSC-derived MSN-containing cultures at d36. The images captured by HCI were subject to automated script-

based analysis. using Columbus software (2.8.0), analysis scripts were designed uniquely to each antibody pairing (well set) and once optimised, applied to all clones that had been 

probed with that well set. Genotypes were pooled to generate the following: the percentage neuronal purity of total viable nuclei as identified by βIII-tubulin+ cells (A); mean percentage 

of DARPP-32+ cells selected from βIII-tubulin+ population (B); percentage of CTIP2+ cells of total viable nuclei (C); the percentage of βIII-tubulin+ cells co-expressing DARPP-32 and 

CTIP2 (D); the mean intensity of DARPP-32 staining within cells (E); the percentage of proliferating cells of total viable as identified by ki-67 staining (F); the proportion of NSCs in the 

culture, assessed by nestin staining (G) and the percentage of ki-67+/nestin+ cells (H). 22Q and 30Q data were treated a biological replicates, and combined as control. Data 

presented as mean ± SEM. Means calculated from ≥ 2 clones per genotype and ≥ 3 independent experiments (≥ 120 FOV per experiment) (N =1; n=1-3; n ≥ 12). Significance is shown 

as * p < 0.05, ** p < 0.01, *** p < 0.001, p < 0.0001. 
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3.5.2.4 Additional MSN identity markers 

Although co-expression of DARPP-32 and CTIP2 is the 'gold standard' for MSN identification 

(Arber et al., 2015b; Delli Carri et al., 2013), there are several other key markers that are 

required for MSN verification. Inhibitory neurons in the CNS including MSNs should express γ-

aminobutyric acid (GABA) and its receptors (e.g. GABA A receptor [GABAa]). The calcium 

binding protein calbindin, is highly expressed in the striatum. Furthermore, as aforementioned, 

MSNs comprising the direct and indirect pathway can be distinguished by their unique 

expression of dopamine receptor subtypes (DRD1 = direct, DRD2 = indirect); neurotransmitters 

(substance P = direct), endogenous ligands (enkephalin = indirect) and adenosine receptors 

(A1Ar = direct, A2Ar = indirect). To further confirm MSN identity and verify the expression of 

these alternative markers, PSC-derived MSN-containing cultures from the HD family series 

were aged to d60 in culture and subject to HCI and automated analysis. The choice to use the 

HD family series was based simply on material availability at the time of experimentation (Figure 

3. 9). Aged cultures were used to ensure that the cells would be expressing the proteins and 

receptors to be assessed; it is known that in the human brain, expression of GABA receptors is 

low, and peaks at 1 year of age (Webb et al., 2001).  

To first identify whether viability was compromised by genotype in aged conditions, a ‘snapshot’ 

of culture viability of cells was assessed by counting pyknotic nuclei (Figure 3. 9A), but no 

significant difference was observed (p = 0.155). To assess whether the total cell number was 

different between genotypes, and also assess changes to cell number over time, the total 

number of nuclei was quantified as shown in Figure 3. 9B. Although no significant difference 

was observed between 22Q and 75Q total cell counts at d36 (p = 0.25), a significant reduction 

in total cells was found at d60 (5191 vs 3496, p = 0.0007). Furthermore, when assessed by two-

way ANOVA, a trend to significance was found between cell counts of 75Q MSNs between days 

36 and 60 (p = 0.062), whereas no difference was observed in 22Q lines (p > 0.99), suggesting 

75Q MSNs have increased cell loss over time. As a measure of MSN proportion, the number of 

CTIP2+ neurons was assessed (Figure 3. 9C) and interestingly, 75Q cultures had a significantly 

increased percentage of CTIP2+ cells (20Q = 13.18% vs 75Q = 38.25%; p < 0.0001). In 

contrast there was a significantly reduced number of proliferating cells in 75Q cultures 

compared to 22Q (22Q = 45.92 vs 75Q = 35.14%; p < 0.0001) (Figure 3. 9D), as well as a 

significantly reduced population of nestin+ cells (22Q = 86.91% vs 75Q = 76.78%; p = 0.0196) 

(Figure 3. 9E) suggesting an increased maturity within these cultures. Finally, the number of 

proliferating cells co-expressing nestin was also significantly reduced in 75Q cultures (22Q = 

52.81% vs 75Q = 46.08%; p = 0.0258) (Figure 3. 9F). As neuronal purity was not assessed at 

this time, it was not possible to discern whether the differences in populations are caused by a 

reduced neuronal purity of 22Q cultures, or perhaps these data are a result of the persistent 

proliferation that has been previously described. It was notable that this occurred more 

frequently in control cultures than those expressing mHTT, which could be a HD-associated 

phenotype in itself. 

Assessment of the alternative MSN identity markers also showed differences. Although there 

appeared to be a reduction in the percentage of GABAa in 75Q cultures, this difference was not 
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significant (p = 0.33) (Figure 3. 9G), but assessing the mean area of GABAa+ cells showed a 

significant reduction in area in 75Q cultures (22Q = 51.26μm
2
 vs 75Q = 33.6 μm

2
, p = 0.0251) 

(Figure 3. 9K). Cultures expressing mHTT did have increased percentages of DRD1-expressing 

cells, as well as calbindin+ cells (22Q = 48.82% vs 75Q 62.10%; p = 0.0082 [Figure 3. 9H]; 22Q 

= 71.51% vs 75Q = 83.08%, p = 0.206 [Figure 3. 9I]), however had a slightly reduced 

percentage of cells expressing indirect pathway marker A2Ar (22Q = 21.58% vs 75Q = 20.64%) 

(Figure 3. 9J), although this result was not significant (p = 0.755), and the intensity of A2Ar 

staining also only trended toward significance (22Q = 487.2 vs 75Q = 538.1. p = 0.0855) (Figure 

3. 9M). Finally, the proportion of calbindin+ cells that co-expressed either DRD1 (Figure 3. 9L) 

or CTIP2 (Figure 3. 9N) was assessed however no significant difference was found in 

expression levels between the two genotypes (DRD1: 22Q = 67.09% vs 75Q = 75.25%, p = 0.1; 

CTIP2: 22Q = 18.54% vs 75Q = 16.28%, p = 0.644). 
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Figure 3. 9. HCI analysis of additional MSN identity markers in PSC-derived HD family line MSNs at d60. Bar charts show the mean A) viability of cultures; B) total nuclear cell 

count at d36 and d60 C) percentage of CTIP2+ cells; D) ki-67+ cells; E) percentage of nestin+ cells; F) percentage of ki-67+/nestin+ G) percentage cells expressing GABAa; H) 

percentage of direct pathway MSNs as identified by DRD1 expression; I) percentage of calbindin+ cells; J) percentage of indirect pathway cells, as identified by A2Ar expression; K) 

the average area of GABAa expression (μm
2
) per well; L) the percentage of calbidin+ cells co-expressing DRD1; M) the average A2Ar pixel intensity per well; N) the percentage of 

calbindin+ cells co-expressing CTIP2. Data are presented as mean ± SEM. Data represent a minimum of 2 clones per genotype (≥80 FOV per clone) (N = 1; n = 3; n ≥ 12). * p < 0.05, 

** p < 0.01, *** p < 0.001 p < 0.0001. 



103 
 

3.5.2.5 Dendritic spine formation in matured PSC-derived MSN-containing cultures 

MSNs have a distinct morphology, giving rise to their name, that is a high density of dendritic 

spines populate their neuronal processes which, when observed under high magnification, give 

the neurons a 'spiny' appearance. Dendritic spines have a well-documented morphology 

dependent on their maturation stage (Korobova and Svitkina, 2010). This project attempted to 

confirm the presence of dendritic spines using an antibody targeted against Spinophilin, a 

protein enriched in dendritic spines. Although dendritic puncta were identifiable with this 

antibody, the reliability of staining was such that quantification was not possible. Thus, a 

transient transfection of GFP into maturing cultures was performed so that the entirety of the 

cell - including dendritic spines - was fluorescently labelled. At this point, super resolution 

microscopy was performed and clearly demonstrated dendritic spines of varying maturity 

(Figure 3. 10); in some images, elongated tendrils were present which indicate an immature 

spine. As can be seen in the bottom panel, the majority of spines observed presented the 

classic 'mushroom' shaped puncta that are typically associated with mature cultures (Korobova 

and Svitkina, 2010). These experiments were conducted in mHTT-expressing lines, therefore it 

would be of value to compare dendritic spine morphology against that of control lines also. 
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Figure 3. 10. Dendritic spine imaging of 22Q PSC-derived MSN-containing cultures aged to 100 

days. Using super resolution microscopy, images of dendritic spines and their morphology was assessed 

under 100x magnification. Cultures (here 22Q clone 2) were transiently transfected with GFP using 

lipofectamine transfection at day 70 and aged in culture to 100 days. Sample images show multiple neural 

processes populated with dendritic spines of varying morphology and density. A zoomed image is shown 

in the lower panel depicting 'mushroom' boutons, classically defined as mature dendritic spines. Scale bars 

represent 10 μm.  
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3.5.3 Mutant HTT-associated phenotypes in PSC-derived MSN-containing 

cultures 

3.5.3.1 Cellular adhesion 

During routine culture of both PSCs in their native state and those undergoing MSN 

differentiation, it was notable that the levels of adhesion to coating substrate appeared to differ 

between genotypes; mHTT expressing lines detached more easily during passaging and were 

also more challenging to maintain whilst ageing in culture, due to cell detachment. Furthermore, 

it was identified by HCI that the total cell number at both d36 and d60 were decreased, the latter 

significantly so, in 75Q MSNs in comparison to 22Q (Figure 3. 11B). Whilst this could be 

attributable to cell viability, it was hypothesised that cellular adhesion may also be compromised 

in mHTT expressing lines. To quantitatively assess adhesion in these cultures, an in-house 

adhesion assay was designed (section 2.6.3). There was a mHTT-dependent reduction in the 

ability of PSCs to adhere to a Geltrex substrate when assessing the lines dependent on PSC 

origin (Figure 3. 11A & G) i.e. HD family series or IsoHD series. Significant reductions in 

adhesion were found: 22Q vs 75Q p < 0.0001; 30Q vs 45Q p < 0.0001; 30Q vs 81Q p < 0.0001. 

When control lines of 22Q and 30Q were combined and termed 'control' (Figure 3. 11B), they 

exhibited significantly increased adhesion above all lines expressing mHTT [control vs 45Q, p < 

0.0001; vs 75Q, p < 0.0001; vs 81Q, p < 0.0001]. A significant increase in adhesion was also 

found between 22Q and 30Q lines however (22Q = 89.65 vs 30Q = 144.3 mean adhered cells, 

p < 0.0001), suggesting potential inconsistency between lines.  

To identify whether differences in adhesive potential persisted through the MSN differentiation 

process, the adhesion ability of NPCs to laminin substrate was assessed at d22 differentiation 

(Figure 3. 11C & F). When 22Q and 30Q genotypes were combined as 'control' and when 

compared to 75Q levels of adhesion, a significant reduction was found (p < 0.0001). A 

significant increase in adhesion was also found between 22Q and 30Q NPCs, interestingly in 

the opposite direction to PSC adhesion, with a mean difference of 50.67 cells (p = 0.006). 

Finally, adhesion of d36 MSN-containing cultures to laminin substrate was assessed. When 

22Q and 30Q genotypes were combined as 'control', a Student's t-test returned a significant 

reduction in 75Q MSNs (p < 0.0001) Figure 3. 11D & G). The increased adhesion observed in 

22Q lines to 30Q was maintained in MSNs, with a mean difference in adhesion of 17.72 cells (p 

= 0.0059). 
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Figure 3. 11. Adhesion assay 

quantification and 

representative images of 

PSCs, NPCs and mature 

MSNs. The adhesion ability of 

PSCs and PSC-derived MSN-

containing cultures at different 

stages of differentiation was 

assessed using an in-house 

adhesion assay. Adhesion was 

assessed at A) PSCs stage, B) 

PSCs with control lines 

combined, C) at d22, equating to 

NPC predominant cultures, and 

D) at d36 when cultures 

comprised a population of MSNs. 

Representative bright field 

images of PSC cultures (E), 

NPCs (F) and MSNs (G) post-

adhesion assay. Three FOV 

were manually quantified for 

each clone which was run in 

duplicate. Data are presented as 

mean ± SEM; control = 22Q and 

30Q data combined as biological 

replicates (N =2; n=3; n ≥ 8) ** p 

< 0.01; *** p < 0.001; **** p < 

0.0001. 
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3.5.3.2 Longitudinal assessment of cell viability. 

To address whether the expression of mHTT affected MSN viability, and also to test whether 

this was dependent on developmental stage, a longitudinal assessment of cell viability was 

conducted. PSC-derived MSN-containing cultures aged to 25 days (Figure 3. 12A), 36 days 

(Figure 3. 12B) and 50 days (Figure 3. 12C) were subject to LDH assay under basal conditions. 

The results are challenging to interpret, as no consistent effects were found. To increase the 

power of the statistical tests, data obtained from 22Q and 30Q lines were treated as biological 

replicates and termed control. At NPC stage (Figure 3. 12A), 75Q cells had significantly reduced 

viability when compared to control (-12.04% viable, p = 0.0001), but no difference was observed 

in 45Q NPCs (-0.83% viable, p = 0.79). At d36, the viability of cultures also differed between 

genotypes (Figure 3. 12B): control cultures were on average 5.4% less viable than 45Q cultures 

(p = 0.0011), but 7.31% more viable that 75Q cultures, (p < 0.0001). An interesting result was 

found in MSN-containing cultures aged to d50, whereby 75Q cultures showed a significantly 

increased percentage of viable cells compared to control (Figure 3. 12C). On average, controls 

showed -5.73% viability compared to 75Q (p = 0.0024, p < 0.0001), whereas no difference was 

observed between controls and 45Qs (0.03% difference, p = 0.99).  

 

Figure 3. 12. Cell viability under baseline conditions across differentiation of PSCs to an MSN fate. 

PSC-derived MSN-containing cultures were subject to LDH assay assessment at different stages of 

differentiation and maturity. A) NPC cultures assessed at ~25; B) MSN-containing cultures assessed at the 

end of the differentiation protocol, at d36; C) matured MSN-containing cultures which had been aged to 

d50. Data from 22Q and 30Q lines were combined as 'control'. Data are presented as mean ± SEM. (N =2; 

n= 1-3; n ≥ 12) . ** p < 0.01, **** p < 0.0001. 

3.5.3.3 MSN viability under stress 

As differences in viability had been found in differentiating and maturing MSN cultures in 

baseline conditions, it was hypothesised that the application of cellular stress may amplify these 

differences, as has been found in the literature previously (reviewed in Wiatr et al., 2018). As 

such, the impact of acute BDNF withdrawal, as well as chronic BDNF deficiency on culture 

viability was assessed. As aforementioned, BDNF is a key neurotrophic factor responsible for 

MSN survival and maturation in the brain, therefore, by withdrawing this neurotrophic factor, a 
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stress response should be activated. Chronic BDNF deficiency has not yet been studied in the 

literature therefore these were novel investigations into the cellular response elicited as a result.  

To assess the impact of acute BDNF withdrawal on viability, PSC-derived MSN-containing 

cultures aged to d36 were maintained in culture media that was not supplemented with BDNF 

for either 24 or 48 h. After the designated withdrawal period, LDH assays were carried out on 

the conditioned media removed from cells (Figure 3. 13). An acute measurement was also 

taken at 0 h withdrawal to allow for comparisons. In the HD family series, the 0 h time-point 

returned no significant difference between genotypes (p = 0.4531) (Figure 3. 13A), however a 

significant increase in viability (mean = 3.9%) was found between 45Q cultures when compared 

to the 30Q line of the IsoHD series (p = 0.0019). In contrast no change was found between 30Q 

vs 81Q cultures (p = 0.237) or 45Q vs 81Q cultures (p = 0.177) (Figure 3. 13B). 

After 24 h BDNF withdrawal, a small but significant mHTT-dependent effect on viability was 

found, with the HD family series exhibiting a 2.2% difference in viability between 22Q and 75Q 

cultures (p = 0.093) (Figure 3. 13C), which was complimented by a similar result in the IsoHD 

series (Figure 3. 13D): overall significance p < 0.0001; 30Q vs 45Q, p = 0.0023; 30Q vs 81Q, p 

< 0.0001. When assessed after 48 h, although no significant difference was seen in the HD 

family series (p = 0.18) (Figure 3. 13E), a significant reduction in viability was maintained 

(overall p = 0.0002) in the 81Q IsoHD series, when compared to both 30Q (p = 0.0003) and 

45Q cultures (p = 0.001) (Figure 3. 13F). 
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Figure 3. 13. Viability of d36 PSC-derived MSN-containing cultures after acute BDNF withdrawal. 

PSC-derived cultures from the HD family and IsoHD series were subject to acute BDNF withdrawal for 

either 0 h (A&B), 24 h (C&D) or 48 h (E&F). Data are presented as mean ± SD. (N =1; n=3; n ≥ 12) .* p < 

0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 

Following on from the mHTT-dependent phenotypes described above, a series of experiments 

were designed that would assess the impact of chronic BDNF deficiency on culture viability. 

Indeed, one aim here was to identify whether cultures that had never been exposed to BDNF 

during differentiation and maturation would have compromised viability compared to cultures 

that had had the normal exposure. As such, at d26 of the differentiation protocol - the time-point 

at which BDNF is normally introduced - parallel cultures were established in which half received 
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fully supplemented culture media (MSN post-26 + Activin A, GDNF and BDNF) in which they 

were maintained throughout the experimental timeline, and half received culture media 

supplemented only with Activin A and GDNF, thus these differentiating MSNs were never 

exposed to BDNF. Conditioned media samples were then taken to be assessed after 4, 14 and 

24 days by LDH assay, so that a longitudinal assessment of viability was possible in +/- BDNF 

cultures (Figure 3. 14). 

At d30 of differentiation and four days of +/- BDNF, a heterogeneous culture of NPCs and MSNs 

was generated and HTT polyQ-length produced 13.87% of variation overall (p < 0.0001). 

However, when corrected for multiple comparisons, there was no significant effect on cell 

viability after four days BDNF deficiency (Figure 3. 14A). After 14 days of +/- BDNF, at d40 

differentiation, cultures were still heterogeneous, but had a higher proportion of MSNs, which 

have previously shown vulnerability upon BDNF withdrawal both in this project, and the 

literature (Mattis et al., 2015). However, the data shown in Figure 3. 14B suggests this may not 

be the case. The HTT polyQ-length accounted for 24.45% total variation in viability (p < 0.0001); 

in 45Q cultures treated with BDNF, there was a trend toward increased viability when compared 

to control (p = 0.09), but no difference was found in BDNF deficient comparisons (p = 0.126). A 

significant reduction in viability was observed between 75Qs and control in both + BDNF (p < 

0.0001) and - BDNF (p = 0.0004) conditions. No significant differences were observed between 

control and 81Qs in either + BDNF or - BDNF conditions. Overall treatment as a variable did not 

have a significant directional effect on outcome (p = 0.7276).  

At d50 assessment, and after 24 days +/- BDNF, the results show that cultures that had never 

been exposed to BDNF had enhanced viability, independent of genotype or mHTT status. 

Remarkably, 75Q cultures had enhanced viability above control (Figure 3. 14C). At this time 

point, there was a significant interaction found between treatment and HTT polyQ-length (p = 

0.0148), as well as polyQ-length and treatment contributing 20.02% and 7.265% variation 

respectively (p < 0.0001, p = 0.0006). In cultures exposed to BDNF, no significant difference 

was found between controls and 45Qs (p > 0.999), however a significant increase in viability 

was observed in 75Q cultures with BDNF treatment (mean survival 84.3% vs 90%, p < 0.0001). 

In BDNF deficient conditions, no significant differences were found between controls and HD 

genotypes (45Q p > 0.99, 75Q p = 0.16). 
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Figure 3. 14. Chronic BDNF deficiency in PSC-derived MSN-containing cultures spanning d26 - d50 

in culture. Parallel MSN cultures were either exposed to BDNF (10 ng/ml) from d26 onward, or not. Cell 

viability was assessed at A) d30 (BDNF deficient = 4 days). B) d40 (BDNF deficient = 14 days), or C) d50 

(BDNF deficient= 24 days). Data are presented as mean ± SEM. Data obtained from 22Q and 30Q 

genotypes were treated as biological replicates and termed control. (N =2; n=1-3; n ≥ 12). ***, p < 0.001; 

**** p < 0.0001. 

3.5.3.4 Membrane properties 

The electrophysiology of PSC-derived MSNs has been investigated before and can give an 

indication into the maturity of cultures (The HD iPSC Consortium, 2012). Previous reports have 
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suggested that MSNs expressing mHTT have a delayed maturation rate, however other groups 

have found hyper-excitability, or an inability to fire action potentials. Here, using a whole-cell 

patch clamp technique, this project investigated various aspects of MSN electrophysiology and 

membrane properties, including: cell capacitance, input resistance, the threshold current or 

input current and maximum number of action potentials fired by the same cell per recording 

session (Figure 3. 15). Whilst the data were variable, potentially due to the maturity or identity of 

the patched cell, some trends were observed between genotypes. The cell capacitance, which 

gives an indication of membrane size and therefore cell size, was slightly reduced in mHTT 

expressing lines, but was not significant (p = 0.073). When Bonferroni corrected, the most 

significant result was 22Q vs 81Q (mean difference 89.4pF, p = 0.091) (Figure 3. 15A). 

Conversely, input resistance which indicates how many channels are open on the membrane 

(the higher the resistance, the less current is conducted across the membrane) increased with 

increasing HTT poly-Q-repeat length, suggesting a lack of open channels on mHTT-expressing 

cell membranes, this result however was not considered significant (p = 0.55) (Figure 3. 15B). 

The latency to fire - MSNs exhibit a delayed latency to fire the initial action potential - was 

equivalent across groups (Figure 3. 15C). The required input current to generate action 

potentials from cells was also variable across genotypes. Although the current required to elicit 

an action potential in 75Q and 81Q cultures, was much less than 22Qs (60pA and 42pA 

respectively, compared to 125pA), 30Q cultures required on average 25pA, and 45Qs were 

more comparable to 22Q cultures, requiring 116 pA. Indeed, the stark contrast between control 

lines trended toward significance (p = 0.08) (Figure 3. 15D). Finally, the mean number of action 

potentials generated from single cells was calculated (Figure 3. 15E), however no overt 

differences were found (p = 0.187). In an effort to distinguish if cell origin (HD family or IsoHD 

series) had an effect on the results, preliminary statistical analysis was completed comparing 

lines from the same origin i.e. no cross-comparison between HD family series and IsoHD series. 

The only difference to the results described previously, was a significantly increased input 

current in 45Q cultures compared to 30Q (p = 0.0286); there was no significance found in any 

other comparison. 
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Figure 3. 15. Membrane properties and action potential firing in PSC-derived MSN-containing 

cultures. A variety of membrane properties were assessed in PSC-derived MSNs aged to d65 in culture, 

using whole-cell patch clamp. The cell capacitance (pF) (A), input resistance (MΩ) (B), delayed latency to 

fire (s) (C), threshold current (pA) (D) and mean number of action potentials elicited per cell per recording 

(E) were assessed. Data are presented as mean ± SEM (N = 1, n = 1-2; n = 4-10). 

3.6 Discussion 

Neurons of the striatum, in particular the MSNs that comprise 95% of the brain region, are 

known to be particularly vulnerable in HD, and exhibit pathology throughout the progression of 

the disease before they ultimately degenerate and die. The mechanism behind this selective 

vulnerability to mHTT expression is still yet to be fully elucidated, despite extensive investigation 

in multiple species (Huang et al., 2016; Vonsattel et al., 2011). As HD is a human disease, it is 

plausible that the answer to this phenomenon may only be revealed in human studies. With the 

advent of PSC-derived neuronal studies, we can now investigate previously uncharacterised 

aspects of human neuronal biology in HD. 

In order to begin investigating HD-associated phenotypes within the PSC-derived MSN-

containing cultures used here, it was necessary to complete a characterisation of the cellular 

cohort to ensure the MSNs generated by the modified Arber et al protocol were typical of those 

found in vivo. Immunofluorescence was used to assess culture composition prior to an 

investigation into the functionality and phenotypes of PSC-derived MSN-containing cultures 

expressing mHTT. Investigations focused on differentiation ability and maturation, as well as 

cellular adhesion, viability with or without external stressors, and the electrophysiological 

properties of cultures. The data produced includes novel findings as well as those that support 

or contradict previous studies. 
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3.6.1 PSC-derived MSN characterisation and maturity 

There are several protocols than can be employed to generate MSNs from PSCs, however this 

project utilised the Arber et al protocol, previously tested in our laboratory and found to reliably 

generate cultures containing MSNs within 36 days (Arber et al., 2015b). To further adapt the 

protocol for the experiments required for this project, modifications were introduced and 

optimised which enabled more control over plating density and distribution at experimental 

endpoints. 

Initial characterisation was focused on identifying whether both the HD family series and IsoHD 

series were able to reliably differentiate into DARPP-32+/CTIP2+ neurons, which would indicate 

MSN identity. Although the percentages of cells varied between genotypes and lines, all PSC 

lines were able to successfully produce a proportion of MSNs within 36 days. This is somewhat 

controversial in the literature, as although there are several publications showing that 

differentiation potential and efficiency is not compromised by mHTT (Nekrasov et al., 2016; Xu 

et al., 2017b), others report a delayed maturation rate resulting in a reduced differentiation 

efficiency in mHTT-expressing lines compared to controls (Conforti et al., 2018). It should be 

noted however that the methods of assessment differed between studies. Conforti et al 

completed a step-wise study in which culture composition was assessed at multiple time-points. 

The authors found that mHTT-expressing PSCs undergoing striatal differentiation retained the 

pluripotency marker OCT4, and cells struggled to acquire neuroectodermal fate. Also, at later 

time points (d30 differentiation) a reduced percentage of CTIP2+ cells were observed, which the 

authors attribute to a slower migration into the marginal zone and thus delayed maturation 

(Conforti et al., 2018). These experiments were completed however, with cell lines expressing 

very high HTT polyQ-lengths therefore may not be as applicable to more physiological repeat 

sizes typically found in the HD population. 

Whilst no significant difference was observed in the percentage of DARPP-32+ cells in this 

cohort, there was a significant reduction in CTIP2+ mHTT-expressing lines at day 36, 

suggesting this may be a consistent phenomenon. However, this project did not complete a 

longitudinal analysis of culture composition, so from these results at least, it cannot comment on 

whether the reduced CTIP2+ percentage is due to altered patterning, or delayed maturity; this 

would be an interesting aspect to examine further. The identity of these CTIP2+ / DARPP-32- 

cells is also call into question, as one suggest they are MSN-precursors however this was not 

confirmed. 

The proportion of neurons within cultures also differed between genotypes in a mHTT-

dependent manner. This is also controversial in the field of PSC-derived neuronal studies, as 

there is evidence for both up-regulated (Guo et al., 2013; Lorincz and Zawistowski, 2009; 

McQuade et al., 2014) and down-regulated neuronal purity upon differentiation completion, in 

terms of the percentage of cells expressing neuronal markers such as βIII-tubulin or MAP2 

(Conforti et al., 2018). A theory described in Wiatr et al., (2018) suggests that the HTT poly-Q-

repeat length may influence this, with juvenile HD repeat lengths documented as having 

increased neuronal purity, compared to adult-onset lengths, which exhibit reduced neuronal 
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purity. A potential explanation for this may arise from the evidence that NPCs are vulnerable to 

mHTT toxicity. It is plausible that with increasing HTT polyQ-length (as seen in juvenile cases) 

the population of NPCs within cultures decreases at an earlier time point, thus resulting in a 

higher neuronal purity (Wiatr et al., 2018). The data presented here showing a polyQ-length 

decrease in viability at d30 supports this. 

Anecdotally, during the course of routine culture, it was observed that proliferation of precursors 

was greater in control cultures than HD. Indeed, when assessing proliferation rates as well as 

the proportion of NSCs within cultures, the data clearly showed that MSN cultures expressing 

mHTT had reduced proliferation and NSC populations compared to controls, especially when 

assessed in more mature cultures. This result corroborates that found in Conforti et al and 

Mattis et al, as well as several studies completed in murine cellular studies (Wiatr et al., 2018). 

However, no difference was observed in proliferation rates of NSCs or NPCs in multiple other 

studies (Camnasio et al., 2012; Castiglioni et al., 2012). A possible reason for this could be due 

to the experimental technique used to quantify proliferation. One must also not overlook the fact 

that small changes in culture environment could also influence the culture composition and 

therefore phenotype.  

The finding that CTIP2+ neuronal populations increase simultaneously with a reduction in 

proliferating cells in aged mHTT-expressing cells, suggesting HD lines are somehow ‘more 

mature’ poses an interesting question. In the human brain, the toxic effect of mHTT is 

cumulative, and one would assume this could also be the case in culture; although mHTT 

positive aggregates are not regularly found in PSC-derived cultures, this does not rule out the 

possibility of free-floating monomeric mHTT within cells that can still exert toxic effects. These 

data could be suggesting that it is in fact the immature cell types, such as NSCs and NPCs 

which are more susceptible to mHTT-induced cell death, whilst more mature neuronal cell types 

are resistant - a hypothesis also drawn from previous publications (Jeon et al., 2012; Mattis et 

al., 2015). 

The question arises therefore, as to why there are such diverse and often contradictory findings 

as to the effect of mHTT on PSC-derived MSN cultures. With each cellular composition marker 

discussed above, there are conflicting results in the literature, and there are several possible 

explanations for this. A large proportion of published studies were completed with commercially 

available clones of 60, 109, and 180 HTT CAG-repeats, the latter being lines with extremely 

long repeat lengths that are most likely to give the strongest phenotypes. Comparing alongside 

more common allelic lengths is likely to give variable data as phenotypes from shorter repeat 

lengths may tend not to emerge as early or be as severe. In addition, there is an emergent 

theory that mid-length alleles, such as around 50 CAGs, in mice at least, confer beneficial 

effects such as increased cell division, a concept known as antagonistic pleiotropy (Morton et 

al., 2019). This could in turn produce inconclusive results in terms of the early effects of mHTT 

on differentiating neuronal cultures. In addition, in many cases detailed above, data has been 

obtained from a single clone per genotype, which does not allow the authors to control for 

potential off-target effects caused by somatic cell reprogramming itself (Conforti et al., 2018; HD 
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iPSC Consortium, 2017; Mattis et al., 2015; The HD iPSC Consortium, 2012). None of these 

studies included isogenic controls, and as the PSC lines were derived from non-related 

individuals, it is plausible that differences in genetic background between controls and HD lines 

could be confounding the emergence of clear-cut, robust phenotypes.  

Secondly, the differentiation protocols used to generate MSNs differ in their timescales, physical 

interventions (passaging), and chemical exposure or trophic support. It is therefore challenging 

to make comparisons between studies as these factors are likely to have important biological 

effects on differentiation and cell viability – as already reported from optimisation experiments 

within this project. It is for these reasons that this project was completed with both iPSC- and 

ESC-derived MSNs, subject to the exact same differentiation protocol. Furthermore, the use of 

PSC-lines derived from related individuals (HD family series) acts to minimise genetic 

background variability to an extent (50%), which is of course not a contributing factor in the 

IsoHD series. Finally, as all experiments were conducted (where possible) with multiple clones 

of the same genotype, this controls for the effect of reprogramming on the PSC clones, adding 

an additional level of experimental control, these measures taken together will have increased 

the robustness of the assays and simplified interpretation of the data. 

Basal ganglia circuitry is comprised of two pathways with regards to MSNs, termed the direct 

and indirect pathway. MSN populations are categorised according to their innervation pathway, 

positive or negative regulation of the substantia nigra and thalamus, as well by the kinds of 

neurotransmitters, proteins and receptors they express (Matamales et al., 2009). The Arber et al 

protocol provided evidence that MSNs of both the direct and indirect pathway are generated 

however the proportions of each in culture were not quantified. Using antibodies targeted 

against DRD1, and A2Ar, it was possible to estimate the percentage of MSNs that were 

categorised into the direct and indirect pathway, respectively. Due to limitations of host antibody 

species, unfortunately these populations could not be assessed within the same experiment, 

and thus were limited as quantification had to be carried out on parallel cultures. This could also 

explain how the combined percentages of DRD1+ and A2Ar+ MSNs exceeds 100%. There is 

also a subpopulation of MSNs within the human brain that co-express direct, and indirect 

markers, therefore this could also be a contributing factor. Irrespective of these caveats, an 

increased proportion of DRD1+ neurons was found in mHTT-expressing cultures, which has 

important implications for HD-associated phenotypes discussed at a later point. It is well known 

than the MSNs of the indirect pathway degenerate prior to direct pathway MSNs in HD, 

therefore it is also of interest that the intensity of A2Ar+ cells was reduced in 75Q MSNs whilst 

percentage of DRD1+ MSNs was elevated. This provides tentative evidence that the 

degeneration observed in the human brain i.e. indirect pathway > direct pathway degeneration, 

may also be occurring in in vitro conditions.  

The development of complex dendritic arborisations and spines is required by most neurons in 

order to receive and process information within the brain and is thought to be how plasticity in 

the brain manifests (Murphy et al., 2000). This process is particularly pertinent in MSNs, 

therefore the data presented here that provides evidence of abundant dendritic spine formation 
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albeit in various states of maturity, is positive. Dendritic spines are extremely dynamic structures 

that change their morphology in line with synaptic activity, hence conferring the property of 

plasticity (Risher et al., 2014). High levels of synaptic activity result in a remodelling of the actin 

cytoskeleton which causes dendritic spines to exhibit the classic ‘mushroom’ shape, accounting 

for the majority of spines observed in these cultures. However, when synaptogenesis is 

occurring, or when synaptic activity drops, the actin cytoskeleton is remodelled to form 

lamellipodia-like structures, therefore the presence of these 'immature' spines in cultures 

suggests they are dynamic in their synaptic activity (Korobova and Svitkina, 2010). In the Arber 

et al protocol, spine morphology was identified by DARPP-32 immunofluorescence, as well as 

Alexa-Fluo 488 whole cell fill. Although these methods were trialled by this project, as well as 

co-labelling with an antibody targeted against dendritic spines (Spinophilin), the resolution 

required to clearly observe spine morphology was not sufficient, hence super resolution 

microscopy was utilised. However, this is a very time consuming and low-throughput technique 

and here only a small sample of control MSNs were assessed. As such, it is unknown if the 

frequency or morphology of dendritic spines were altered in the presence of mHTT; it would be 

of interest to complete a direct comparison as this could also indicate the level of maturity in 

cultures.  

3.6.2 Functional HD-associated phenotypes in mature MSN-containing cultures 

3.6.2.1 Cell viability is affected by culture composition and age 

Once full characterisation was complete, investigations could begin into the emergence of HD-

associated phenotypes in culture. As MSNs are the most vulnerable cell type in the disease, 

initial studies were first conducted into cell viability in culture. 

There are conflicting reports regarding the viability of HD MSNs under baseline conditions, 

without stress or stimulation. This project identified that viability was affected by numerous 

factors including primary composition of the culture and its maturity. A mHTT-dependent 

reduced viability phenotype was observed in NPC cultures at day 30 which persisted in d36 

cultures comprising predominantly neurons (a 3:2 ratio of neurons: NPCs). However, in more 

mature cultures, whilst an HD-associated viability phenotype was also observed, the opposite 

effect was found, with mHTT-expressing MSNs showing enhanced viability compared with non-

HD lines. Interestingly, the viability of the HD family series increased with age, this would 

suggest that it is the more immature cell types that are more sensitive to mHTT induced toxicity, 

such as NSCs and NPCs.  

The viability of MSNs in HD models is somewhat controversial, as in knock-in HD animal 

models for example, neuronal loss is not seen in spite of symptom manifestation (Menalled, 

2005). Similarly, previously published studies using PSC-derived MSNs have failed to find a cell 

death phenotype in baseline conditions, with compromised viability only observed after the 

application of external stressors (reviewed in Wiatr et al., 2018). A possible explanation for the 

discrepancy in phenotype observed in this study, could be related to the genetic background of 

the cell lines used. As aforementioned, the cell lines used in published studies largely employ 
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commercially available lines with different genetic backgrounds. As HD-associated phenotypes 

have not yet been studied in PSCs derived from related individuals, these data could suggest 

that genetic variation confers a bigger impact on phenotype than previously thought. 

Furthermore, when genetic background is identical (as in isogenic lines), an increase in viability 

was observed in acute conditions in adult onset HTT CAG-repeat lengths, but not juvenile 

onset. Combined, these data suggest that there may be a compensation mechanism in mHTT-

expressing cells which can accommodate the toxicity of mHTT to an extent. Indeed there has 

been evidence presented both from murine models of HD as well as non-neuronal patient cells 

that autophagy mediated degradation is increased in early-HD, however declines with age and 

disease progression (reviewed in (Cortes and La Spada, 2014). Taking this further, it is 

plausible that if occurring, the compensating mechanism could reach a threshold at which point 

it is overcome, and logically that would occur more quickly in more severe disease cases such 

as juvenile HD. This however is just one hypothesis, and other explanations could also be 

plausible.  

One method to test this hypothesis, was to expose cultures to exogenous stress, which in 

theory should reduce the compensation threshold and result in an HD-associated phenotype. A 

common method of inducing cellular stress is to withdraw neurotrophic factors important for 

MSN functionality, such as BDNF. In normal physiology, BDNF binding and activation of the 

TrkB receptors present on MSN dendrites results in initiation of three intracellular signalling 

cascades that mediate anti-apoptotic events, protein translation and synaptic plasticity (Baydyuk 

and Xu, 2014). Therefore, if BDNF is withdrawn, theoretically these cascades would not be 

activated and the opposite results, namely cell death would be more likely to occur. Multiple 

studies have observed a reduction in viability as a result of BDNF withdrawal in acute conditions 

over and above that seen in non-HD cells (Mattis et al., 2015; The HD iPSC Consortium, 2012; 

Xu et al., 2017b), therefore the data presented here, that MSN-containing cultures have 

increased susceptibility to stress-induced cell death, is in line with those studies.  

Previous studies have focused on viability after acute BDNF withdrawal commonly lasting 48 h 

only, which encouraged a novel series of experiments in this project, as the impact of chronic 

BDNF withdrawal, or in effect BDNF deficiency, was yet to be investigated. An experiment was 

designed such that the viability of cultures that had never been exposed to BDNF, and thus 

were chronically deficient, was compared against cultures maintained in normal culture 

conditions. The results of this experiment were surprising, as it was observed that especially in 

later time points (24 days +/- BDNF), chronically 'stressed' cultures actually showed consistently 

higher viability across genotypes. One theory as to why this occurs relates back to culture 

composition, not in terms of the immature vs mature neuronal cell types, but in terms of direct vs 

indirect pathway MSNs. It was identified by Baydyuk et al that whilst 98% of indirect pathway 

MSNs (A2Ar+) expressed the BDNF receptor TrkB on their membranes, only 18% of direct 

pathway MSNs (DRD1+) showed expression (Baydyuk et al., 2013, 2011; Baydyuk and Xu, 

2014). This suggests that MSNs of the indirect pathway would be affected more by BDNF 

withdrawal than direct pathway MSNs. As this project identified a higher proportion of cells 

expressing DRD1 than A2Ar (40-60% vs 20%), and DRD1+ cells were more numerous in 75Q 
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cultures, it could be argued that this may be the reason behind the maintained viability 

observed. Unfortunately, the expression levels of TrkB could not be easily quantified in this 

project; the selected antibody exhibited a high level of erroneous binding when assessed using 

HCI, therefore signal quality and specificity was compromised, as such this hypothesis could not 

be tested further. 

3.6.2.2 Cellular adhesion is compromised in PSC-derived MSN-containing cultures 

Any differences observed between genotypes in the routine culture of PSCs and differentiating 

MSNs were noted throughout the project and later investigated to identify the presence of an 

HD-associated phenotype. It became apparent that the adhesion of cultures differed depending 

on mHTT expression, thus adhesion assays were employed to quantify these differences. PSCs 

expressing mHTT had significantly reduced adhesion compared to control counterparts. 

Progressing through differentiation and maturity, the same phenotype was observed at days 25 

and 36, suggesting that mHTT-expression confers a reduction in adherence potential in NPC- 

and MSN-containing cultures also.  

It has been reported previously that multiple cell types expressing mHTT have altered adhesion 

in culture (Reis et al., 2011). The authors identified that striatal neurons derived from HdhQ111 

mice had altered levels of both cell-cell adhesion as well as cell-substratum adhesion when 

plated on laminin substrate. The mechanism behind this was found to be reduced N-cadherin 

levels in HD samples, both in baseline conditions and after experimental energy depletion. N-

cadherin is required for cell-cell and cell-substratum adhesion as well as neurite outgrowth and 

other dynamic cellular process, therefore when depleted these processes are compromised. 

Similarly, when replicating the experimental set-up from the previous publication, the HD iPSC 

Consortium identified that human PSC-derived NPCs expressing either 60 or 180 HTT CAG 

repeats demonstrated altered adhesion via actin-binding and reduced cell-cell adhesion 

resulting in reduced cell clustering (The HD iPSC Consortium, 2012). Conversely, the authors 

found that in acute conditions, similar to the experimental design used in this project, where 

cells were dissociated and re-plated onto laminin substrate, no difference in NPC adhesion was 

observed. The results presented in this thesis contradict those results, as adhesion was found 

to be reduced in all PSC and striatal cell types in acute conditions. A possible explanation for 

this discrepancy could be due to the time given for cells to adhere; the results presented here 

were derived from a 15 min incubation so that the earliest changes in adhesion properties could 

be assessed, whereas the previous publication recorded levels of adhesion 12 h post-plating. It 

could be argued that these data show that mHTT is negatively regulating the initial attachment 

of cells to the culture substrate, however as this project did not conduct longer time-point 

analysis it is not possible to comment on the long term effect of mHTT on cellular adhesion. 

3.6.2.3 Membrane properties of PSC-derived MSN-containing cultures exhibit subtle differences 

in maturity 

The electrophysiological membrane properties of a neuron can give insights into its activity 

level, action potential generation ability as well as its maturity. It is possible to identify the 

presence of ion channels across the membrane, as well as discern how 'tight' or 'leaky' the 
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membrane is, whilst also estimating relative cell size. The data presented here suggest that 

there may be subtle differences dependent on mHTT, however as the control lines used in this 

project were not representative of each other, it is challenging to draw conclusions. In addition, 

the evidence in the literature on PSC-derived MSN membrane properties is also controversial. 

Xu et al (2017) found no differences in a range of membrane properties between control and 

mHTT-expressing lines, including membrane capacitance, input resistance and resting 

membrane potential (Xu et al., 2017). In contrast, the HD iPSC Consortium found that MSN 

clones expressing 180 CAG-repeats were unable to generate spontaneous action potential 

firing despite 60Q counterparts behaving in similar manner to controls (HD iPSC Consortium et 

al., 2012). Conforti et al identified a CAG-repeat length dependent decrease in single spike 

activity over time in MSNs expressing 60Q and 109Q (Conforti et al., 2018). Finally, Nekrasov et 

al  assessed electrophysiology using a different technique - the authors quantified store 

operated calcium (SOC) entry in PSC-derived MSNs expressing mHTT and found that: SOC 

was increased in mHTT expressing lines; exon 1 was sufficient to produce the phenotype, as 

transient expression of exon 1 in control lines produced the same result; allele selective knock-

down of mHTT suppressed the phenotype (Nekrasov et al., 2016). Whilst some variables such 

as MSN age/maturity, as well as assessment method may contribute to the conflicting results 

listed here, it is of paramount importance that an extensive investigation is carried out into the 

electrophysiological properties of PSC-derived MSNs; human neuronal activity cannot easily be 

studied on a single cell level in vivo, therefore without such a study, it will not be possible to 

conclude the impact of mHTT on MSN activity. The data presented by this project, have 

provided tentative evidence of membrane alterations in PSC-derived MSN-containing cultures, 

but also highlighted the importance of sample number and culture homogeneity; the cultures 

used in this project were heterogeneous in culture composition, and attempts to identify patched 

cells post-experiment were unsuccessful. Therefore future experiments would require positive 

cell identification prior to experimentation to ensure that it was indeed MSN membrane 

properties being assessed. 

3.7 Limitations 

Whilst every effort was made to ensure as pure a neuronal population as possible, it cannot be 

overlooked that full identification of culture composition was not achieved for PSCs subject the 

to the MSN differentiation protocol. It was observed that cultures typically contained a proportion 

of both immature NPC-like cells and MSN-like cells within a broadly neuronal population. 

However, when quantified, these populations combined to less than 100%, thus the identity of 

some cells within cultures remains unknown. This has further connotations when interpreting 

phenotypical and functional differences between the cultures, as it cannot be guaranteed that 

the phenotype observed is due to the true MSNs or NPCs within the culture, or indeed an 

artefact or result driven by the ambiguous cells within cultures. This has been identified as a 

limitation of this thesis. 
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3.8 Summary 

Adaptations were made to the Arber et al MSN differentiation protocol, that enabled reliable 

production of DARPP-32+/CTIP2+ neurons akin to MSNs in the human brain, including both 

direct and indirect pathway MSNs. Full characterisation revealed mHTT dependent effects on 

culture composition, including neuronal purity, proliferation rates and quantity of NSCs within 

cultures, some of which were maintained during ageing.  

A variety of HD-associated phenotypes were observed in culture, suggesting that the HD 

mutation has an impact on cellular functioning in pre-pathology. Cell viability appeared 

compromised in mHTT expressing cells, however this was also affected by the age and maturity 

of the culture. Acute withdrawal of trophic support in the form of BDNF, rendered mHTT 

expressing cultures more vulnerable to cell death, however BDNF-deficient differentiation 

appeared to produce the opposite result, irrespective of genotype. Novel findings were shown 

regarding the effect of mHTT on cell adhesion, which was compromised in both NPC and MSN 

states; a continuation of compromised adhesion in mHTT expressing PSCs. Finally, only subtle 

differences were found in the membrane properties of cultures between genotypes, suggesting 

their electrophysiology is largely comparable, however there was a high degree of variability 

within experiments. In summary, the data presented here partially corroborate the results from 

HD PSC-derived MSN studies previously reported in the literature. This is the first known 

example of rigorous assessment in PSC-derived MSN-containing cultures from related 

individuals, complemented with isogenic lines. As such, the data presented here could suggest 

that genetic background and variability may impart a larger effect on cellular function than 

previously thought and should be accommodated in future studies.  
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Chapter 4 - Optimisation, characterisation and Huntington's 

disease phenotypes in iPSC-derived CPN-containing cultures 

4.1 Background 

It is well documented that HD is a multi-factorial disease and pathology develops throughout the 

entirety of the CNS. Whilst much investigation to date has focused on the most vulnerable cell-

type in the disease, MSNs within the striatum, significant pathology and neurodegeneration 

occurs in other brain regions as a result of mHTT toxicity (Han et al., 2010). CPNs located in 

cortical layer V are also extremely vulnerable in HD, and evidence from both patient studies and 

mouse models has shown substantial neuron loss and dysfunction in this region during the 

course of HD (reviewed in Bunner and Rebec, 2016). Indeed, several studies have now 

identified a role for cortical pathology contributing to, or even driving striatal degeneration 

(Rosas et al., 2008; Thu et al., 2010), suggesting that this brain area may be of key significance 

in driving disease, thus more studies have now begun to focus on the contribution of cortical 

neurodegeneration to HD.  

Most data on the effect of mHTT on the cortex has come from HD animal models, including 

knock-in, truncated and over-expression models (Cowan and Raymond, 2006; Raymond et al., 

2011), as well as patient imaging studies and post-mortem analysis. Electrophysiological 

studies have suggested that cortical firing has a critical role in regulating the activity of the 

striatum via the CS pathway. The electrical properties of the axonal plasma membrane of 

cortical neurons are altered in R6/2 mice, with hyper-excitability evident early in disease 

progression (Burgold et al., 2019). Furthermore, energy (ATP) production and respiration has 

been found to be compromised in both PSC-derived neurons (The HD iPSC Consortium, 2012) 

and animal models of the disease (Han et al., 2010), which is thought to contribute to the hyper-

excitable phenotype observed; a reduction in energy availability reduces the efficiency of the 

Na
+
/K

+ 
ATPase, therefore the resting membrane potential of CPNs is more depolarised and the 

neurons are more easily excited (Estrada-Sánchez and Rebec, 2013). In theory, this leads to 

high levels of glutamate release in the striatum, which compounded with altered NMDA receptor 

expression on MSN dendrites, leads to excitotoxicity in the striatum (Kaufman et al., 2012). 

Furthermore, changes to synaptic density, as well as synaptic signalling are evident in HD 

CPNs. Burgold et al identified a significantly reduced density of synaptic proteins in cortical 

layers II/III in R6/2 compared to WT mice at eight weeks of age (Burgold et al., 2019). A 

reduction in inhibitory synaptic activity on layer V CPNs leads to large amplitude synaptic events 

occurring in the striatum (Raymond et al., 2011), which in combination with the excitotoxic 

priming events discussed in Chapter 3.1, could lead to excitotoxicity and degeneration. 

The debate in the literature as to whether mHTT aggregates are a causative factor in HD 

pathogenesis is supported by a high aggregate burden in the cortex. In pre-symptomatic 

patients, Waldvogel et al identified a high percentage of neuronal intra-nuclear inclusions, as 

well as dystrophic neurites and neuropil threads, in the cerebral cortex, a finding that was not 

seen in the striatum. Furthermore, in juvenile HD cases, where motor symptoms more closely 
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resemble late-stage adult onset HD, a high HTT aggregate load has been identified in the 

cortex, which could indicate that aggregate burden correlates with symptom severity (Waldvogel 

et al., 2012).  

Imaging studies and histological analysis of patient brains have also provided support for a 

more important cortical role than previously thought. Several groups have identified a 

correlation between atrophy of specific cortical regions and symptom presentation; patients who 

experience predominantly motor symptoms and little cognitive change present with primarily 

motor cortex atrophy (28% reduction), whereas those whose symptoms are dominated by 

cognitive changes present with limbic cingulate cortex atrophy (54% loss) (Rosas et al., 2008, 

2002; Thu et al., 2010; Waldvogel et al., 2012), suggesting there is a clear-cut correlation 

between regional atrophy and functional phenotype. These are complemented by stereological 

cell counting evaluations demonstrating cortical atrophy in HD patient brains; multiple cortical 

areas showed significant cell loss including primary motor cortex (27% cell loss, predominantly 

motor symptoms) and cingulate cortex (34% cell loss, predominantly cognitive symptoms) (Thu 

et al., 2010). These findings are replicated to a certain extent by HD animal models, in which 

mHTT aggregate burden is high in the cortex (Ferrante, 2009), and both histological and 

imaging data recapitulate the cortical atrophy observed in HD patients (Bayram-Weston et al., 

2012; Cheng et al., 2011; Zhang et al., 2010).  

Similarly to MSNs, several human PSC-derived CPN differentiation protocols have been 

generated within the last decade (reviewed in Tousley and Kegel-Gleason, 2016). Arguably one 

of the most widely used and well characterised was devised by Shi et al and published in 2012. 

This protocol recapitulates the development of cortical neurons during embryogenesis and 

produces each layer of the cortex in a time-dependent manner; deeper layer neurons emerge 

first followed by the sequential emergence of more superficial layers (Shi et al., 2012). There 

have been numerous studies of PSC-derived MSNs, with regard to the impact of HTT polyQ-

length on differentiation ability and efficiency, maturation rate and functionality (Conforti et al., 

2018; HD iPSC Consortium, 2017; Mattis et al., 2015; The HD iPSC Consortium, 2012; Xu et 

al., 2017b). In contrast, the only study published to date that exclusively assesses the effect of 

mHTT on human PSC-derived CPNs was published by Mehta et al in 2018. The results proved 

interesting as it was found that PSC-derived CPN cultures expressing mHTT showed an altered 

transcriptomic profile. The DEGs were predominantly proteins regulating cell morphology and 

adhesion, the biological significance of which was corroborated by morphology and adhesion 

phenotypes observed in cultured CPNs. A second study, which compared the differentiation 

profile and maturation rate of MSNs and CPNs in both two-dimensions and three-dimensional 

cerebral organoids, was published by Conforti et al in 2017. This study showed that cerebral 

organoids expressing mHTT have disorganised cytoarchitecture, whereby clear separation of 

distinct cell types is not observed. When comparing the gross maturity of organoids to human 

brain samples, the transcriptomic profiles demonstrated that control organoids aligned most 

closely with inner and outer cortical plates, whereas HD organoids had a transcriptional profile 

similar to the ventricular zone/subventricular zone; mHTT expressing organoids had lower 

expression levels of cortical markers TBR1 and CTIP2, suggesting that the maturation rate of 
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cerebral organoids was impeded by the HD mutation (Conforti et al., 2018). Whilst informative, 

neither of these studies investigated any functional changes in neuron behaviour as a result of 

mHTT. Another study published recently, investigated the role of HTT in neurogenesis in PSC-

derived CPNs and identified that once cells lose pluripotency, mHTT confers a loss of function 

phenotype on cellular division, leading to chromosomal instability and the appearance of giant, 

multinucleated neurons (Ruzo et al., 2018).  

One key area of research into cortical pathology in HD involves BDNF production and 

processing. An essential function of CPNs within the CS pathway is to produce BDNF, which is 

then trafficked anterogradely along microtubules to axonal terminals within the striatum and 

released into the synaptic cleft in an activity-dependent manner (Kuczewski et al., 2009). There, 

it binds TrkB receptors on MSNs (Baydyuk and Xu, 2014; Zuccato and Cattaneo, 2007), 

whereby the trophin-receptor complex is endocytosed and trafficked towards the cell body by 

retrograde transport (Lim et al., 2017). This neurotrophin is essential for MSN survival and 

function; BDNF signalling leads to the activation of three intracellular signalling cascades that 

mediate anti-apoptotic events, protein translation and synaptic plasticity (Baydyuk and Xu, 

2014). Deficiencies in BDNF processing by CPNs may therefore contribute to, or even cause, 

striatal degeneration. Indeed, several groups have found mHTT-dependent phenotypes in 

BDNF production, trafficking and release in HD animal models, cell lines and human tissue 

(Bathina and Das, 2015; Ferrer et al., 2000; Zuccato et al., 2009). As of yet, it is not known if 

these phenotypes are replicated in human neurons in vitro i.e. in PSC-derived CPNs. As PSC-

derived neurons have not been found to contain mHTT aggregates, it is important to determine 

whether BDNF deficiencies are present at the pre-pathological stage, thus PSC models might 

enable study of very early pre-pathological changes in neuronal function in the most 

physiologically relevant human cell model currently available. 

4.2 Aims 

1. Optimise a protocol for PSC differentiation into layer V CPNs. 

2. Characterise the full cohort of PSC-derived CPN-containing cultures with HTT polyQ-

lengths in the pathogenic and non-pathogenic range, for cell identity and culture 

composition. 

3. Generate novel methods to study mHTT-dependent phenotypes emerging in CPNs in 

culture. 

4. Assess CPN morphology and axonal dynamics. 

5. Assess aspects of BDNF production, trafficking and release in CPNs. 

4.3 Methods 

A summary of methods used in this Chapter is outlined below. Full details of experimental 

protocols can be found in Chapter 2: Materials and Methods. 

 

Pluripotent stem cells from both the HD family series and IsoHD were cultured as described in 

section 2.2, prior to differentiation into layer V CPNs using an adapted version of the Shi et al 
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protocol (section 2.4). The adaptations are described in sections 2.4.2 and 2.4.4 and expanded 

upon here. 

 

The first adaptation pertained to the cortical passage procedures. Following on from the 

success of the EDTA passage of PSC-derived MSNs, CPN cultures were subject to EDTA 

passage as described in Arber et al (2015). These were completed on the days in which 

dispase splits would have originally taken place i.e. d12 and d22. Using the EDTA passage 

procedure, culture viability and consequently differentiation success was consistently increased; 

no overt morphological differences or changes to culture composition were observed in terminal 

cultures as a result of the change in passage protocol. 

 

Whilst the EDTA passage was successful in increasing the culture viability and differentiation 

success, it was noted that a population of proliferating cells persisted and often dominated 

some cultures. The extent of this varied between differentiations of the same clone, and also 

between clones, therefore was challenging to control for in terms of culture composition. In an 

attempt to reduce the numbers of proliferating cells, an extra Accutase passage was trialled 

between d40-60. Differentiating cultures were robust enough to survive the additional passage 

and it was observed that this addition could reduce the numbers of proliferating cells within 

cultures – as assessed by ki-67 immunofluorescence – as well as improve plating distribution 

enabling easier experimentation. As this passage was completed at a time point in which layer 

V and VI neurons were at peak emergence, there were concerns this could reduce the 

percentage of deep layer neurons in terminal cultures. However, upon image analysis, it was 

evident that a high percentage of deep layer neurons persisted in culture, despite the additional 

late-stage passage. Furthermore, a higher neuronal purity was achieved in cultures subject to 

the additional passage. However, as this passage was completed at such a late time point, it 

could only be employed in cultures that were designed to age past 70 days in culture.  

 

In cultures where a high percentage of proliferating NSCs remained evident, a dosing period of 

the γ-secretase inhibitor DAPT was trialled. DAPT down-regulates the Notch signalling pathway 

and encourages cells to exit the cell cycle, thus is termed a pro-differentiation agent (Boissart et 

al., 2013). Personal communications from Dr Selina Wray lead to the design of an experiment in 

which persistently proliferating cells of both 22Q and 75Q genotype cultures were subject to 10 

µM DAPT treatment every 48 h for 7 days, commencing at d25. At the termination of dosing, 

cultures were observed and scored for ‘neuronal morphology’. It was observed that DAPT 

treatment increased the proportion of cells in the culture that fulfilled a neuronal phenotype 

criteria (polarised cells, neural processes evident, multi-neuritic, small somal size). Furthermore, 

this phenotype appeared to persist for several days after the termination of treatment, so much 

so that the neuronal phenotype was maintained until d50 whereby cells could be used for 

further experimentation.  

 

Characterisation of CPN-containing cultures was carried out using phase contrast microscopy 

and confocal microscopy, detailed methods of which are in section 2.5. For image capture 
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completed with the high content screening platform, adjustments were made to the culture 

protocol as detailed in sections 2.5.2, and 2.5.3. Analysis was carried out using Columbus 

cloud-based software (section 2.5.3.1). To assess the emergence of HD phenotypes, a variety 

of methods were used. Morphological analysis of CPN cultures was carried out using an 

IncuCyte longitudinal imaging platform (section 2.5.5) and in-built analysis software was used 

for quantification. An adhesion assay previously published in the literature was used for this 

project (Casey et al., 2015), however optimisation was carried out prior to experimentation 

(section 2.6.1).The viability of CPN-containing cultures at d50 was assessed by running cell 

supernatant samples on a commercially available lactate dehydrogenase assay (section 2.6.1); 

absorbance values were normalised to internal controls for each experiment. Total protein 

concentration of cell lysates was quantified using the Pierce BCA protein assay (section 2.6.2). 

The concentrations of BDNF released into cell supernatant and stored intracellularly were 

calculated by running CPN conditioned media samples on a commercially available BDNF 

ELISA kit (section 2.7.3). Samples were either collected in baseline conditions or after treatment 

with a stimulatory agent (section 2.7.2). 

 

Microfluidic chambers were constructed as described in Park et al (2006) (section 2.8). 

Specifically, production of the MFC PDMS insert was completed using templates supplied by 

Prof Giampietro Schiavo, under the supervision of lab members (section 2.8.1) prior to transport 

to the Tabrizi lab wherein sections 2.8.2, 2.8.3 and 2.8.4 were completed. To assess the axonal 

cytoskeletal dynamics of cell cohorts, CPNs were seeded into fully constructed and prepared 

MFCs and maintained as described (section 2.8.4). Several pilot experiments were completed 

to identify the optimal conditions for axonal crossing experiments (sections 2.9.2.1) prior to 

running the full experiment as described in section 2.9.2.2. 

 

Statistical analysis was completed as described in section 2.11. 

4.4 Contributions 

 Dr Nicole Birsa and Dr Ione Meyer generated and optimised the original MFC templates 

used to reproduce MFC inserts. 

 Matthew Bentham provided the optimised protocol for MFC cell seeding.  

4.5 Results 

4.5.1 Generation of PSC-derived CPN-containing cultures 

The HD family series and IsoHD series were differentiated to layer V CPNs over the course of 

50 days using an adapted version of the Shi et al differentiation protocol (2012). 

4.5.1.1 Modification of the Shi et al protocol 

The original Shi et al protocol was successful in generating layer V neurons, but was unreliable. 

The cause of this inconsistency was due to the Dispase splits which were designed to increase 

the purity of neurons in the culture. This procedure is very harsh on the cells as it requires a 

minimum of 10 min incubation with Dispase, followed by at least three washes which are 
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designed to break up the cells. A high proportion of splits resulted in whole culture death either 

due to cell death during the passage, or an inability of viable cells to attach to the culture 

substrate post-passage, resulting in culture death. As such, the protocol was adapted in two 

ways to compensate for Dispase split removal.  

4.5.1.2 Neural stem cell generation 

After 12 days of dual SMAD inhibition as per the method in Shi et al., 2012, morphological 

changes were evident in differentiating CPN cultures (Figure 4. 1). The nuclear to cytoplasmic 

ratio had decreased, NSCs were easily identified due to their classic paving-stone morphology, 

and NSCs could be observed clustering into pre-neural rosettes. Observationally, NSCs 

gradually darkened in colour and began showing signs of polarisation. This became more 

evident after the second passage completed at d22, whereby within 24 h post-passage, neural 

rosette structures (Figure 4. 2A) were evident. PSC genotype did not appear to alter the ability 

of cultures to form neural rosette structures. Depending on the density of cultures, neural 

processes were evident from ~d25 onward. To confirm the presence of NSCs within 

differentiating cultures, culture composition was analysed by confocal microscopy probing for 

NSC marker nestin, and proliferating cell marker ki-67 (Figure 4. 2B). 
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Figure 4. 1. Phase contrast images of PSC-derived CPN-containing cultures showed neural 

progenitor cells forming post-passage 1. Using a brightfield microscope on 10x magnification, 

differentiating CPNs were imaged within three days post-passage 1 (EDTA protocol). Representative 

phase contrast images demonstrate the reduced nuclear to cytoplasmic ratio, supported by the increase in 

phase contrast, indicating the cells were losing their pluripotency phenotype. No morphological differences 

were observed between cultures of HD family 22Q and 75Q genotype of any clone (1-3) assessed. Scale 

bars represent 50 μm. 
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Figure 4. 2. Neural rosette formation and positive identification of NSCs within differentiating 

cultures. After completion of the second passage, neural rosettes were evident in HD family series 

cultures irrespective of genotypes (A). The presence of NSCs and proliferating cells within these rosettes 

was confirmed with immunofluorescence staining (B) of NSC marker, nestin (white) and proliferating cell 

marker, ki-67 (green) for both genotypes. Scale bars represents 100 μm (A), and 50 μm (B). 

4.5.1.3 Cortical layer V generation 

The Shi et al protocol (2012) generates the six distinct layers of the cortex in an inside-out 

manner, meaning that the deeper layers (V and VI) emerge first, prior to the more superficial 

layers emerging in a time-dependent manner. As this project was focused on recapitulating the 

CS pathway, cultures were usually maintained until d60 when the key target of interest, layer V, 

was expected to have emerged. To confirm that the neurons being produced through 

differentiation were indeed akin to layer V CPNs in the human brain, a series of 

immunofluorescence experiments were designed to fully characterise the cells.  

 

Representative images of both 75Q and 22Q cultures can be seen in Figure 4. 3A and B 

respectively. The confocal images depict a high proportion of cells expressing both the layer VI 

marker TBR1 and the layer V marker CTIP2, as well as demonstrating a high neuronal purity 

(NeuN) despite less than optimal far-red signal strength and a weak antibody. To quantify the 
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exact percentage of neurons in culture that were positive for the marker of interest (CTIP2), HCI 

was used to collect a large, unbiased image database that could be subject to unbiased 

automated analysis. Initially, the percentage of viable cells was calculated (Figure 4. 4A), here a 

significant reduction in viability was found between HTT 22Q and 75Q cultures. The mean 

viability of 22Q cultures was 95.93%, conversely 75Q cultures reached only 90.7% survival (p = 

0.0001). Subsequent analysis was calculated as a percentage of viable cells only, therefore 

condensed or necrotic nuclei that co-stained with the protein of interest were excluded from 

analyses. The proportion of CTIP2 positive cells did not differ between genotype (22Q = 

27.77%, 75Q = 29.02%; p = 0.823) (Figure 4. 4B). Similarly, there was no significant difference 

in the proportion of proliferating cells (ki-67+) within cultures (Figure 4. 4C), (22Q = 24.23%, 

75Q = 27.88%; p = 0.675). However, when assessing the proportion of cells within cultures that 

were positive for the NSC marker, nestin, a significant difference was found (Figure 4. 4D). 

Cultures expressing the HD mutation comprised nearly double the percentage of neural stem 

cells than 22Q cultures (14.73% vs 28.42%; p = 0.0043). As the percentage of layer V neurons, 

and proliferating cells did not appear to differ, it was concluded that the differences in culture 

composition percentages were derived from other cell types within the culture; this protocol is 

known to generate glial cells over time, as well as the other layers of the cortex of course.  

4.5.1.4 Upper layer neuron differentiation 

Although this project only called for the production of cortical layer V, it was important to 

ascertain whether the PSCs used were able to complete the full differentiation protocol and 

successfully differentiate into the upper layers of the cortex. SATB2 is a cell marker that is 

common to all upper layers (I-III) (Shi et al., 2012), therefore cultures that had been aged to 90 

days were fixed and probed for SATB2 in combination with the layer V marker, CTIP2. It was 

identified that both 75Q and 22Q cultures produced a small proportion of SATB2 positive cells 

at this time point in culture (Figure 4. 3C and D). As the differentiation protocol develops in an 

inside-out, time dependent manner, it is plausible that these positively identified cells represent 

the emergence of layers IV and III, as the most superficial layers are not predicted to emerge 

until over 100 days in culture. 

4.5.1.5 Non layer-specific cortical neuron markers 

Whilst it was clear that the differentiations completed during this project were indeed producing 

the correct cortical neurons, a secondary level of characterisation was carried out assessing the 

expression of pan-cortical markers. One of the key proteins that was assessed was BDNF and 

immunofluorescent staining was completed by confocal microscopy on 22Q and 75Q cultures, 

as depicted in Figure 4. 3E. The representative images clearly display the 'firework' phenotype 

typical of BDNF staining; no overt difference in expression level was noted between genotypes. 

Furthermore, BDNF co-localised with both the pre-synaptic marker, SYT1, as well as pan-

neuronal marker, βIII-tubulin, which positively stains neurites.  

The majority of CPNs in the brain are excitatory and thus produce glutamate as a 

neurotransmitter and express its associated markers. As a further level of characterisation, 

PSC-derived CPNs were probed for vesicular glutamate transporter 1 (vGLUT1) using confocal 
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imaging. As can be observed in Figure 4. 3G (left panel) at 40x magnification, there is clear co-

staining of vGLUT1 with the neuronal marker, βIII-tubulin. To ensure that the signal observed 

was specific, a high magnification zoom was applied to the area within the red highlighted box. 

Images taken on high magnification were split by channel (right panels) and clearly show 

positively stained vesicular puncta, which align with βIII-tubulin fibres.  

 

Figure 4. 3. Representative panel of confocal images showing expression of key cortical neuron 

markers in PSC-derived CPN-containing cultures. Immunofluorescence images were captured by 

confocal microscopy. Cultures were probed for a variety of pan-cortical and layer specific markers to 
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ensure cultures had successfully completed differentiation and could be classified as cortical neurons. 

Cortical layers V and VI are identified by positive staining of CTIP2 and TBR1 respectively, whilst βIII-

tubulin is a pan-neuronal marker. Representative images of 75Q cultures (A) and 22Q cultures (B) at d50. 

Upper layers of the cortex emerge at later time points in culture; SATB2 is a layer III-I marker and can be 

identified in both 75Q (C) and 22Q (D) neurons after d90. Cortical neurons produce and store BDNF 

intracellularly; production of this neurotrophic factor was confirmed in both 75Q and 22Q cultures (E). The 

presence of vGLUT1 was confirmed (F) with a high magnification zoom of the red rectangle area 

identifying punctate vesicles. Scale bars represent 50 μm. 

 

Figure 4. 4. Quantitative analysis of culture viability and composition using HCI 

immunofluorescence. The images captured by HCI were subject to automated script-based analysis. 

Using Columbus software, analysis scripts were designed unique to each antibody pairing (well set) and 

once optimised, applied to all clones that had been probed with that well set. Genotypes were pooled to 

generate, for day 60 cultures, an average percentage of viable cells in the culture (A), percentage of layer 

V neurons as indicated by CTIP2 staining (B), the percentage of proliferating cells as identified by ki-67 

staining (C) and the proportion of NSCs in the culture, calculated by nestin staining (D). All percentages 

are calculated as a percentage of viable cells. Data are presented as mean ± SEM. (N = 1, n = 2, n ≥ 12) . 

** p < 0.01, *** p < 0.001.  

4.5.1.6 Synaptic markers 

To assess the expression and localisation of synaptic proteins in PSC-derived CPN-containing 

cultures, triple immunolabelling experiments were carried out, probing for the pre-synaptic 

marker, synaptophysin, the post-synaptic density protein, PSD95, and MAP2, which is highly 

expressed within dendritic processes. As can be seen in Figure 4. 5A and B respectively, both 

22Q and 75Q cultures show robust expression of synaptic markers. Moreover, the post-synaptic 

marker, PSD95, is highly co-localised to MAP2 positive processes, with synaptophysin being 

less so, indicating that the localisation of both proteins appears to be correct. Unfortunately the 

magnification with which these images were taken was not high enough to resolve individual 

synapses, however, in an attempt to quantify the levels of synaptic juxtaposition, a script was 

written using Columbus software, which aims to identify the proportion of pre-synaptic signal 

that is co-localised to post-synaptic signal within a MAP2 positive neuron. The resulting analysis 

can be observed in Figure 4. 6. The total puncta counts of pre-synaptic proteins when 

normalised to viable MAP2+ cells was significantly different between genotypes. Control 

cultures showed significantly reduced levels to both 58Q and 75Q cultures (p = 0.019, p = 

0.0056) (Figure 4. 6A). The numbers of normalised post-synaptic puncta did not differ between 

genotypes (control vs 58Q, p = 0.54; control vs 75Q, p = 0.81) (Figure 4. 6B). Secondary 

analysis included identifying the number of MAP2 positive neurons in the cultures that contained 

co-localised pre- and post-synaptic puncta calculated as a percentage of MAP2+ neurons 

overall (Figure 4. 6C); however, no significant differences were found in this analysis. 
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Figure 4. 5. Representative images of pre- and post-synaptic markers in PSC-derived CPN-

containing cultures at d60. HCI and analysis was performed to identify the presence of synapses within 

cortical cultures. The pre-synaptic marker synaptophysin, and post-synaptic marker PSD95, were probed 

for alongside dendritic marker MAP2. Cortical cultures of both 22Q (A) and 75Q (B) genotype were found 

positive for both markers, in a typical expression pattern. Scale bars represent 50 μm. 

 

Figure 4. 6. Quantification of synaptic markers in PSC-derived CPN-containing cultures from HCI 

analysis. Images captured on the high content screening platform of pre- and post-synaptic proteins 

synaptophysin and PSD95, were subject to automated script analysis. Individual puncta were isolated and 

the sum of puncta per replicate was calculated and normalised to viable MAP2+ cells for pre-synaptic 

protein (A) and post-synaptic protein (B). To identify the localisation of puncta, the number of viable 

MAP2+ cells that co-stained with both pre- and post-synaptic puncta were quantified and calculated as a 

percentage of the total MAP2 positively stained cells (C). The data obtained from 22Q and 30Q genotypes 

was combined as control. Data are presented as mean ± SEM (N =1-2, n = 2, n ≥ 12) . **, p < 0.01. 

Due to the wide range of HTT polyQ-lengths available for study during this project, it was 

possible to investigate not only if mHTT-dependent phenotypes were arising in vitro within a 

relatively short time period, but also if these phenotypes occurred in a polyQ-length dependent 

manner. Therefore, once cortical characterisation was complete, and there was confidence in 

the reliability of differentiations, investigation began into identifying any functional differences 

between genotypes, and the mechanisms behind them.  
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4.5.2 Cell viability 

To identify whether expression of mHTT impacted culture viability, a series of experiments were 

conducted in which the LDH levels released from CPN-containing cultures at d50 were 

assessed. The concentration of LDH release was assessed in baseline conditions, i.e. with no 

stimulation, stress or treatment and normalised to total cell number (total LDH release). The 

data shown in Figure 4. 7A demonstrates that viability does differ between genotypes, and in 

some cases, between clones of the same genotype [clone 22Q (2) significantly reduced 

compared to clones (1; p = 0.0007) and (3; p = 0.0592)]. By combining the data from multiple 

clones of the same genotype however, it was possible to better gauge if mHTT per se impacts 

viability. As seen in Figure 4. 7B, a significant reduction in viability (3.21%) was observed 

between 75Q clones when compared to control (22Q and 30Q data combined) (p < 0.0001) 

[average viability control = 91.01%, 75Q = 87.8%].  

 

Figure 4. 7. Viability of CPN-containing cultures at d50. The levels of LDH released from CPN-

containing cultures was assessed at d50. A) Each clone was analysed for the percentage of viable cells 

from a total cell death internal control. B) Clones were grouped by genotype and data collated to present 

average viability per genotype, data from 22Q and 30Q genotypes were grouped as control. Data are 

presented as mean ± S.D. (N = 1 -2, n = 3, n ≥ 12). **** p < 0.0001. 

4.5.3 Cellular adhesion 

As neuronal morphology appeared to differ between genotypes, further investigation was 

warranted into the functional properties of the PSC-derived CPN-containing cultures. It had 

been noted during the course of this project that the levels of adhesion appeared to differ 

between cultures. Particularly during early stages of differentiation, such as between passage 

one and two, HD cultures appeared to have reduced adhesion compared to control cultures - 

this was observed in both HD family series and the IsoHD series. For this reason, a series of 

adhesion assays were designed to test the adherent properties of the cells at different time 

points in culture. As discussed previously (section 3.5.3.1), PSCs expressing mHTT 

demonstrated reduced adhesion to Geltrex than their 22Q or 30Q counterparts (22Q vs 75Q p < 

0.0001; 30Q vs 45Q p < 0.0001; 30Q vs 81Q; p < 0.0001). The adhesion of NPCs to a laminin 

substrate was tested at d30 in differentiating CPN cultures. The data obtained from 22Q and 

30Q cultures was combined and termed control, and was found to have significantly increased 
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adhesion compared to 75Q cultures (p <0.0001) (Figure 4. 8B). Specifically, it was observed 

that 75Q NPCs had on average a mean difference of 84.45 adhered cells when compared with 

control. Examples of this are shown in Figure 4. 8E. To identify whether the reduced adhesion 

phenotype persisted into maturity, the adhesion assay was repeated on cultures aged to 50 

days (Figure 4. 8C and F). Interestingly this was not the case; 75Q neurons adhered equally 

well to the substrate as control neurons (p = 0.9123). 

 

Figure 4. 8. Quantification and representative images of adhesion assays on PSCs, cortical NPCs 

and mature CPNs. The adhesion ability of PSCs and PSC-derived neurons at different stages of 

differentiation was assessed using an in-house adhesion assay. A) PSCs expressing mHTT from both the 

HD family series (75Q) and IsoHD series (45Q, 81Q) had reduced adhesion compared to control 

counterparts (22Q, 30Q). B) Cortical NPCs assessed at d30 demonstrated reduced adhesion in the 75Q 

line compared to control NPCs. C) No difference was observed between genotypes of CPN-containing 

cultures assessed at d50. Representative images of cultures post-adhesion assay for D) PSCs, E) NPCs 

and F) CPNs. Three FOV were manually quantified for each clone which was run in duplicate. Data are 

presented as mean ± SEM; (N =1- 2, n = 2, n ≥ 16)  **** p < 0.0001. 

4.5.4 Neuritogenesis and culture topology  

During the course of CPN differentiation it became evident that during ageing, the neurons 

behaved differently, in particular with regard to their neurite morphology. Whilst plating and 

culture conditions remained constant between clones, at later stages of differentiation the mHTT 

expressing clones showed a more bipolar morphology, with shorter processes that formed a 

sparser network across the culture dish. Using the IncuCyte longitudinal imaging platform, with 
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in-built NeuroTrack software, CPN-containing cultures of either 22Q or 75Q genotype of the HD 

family series were then analysed for differences in neurite outgrowth and cell cluster number 

and area. NeuroTrack software segments the culture area imaged into either ‘Cell clusters’ or 

‘Neurites’ (see Figure 2.5). Data collected includes average neurite length, number of branch 

points, number of cell-body clusters, and cell-body cluster area (Figure 4. 9A, C, E, G). Neurite 

length and branch point number can also be normalised to cell-body cluster metrics, giving an 

average neurite length/branch point per cell cluster (Figure 4. 9I & K). As the initial 

measurements of each of these parameters tended to differ between genotype e.g. 22Q neurite 

length started at 31.39mm, whereas 75Q started at 20.51mm, an overall percentage rate of 

change was calculated to accommodate these discrepancies (Figure 4. 9B, D, F, H, J, L, N, P). 

To analyse the data, a repeated measures ANOVA with Bonferroni correction was calculated, 

as well as linear regression analysis (Table 9). For the overall percentage change, a Student's t-

test was used to compared genotypes.  

4.5.4.1 Neurite length 

Overall, the average neurite length appeared longer in 22Q cultures compared to 75Q cultures 

at each time point (Figure 4. 9A & B). Within a repeated measures ANOVA of the data, the HTT 

polyQ-length accounted for 38.02% of the variation (p < 0.0001), however this result only 

reached significance at time points 60 h and 78 h when Bonferroni corrected for multiple 

comparisons (p = 0.48, p = 0.0264). Similarly, the overall percentage change did not 

significantly differ between groups (p = 0.6512). Linear regression analysis of the slopes 

returned a trend towards significance (p = 0.056). 

4.5.4.2 Branch points 

When assessing the number of branch points between groups, there was a significant 

interaction between time and polyQ repeat length, accounting for 6.407% of the variation (p = 

0.0147). Both time variable, and polyQ length also reached significance, accounting for 21.9% 

and 36.91% of variation respectively (p < 0.0001). When adjusted for multiple comparisons, no 

significance was found between genotype at the initial time point (p = 0.403), however all 

subsequent time points were significant. Accounting for the discrepancy in starting value, when 

assessing the overall percentage change, there was a trend towards reduced numbers of 

branch points in 75Q cultures compared to 22Q (p = 0.063) (Figure 4. 9C & D). Linear 

regression analysis of the slopes showed no significant difference between genotypes (p = 

0.842). 

4.5.4.3 Cell-body clusters 

By assessing the number of cell-body clusters in a culture over time, the proliferation rate of 

cells could be assessed. Previous data (percentage of ki-67+ cells in culture) had suggested 

that 22Q cultures had a higher proportion of persistent proliferating cells. It was found that time 

and HTT polyQ-length contributed 37.41%, and 20.19% variation overall (p < 0.0001), however, 

only 78 h returned a significant difference when assessing time points individually, after 

correction for multiple comparison (p = 0.0452). There was no significant difference found in the 
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overall percentage change (p = 0.2023) (Figure 4. 9E & F) and linear regression analysis did not 

find a significant difference between slopes.  

4.5.4.4 Cell-body cluster area 

By determining the total area covered by cell-body clusters compared to neurites, it is possible 

to discern any differences in cell body size or clustering behaviour. This result proved 

interesting, as a significant interaction was observed between time and HTT polyQ- length 

(10.30% variation, p < 0.0001), plus both time variable and polyQ-length accounted for 

significant percentages of variation (35.98%, 39.34% respectively, p < 0.0001). Furthermore, 

when assessing each time point, a significant difference was observed in all but the initial 

measurement (p < 0.012 - 0.0001). Similarly, the rate of change was significantly increased in 

22Q cultures compared to 75Q cultures (p = 0.0012), suggesting that 22Q cultures have 

increased clustering tendency or proliferate more, leading to an increased somal area over time 

(Figure 4. 9G & H). Finally, linear regression analysis showed a highly significant difference 

between slopes (p < 0.0001), so much so that the intercepts could not be compared.  

4.5.4.5 Neurite length per cell cluster 

When assessing neurite length per cell-body cluster, is was possible to get an approximation of 

the neurite length per cell. It is important to note, however, that the NeuroTrack software is 

limited in its thresholding, therefore a 'cell-body cluster' frequently accounted for more than one 

cell-body. As such, the values generated for neurite length per cell are very small. It would be 

possible to calculate the average neurite length per cell by manually counting the number of 

cells per image and calculating the overall neurite length as a function of this. However, as each 

data point is an accumulated average from multiple independent experiments, in which six 

replicates sampled four FOV per time point, this process would be too time consuming to 

complete. 

As can be seen in Figure 4. 9I & J, there was no difference between either the average neurite 

length per cell-body cluster (p > 0.99), or the overall percentage change between 22Q and 75Q 

cultures (p > 0.1562), and linear regression returned a non-significant result (p = 0.419). In fact, 

the only significant result was that of the time variable contributing 29.66% of variation (p < 

0.0001).  

4.5.4.6 Branch point per cell-cluster 

The number of branch points could be analysed as a function of number of cell-body clusters. 

When calculated as a function of cell-body clusters, there was a significant difference in both 

time and polyQ-length variables contributing to 8.399% and 49.6% variation respectively (p = 

0.0043, p < 0.0001), but only time points 110 h and 114 h survived correction for multiple 

comparisons (p = 0.0359, p = 0.0166) (Figure 4. 9K). The overall percentage change in number 

of branch points per cell-body cluster did reach significance, as shown in Figure 4. 9L (p = 

0.0394) and regression analysis returned a highly significant difference in the slopes (p < 

0.0001). 
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Figure 4. 9. Morphological differences are found between 22Q and 75Q CPN-containing cultures when assessed longitudinally. Using an IncuCyte longitudinal imaging 

platform, several parameters of neuronal morphology were assessed in cultures at 50 days’ differentiation. The average neurite length (A), number of branch points (C), number of 

cell-body clusters (E) and cell-body cluster area (G) were quantified across 24 images per time point per experiment for 22Q and 75Q neurons. The overall percentage change for 

each of these measures was calculated (B, D, F, H). To calculate per cell values, neurite length (I) was calculated as a function of cell-cluster number; percentage change was 

calculated in the same manner as described (J). The same process was completed for branch point number (K, L). Data points represent mean ± SEM, 24 FOV per time point, per 

clone (N = 1, n = 2, n = 16). A repeated measures ANOVA was completed on time course data; a Student's t-test was completed on rate of change data. Linear regression analysis 

was completed on the data slopes * p < 0.05; ** p < 0.01; **** p < 0.0001. 

Table 9. Summary of Bonferroni post-hoc multiple correction of IncuCyte data, and corresponding linear regression analysis. 

 

 

RM ANOVA 

(Bonferroni)

Time point (h) Neurite length p value Branch points p value Cell-clusters p value Cell-cluster area p value Neurite length/cell-cluster p value Branch point/ cell-cluster p value

6 ns 0.1602 ns 0.4036 ns 0.7158 ns >0.9999 ns >0.9999 ns >0.9999

12 ns 0.258 * 0.0279 ns 0.3999 *** 0.0009 ns >0.9999 ns >0.9999

24 ns 0.2809 * 0.0382 ns 0.2373 ** 0.0012 ns >0.9999 ns >0.9999

30 ns 0.2248 * 0.0264 ns 0.2377 *** 0.0003 ns >0.9999 ns >0.9999

36 ns 0.2531 * 0.0293 ns 0.3803 **** <0.0001 ns >0.9999 ns >0.9999

42 ns 0.0984 ** 0.0094 ns 0.1342 **** <0.0001 ns >0.9999 ns >0.9999

48 ns 0.0602 ** 0.0044 ns 0.074 **** <0.0001 ns >0.9999 ns >0.9999

60 * 0.048 ** 0.0027 ns 0.0926 **** <0.0001 ns >0.9999 ns >0.9999

66 ns 0.1247 ** 0.0027 ns 0.1626 **** <0.0001 ns >0.9999 ns 0.763

72 ns 0.5372 * 0.0164 ns 0.433 **** <0.0001 ns >0.9999 ns 0.3912

78 * 0.0264 *** 0.0002 * 0.0452 **** <0.0001 ns >0.9999 ns >0.9999

84 ns 0.1157 *** 0.0007 ns 0.1813 **** <0.0001 ns >0.9999 ns 0.4472

90 ns 0.1063 *** 0.0006 ns 0.146 **** <0.0001 ns >0.9999 ns 0.2242

96 ns 0.2874 ** 0.0022 ns 0.3104 **** <0.0001 ns >0.9999 ns 0.0736

102 ns 0.3757 ** 0.0016 ns 0.2695 **** <0.0001 ns >0.9999 ns 0.0648

108 ns 0.2832 *** 0.0008 ns 0.1746 **** <0.0001 ns >0.9999 * 0.0359

114 ns 0.4491 ** 0.0018 ns 0.4386 **** <0.0001 ns >0.9999 * 0.0166

Linear regression

Neurite length p value Branch points p value Cell-clusters p value Cell-cluster area p value Neurite length/cell-cluster p value Branch point/ cell-cluster p value

ns 0.056 ns 0.842 ns 0.793 **** <0.0001 ns 0.419 **** <0.0001
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4.5.5 Axon dynamics 

Due to the previous findings in which both morphology and cellular adhesion were found to 

differ in HD CPN-containing cultures, attention was focused on delving deeper into the 

mechanism by which this could be occurring. It was hypothesised that the actin cytoskeletal 

dynamics, in terms of polymerisation and depolymerisation, may be deficient in HD CPNs. As a 

proxy readout for actin cytoskeletal dynamics, the rate of axonal projection was assessed 

through MFC micro-channels. The rationale behind this was, if axonal dynamics were 

compromised a slower projection rate would be expected and vice versa. Identifying whether 

the HTT polyQ-length impacts cytoskeletal dynamics had important connotations within the 

context of this thesis and the field of HD as a whole, because if proven correct such that actin 

cytoskeleton modelling and remodelling occurred at a slower rate or is deficient in any other 

way in CPNs carrying the HD mutation, there is an argument to be had as to the degree to 

which the CS pathway forms correctly in the brain of HD gene carriers. This project was 

designed to investigate whether there was an impairment in the initial CS connections formed 

during development, however this is just one of many possible reasons as to why CS pathway 

connectivity might be impaired in HD.  

4.5.5.1 Axon crossing pilot experiment 

A pilot experiment was designed to identify if PSC-derived CPN-containing cultures were able to 

survive and project through micro-channels in MFCs, aiming to compare four measures of 

axonal dynamics between two 22Q clones and one 75Q clone. MFCs are incredibly useful 

devices that provide fluidic separation between cell chambers whilst allowing physical cell 

interaction. The early interactions between CPNs and MSNs has yet to be studied in a human 

model in vitro; by using MFCs, these experiments could potentially recapitulate early events in 

the establishment of CS pathways in vivo. For reference, the table of measures assessed as 

presented in Chapter 2 (Table 6) has been included here (Table 10). The first measure aimed to 

identify how exploratory the neurons were in terms of projection and retraction of neural 

processes. This measure was assessed by counting the number of neuritic projections that had 

entered the micro-channel openings every 48 h for seven days. The second measure was 

aimed at assessing axonal projection ability, and comprised daily quantification of the number of 

axons emerging into the axonal chamber of MFCs. The third measure assessed the overall 

number of projected axons at the termination of the study, and as such the projection efficiency 

could be calculated by dividing the number of successfully projected axons, by the total number 

that had entered the micro-channel openings. Finally, the fourth measure was an analysis of the 

axonal networks that had been formed by cortical axons post-projection. This measure was 

based on the scoring system described in 2.9.2.1, and was aimed at identifying the levels of 

interaction between cortical axons. 

  

This pilot experiment demonstrated that PSC-derived CPN-containing cultures could survive in 

and successfully project across the micro-channels within the MFCs, meaning this in vitro 

system could be utilised to measure key phenotypes in early CPN axonal projection. The pilot 
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data also suggested that 75Q cultures were superior in their pathfinding ability to 22Q clones as 

demonstrated by a higher channel occupancy across the length of the experiment (d7 22Q = 76 

vs 75Q = 136) however, when the percentage change was calculated, by normalising d7 to d1 

values, it was apparent that this was not correct (Figure 4. 10A), although the rates of each 

control clone were not significantly different. Despite subtle differences in the number of axons 

entering the micro-channels, all of the clones struggled to successfully project their axons the 

whole way through to the axonal chamber over the experimental period; no significant 

difference was observed in the rates of projection between 22Q and 75Q clones (Figure 4. 

10B). One contributing aspect to this was the variability in MFC construction itself; it was noted 

that particularly in the MFCs blindly allocated to control clones, some of the micro-channels 

remained blocked by coating substrate (laminin), which hindered axonal projection through 

micro-channels, therefore it was noted that further optimisation would be required in order to 

accurately assess CPN axonal projection. The success rates of the clones in terms of total 

number of projected axons also did not differ and the projection efficiency [100 x (Measure 

3/Measure 1)] was also similar between clones (22Q = 11.14%, 75Q = 7.82%) (Figure 4. 10C). 

Unfortunately, this experiment had to be terminated at d7 as the optical clarity of the devices 

was compromised and the final measure of network complexity could not be assessed. 

Furthermore, although the variance of measure one was extremely small, the variability of 

measures two and three meant that no clear conclusions could be drawn. It was clear that 

further optimisation was required to increase the efficiency of cortical axon crossing within the 

MFC devices.  

 

 

Figure 4. 10. Axon crossing pilot experiment. A pilot experiment was designed to identify if PSC-

derived CPN-containing cultures were able to survive and project through micro-channels in MFCs. The 

experiment set out four measures to be assessed over the period of 10 days, targeting different aspects of 

neuronal functionality. A) The number of cellss projecting neural processes into micro-channel openings 

was assessed over a period of 7 days [measure 1]. The rate of channel occupancy was calculated by 

dividing the last time-point value by the first. B) The number of axons projecting through micro-channels 

into the axonal chamber was quantified every 24 h for 7 days [measure 2]. C) The percentage axon 

crossing efficiency was calculated by dividing the d7 values of measure 2/measure 1. Data are presented 

as mean ± SEM; n = 3. 
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Table 10. (Identical to Table 6). 

Biological 

process 
Measure Description 

Days 

assessed 

How exploratory 

are the axons? 
5. Channel occupancy 

The number of micro-channels 

(total 168/MFC) occupied by 1 

or more neural projection. 

1, 3, 5, 7 

How fast are the 

axon 

cytoskeletal 

dynamics? 

6. Latency to cross 

The number of axons 

successfully projected through 

to the axonal compartment. 

Every 24 h 

How efficient is 

the culture in 

terms of 

projection? 

7. Projection efficiency 

The total number of axons 

projected through to the axonal 

chamber divided by the total 

number entered. 

End of 

experiment 

(d7) 

Are the neurons 

capable of 

generating an 

axonal network? 

8. Network complexity 

An assessment of how 

complex the projected axonal 

networks are: axonal 

interactions and branching 

points, evidence of synaptic 

swellings. Scoring system as 

follows: 

0 = no networks formed/no 

interactions. 

1 = axons are in close 

proximity to each other. 

2 = axons look to be 

interacting with each other in a 

simple network. 

3 = axons are interacting with 

each other in a complex 

network - multiple interaction 

points on same axons and 

multiple axon interactions. 

End of 

experiment 

(d7) 

 

4.5.5.2 Axon crossing stimulation pilot experiment 

Several avenues of study were investigated to increase the efficiency of cortical axonal 

projections through MFC devices in order to facilitate the study of early CS-pathway 

development. Although shortening the length of the micro-channels would have almost certainly 

have increased axonal crossing, this was not possible due to the lack of appropriate MFC 

templates, therefore a biological solution was investigated.  

Both GDNF and nerve growth factor (NGF) are key chemoattractant molecules for CPNs 

(Drescher, 2011; Markus et al., 2002). Furthermore, as CPNs project their axons towards the 

striatum in vivo, it was hypothesised that the MSNs themselves may be secreting trophic or 

chemoattractant factors which would stimulate projection. To assess if the above factors could 

influence the projection rates of cultures, a single HD clone [75Q (3)] was plated into the somal 
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chamber of MFCs and subject to the above treatments, all of which were compared to baseline 

conditions (unconditioned N2B27 media, referred to as control). To assess if GDNF and NGF 

had a dose dependent effect, three doses were trialled. To assess if the trophic secretions of 

MSNs differed according to whether they expressed mHTT or not, conditioned media from 22Q 

and 75Q MSNs aged to d36 was collected. The experimental design from section 4.5.4.1 was 

replicated and the investigation was scheduled to run for ten days.  

As can be seen from Figure 4. 11, neither GDNF (A), NGF (B) or MSN conditioned media (C) 

had a stimulatory effect on channel occupancy (measure 1) above control levels. However, 

when assessing the second measure (latency to cross), although GDNF had no effect at any 

dose (Figure 4. 11D) it was found that NGF was able to dose-dependently increase the number 

of axons successfully projecting into the axonal chamber above that of control levels [d10 50 

ng/mL = 14, 100 ng/mL = 23, 200 ng/mL = 29] (Figure 4. 11E). Furthermore, whilst 22Q MSN 

conditioned media also had no effect above control [22Q MSN = 11.5 vs control = 9], the data 

presented in Figure 4. 11E shows that media conditioned by 75Q MSNs had a detrimental effect 

on cortical neuron projection [75Q MSN = 1.5 vs control = 9], however further investigation 

would be required to confirm this result in other lines. These experiments were not completed 

within this project as they were not deemed essential to the study; this was a pilot experiment 

designed to explore if chemical stimulation could increase axonal crossing with a view of 

optimising conditions for CS co-culture.  

As these experiments were completed in a line expressing mHTT, it was important to establish 

whether the effects seen were specific to HD cultures, or if control cultures would also behave in 

the same manner. As no effect was seen with GDNF in the previous experiment, this was not 

tested again. Firstly, assessing measure 1 in 22Q cultures, again treatment did not appear to 

impact the number of channels occupied by neural processes (Figure 4. 11J). There was an 

initial decrease percentage of occupancy (~80% d1) in MFCs treated with 22Q MSN-

conditioned media, which was reduced over time (6% d7). When assessing projection latency 

(measure 2), it was found that that although 200 ng/mL NGF was able to substantially increase 

axon crossing above other treatment groups ( ~270% above most other treatments), this was 

still deficient when compared to control media alone (Figure 4. 11K). Indeed, when comparing 

22Q and 75Q cultures treated with control media alone, a striking difference was observed 

(Figure 4. 11O). In control conditions, 22Q cells were able to project axons across at a quicker 

rate, and 45-fold higher number than 75Q cells (d9 22Q = 503, 75Q = 11). These results 

suggested that further investigation was warranted into CPN axonal dynamics in baseline 

conditions.  

This was further supported by the axonal projection efficiency observed between treatment 

groups of both 22Q and 75Q cultures (measure 3). In the 75Q cohort, NGF was able to dose-

dependently increase the total number of projected axons, and thus projection efficiency above 

that of control (200 ng/mL = 27.1% vs control = 10.6%) (Figure 4. 11G & H). However, when 

assessing 22Q cultures, although NGF did increase projection above other treatment groups, it 
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remained ineffective in comparison to control (200 ng/mL = 267 axons vs control = 503 axons) 

(Figure 4. 11L & M). 

Finally, the axonal network formed post-projection was assessed and ranked according to the 

scoring system described in 2.9.2.1 (measure 4). For 75Q cultures, only the 200 ng/mL NGF 

treatment group was able to form simple axonal networks in which minimal interaction could be 

seen. Treatment with control media did not have any stimulatory effect, and treatment with 

either 22Q or 75Q MSN conditioned media appeared to hinder the formation of axonal networks 

(Figure 4. 11I). In contrast, 22Q cultures appeared much more able to form axonal networks in 

almost all treatment groups (Figure 4. 11N). Both 200 ng/mL NGF and control media treatment 

cultures produced complex axonal networks with multiple interaction sites. Interestingly, the 

data demonstrate that despite low axonal projection frequency, in the 75Q MSN conditioned 

media treatment group, a simple axonal network was able to form, greater than the complexity 

observed in 22Q MSN media treated cultures. This result was particularly interesting when 

compared to Figure 4. 11I, as it suggests that CPNs of different genotypes may behave 

differently when projecting towards either non-HD or HD MSNs as a result of, potentially, the 

trophic factors or cellular stress signals being released.  
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Figure 4. 11. Axonal projection of PSC-derived CPN-containing cultures after stimulation. One HD clone [75Q (3)] was seeded into the somal compartment of MFC and allowed 

to attach for 24 h. A full media change of the axonal compartment was completed with media containing either 50 - 200 ng/mL GDNF, 50 - 200 ng/mL NGF, 22Q MSN/ 75Q MSN 
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conditioned media or N2B27 (control) media. Somal compartments remained in N2B27 media throughout. Half media changes were completed every 48 h. Axon dynamics were 

assessed over a period of 10 days. Graphs represent the 4 measures assessed: Channel occupancy with (A) GDNF, (B) NGF and (C) MSN conditioned media; Axons crossed in (D) 

GDNF, (E) NGF and (F) MSN conditioned media conditions. The total number of projected axons at the termination of the experiment is also shown as both absolute numbers (G), and 

percentage axon crossing efficiency (H). The complexity of the axonal networks generated at the termination of the experiment and was scored from 0-3 (I). The same experimental 

set-up was performed using a non-HD clone [22Q (1)] with just NGF or MSN conditioned media as GNDF showed no effect previously (J - M). The projection of 22Q and 75Q axons in 

baseline conditions were re-plotted against each other to show the overall axon crossing efficiencies seen with these experiments (O). The colour key pertaining to each treatment 

group is shown. Data are presented as raw values; n=1 per treatment condition except MSN conditioned media and controls where data points are the mean (n=2) ± S.D.
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4.5.5.3 Axon crossing ability of CPNs within MFCs 

Following the results of both un-stimulated, and stimulated pilot experiment sets, a full 

investigation was designed to assess the axonal dynamics of the HD family series, by 

assessing their axonal projection over a period of seven days. As preliminary results suggested 

a mHTT-dependent phenotype may be present, experiments were conducted in PSC-derived 

22Q, 58Q and 75Q CPN-containing cultures, so it could be identified if the phenotype was Q-

length dependent. Furthermore, as the number of MFCs per clone was increased to increase 

the number of technical repeats, the number of measures assessed was reduced to focus on 

axonal projection frequency, latency and network formation. 

As can be seen in Figure 4. 12A, there is a polyQ-repeat length dependent deficiency in the 

ability of cells to project through MFCs. At day five, 75Q cells were projecting on average 184 

fewer axons than 22Q cells (p = 0.029). By day six, significant differences were observed 

between all groups [22Q vs 58Q p = 0.04; 22Q vs 75Q p = 0.0052; 58Q vs 75Q p = 0.037], 

which was further supported by day seven whereby both 22Q and 58Q cells had projected 

significantly more axons than 75Q cultures [22Q vs 75Q p = 0.455; 58Q vs 75Q p = 0.0014]. 

Secondary analysis consisted of imaging the axonal networks that were formed post-axonal 

projection. As can be seen qualitatively in Figure 4. 12B, 22Q cells produced highly dense and 

complex axonal networks. Axonal interactions were evident and on high magnification, it was 

possible to observe axonal swellings around interaction points. In contrast, the complexity of 

axonal networks produced by cells carrying the HD mutation appeared to be reduced in a CAG-

length dependent manner (Figure 4. 12C & D). Efforts were made to identify the level of 

electrophysiological activity in these cultures and show that these were functionally active 

neurons, using the calcium binding dye Fluo4. However, despite extensive optimisation efforts, 

the difference in Z plane between micro-channels and somal/axonal chambers prevented clear 

time-lapse imaging of the cultures as a whole, therefore these data could not be used to assess 

connectivity.  
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Figure 4. 12. Axonal projection is reduced in HD CPN-containing cultures in a CAG-length 

dependent manner. Neurons were cultured for a period of 7 days in MFCs and axonal projection was 

quantified every 24 h (A). Data are presented as mean ± SEM; (N = 1, n = 2, n = 4)* p < 0.05; ** p < 0.01 [* 

= 22Q vs 75Q; # = 22Q vs 58Q; $ = 58Q vs 75Q]. Representative images of axonal networks formed post-

projection by 22Q CPNs (B), 58Q CPNs (C) and 75Q CPNs (D).  

4.5.6 BDNF release and storage  

In HD animal models, almost every aspect of BDNF processing is altered. Fewer studies 

however, have aimed to replicate this in a human model, therefore it is unknown as to whether 

the same phenotypes in terms of reduced BDNF production, deficient BDNF anterograde 

trafficking and subsequent release, as well as post-synaptic uptake and retrograde movement, 

are also replicated in a human context. This project therefore aimed to identify whether any HD 

phenotypes emerged with regards to BDNF in PSC-derived CPN-containing cultures and if so, 

whether in a HTT polyQ-length dependent manner.  

4.5.6.1 BDNF release 

Initial investigations focused on assessing the concentration of BDNF protein released by the 

CPN cultures into their supernatants. In the CNS, BDNF is released in an activity dependent 

manner from axon terminals, usually in combination with glutamate (Bathina and Das, 2015; 

Ferrer et al., 2000). Therefore, this project assessed BDNF release in both un-stimulated 

(baseline) and stimulated conditions. Two methods of stimulation were chosen: potassium 

chloride (KCL) is the classic stimulant used for BDNF release studies (Hartmann et al., 2001; 

Kuczewski et al., 2009; Zuccato and Cattaneo, 2007) as it depolarises cellular membranes and 

encourages the release of all BDNF from internal stores (Campbell, 2004). On the other hand, 

glutamate was used to assess excitation-induced release. The concentrations of each stimulant 

were relatively high for physiological studies, but were chosen on the basis of previously 
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published studies and to ensure the concentrations of measured protein would be within the 

detection limit of the ELISA used for assay. 

 

The results from the BDNF release studies were somewhat challenging to interpret (Figure 4. 

13). Although there did appear to be a HD-associated phenotype, albeit not in an HTT polyQ-

length dependent manner, the overall variation between experiments, particularly in control 

cultures, precluded a significant difference between the groups using two-way ANOVA. 

Furthermore, as the concentrations released were close to the lower detection limit of the 

assay, even with stimulation, with some recordings not reaching this lower limit, there was not 

enough confidence to draw firm conclusions with regards to BDNF release. Overall there was 

no significant interaction between HTT polyQ-length and treatment (p = 0.648). Furthermore, 

neither polyQ-length nor treatment reached significance independently (p = 0.132, p = 0.504 

respectively). Similarly, post-hoc analysis did not produce significant differences between 

treatments or CAG-lengths (p > 0.267 - 0.99). 

4.5.6.2 BDNF storage 

BDNF release relies on both its production and subsequent processing, as well as functional 

trafficking, whereby BDNF is trafficked along microtubules in DCVs. Defects in these 

phenomena had previously been reported. To determine if a reduced intracellular pool existed 

in HD clones, the total levels of intracellular (stored) BDNF were assessed by ELISA. The 

corresponding cell pellets used to generate data in Figure 4. 13A were lysed in RIPA buffer and 

subject to ELISA quantification. As shown in Figure 4. 13B, HD cultures appear to have reduced 

levels of intracellular BDNF protein compared to control cultures, which are albeit more variable. 

Overall there was a significant effect of HTT polyQ-length (p = 0.0326), however this 

significance was lost during post-hoc testing; a trend to significance was observed in KCL 

treated cultures with a mean difference in protein concentration of 47.49 pg/μg between 22Q 

and 75Q cultures (p = 0.1). Whilst these data suggest the HD mutation may be impacting the 

production and storage of BDNF, there was still the possibility that DCV trafficking may be 

deficient in these cultures also. Unfortunately, it was not possible to obtain the materials 

required to transfect exogenous BDNF, or tag endogenous BDNF (eGFP/quantum dot), 

therefore BDNF trafficking studies were not carried out. 
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Figure 4. 13. Release and storage of BDNF in stimulated and un-stimulated conditions from day 50 

CPN-containing cultures. A) The levels of BDNF secreted into the supernatant without stimulation or 

after addition of 50 μM KCL or 200 μM glutamate was assessed using a BDNF ELISA assay (BDNF 

released is normalised to total cell protein (pg/ug) from each sample). B) To quantify the precise levels of 

intracellular BDNF, the corresponding cell pellets from (A) were lysed and intracellular protein also 

subjected to BDNF ELISA. Protein concentrations were normalised to total protein concentration as 

determined by BCA assay, using the same cell lysate. Data are presented as mean ± SD; (N = 1, n = 1- 3, 

n = 8). 

4.6 Discussion 

To assess the possibility of mHTT-dependent phenotypes in developing CPNs, a multistage 

process was undertaken. Initially, a full characterisation of PSC-derived CPN-containing 

cultures was necessary to ensure the cells were representative of cortical layer V neurons found 

in the human CNS, prior to any assessment of phenotype or function. To that end, novel 

adaptations were made to the Shi et al protocol so that layer V CPNs could be reliably 

generated and assessed in multiple formats. Once characterisation of culture composition using 

immunofluorescence-mediated microscopy was completed as far as possible, several 

investigations were initiated into the functionality and phenotype of the cultures. These focused 
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on cell morphology, axonal outgrowth dynamics, and BDNF production and release; several 

mHTT-dependent phenotypes were uncovered. 

4.6.1 Layer V CPNs can be produced from HD family series, and IsoHD series 

PSCs 

The Shi et al protocol has been widely used in a variety of studies, producing cortical neurons 

for assessment of phenotypes for a multitude of diseases including HD. During the course of 

this project however, it was discovered that the reliability of differentiation success was not 

sufficient to enable robust investigation into HD phenotypes. As this was one of the primary 

aims of the project, adaptations were designed and carried out to increase the reliability of 

differentiation success and thus increase the material generated for experimentation.  

The adaptations acted to reduce the levels of cell death experienced during the differentiation 

procedure, whilst also improving the plating distribution for terminal experimentation. It was 

observed that the adaptations did not appear to have any effect on culture composition, in terms 

of cortical layer production, as a significant proportion of layer V CPNs were easily identified in 

each differentiated culture. Furthermore, there did not appear to be any difference introduced by 

genotype in response to the adapted protocol i.e. both control and HD cultures responded 

equally.  

The reliable generation of layer V CPNs enabled the assessment of culture composition 

between genotypes. It has previously been reported by several groups that the HD mutation 

hinders the differentiation and maturation of striatal cells (Conforti et al., 2018; 

The HD iPSC Consortium, 2012). However, this phenomenon has been relatively under-

investigated in the literature with regard to CPNs, indeed the only reports found to date were 

published in 2018 (Conforti et al., 2018; Mehta et al., 2018). One study compared CPNs derived 

from juvenile HD lines expressing 180, 109 and 77 HTT CAG repeats with age matched 

controls. The results found in this thesis compliment those found by Mehta et al, in that no 

difference was observed between genotypes in the ability to produce layer V CPNs (Mehta et 

al., 2018). Moreover, the authors did not state any difference in the percentages of proliferating 

cells and NPCs in cultures when assessed over a variety of time-points. This study supports the 

first statement, in that no difference was observed in the percentage of proliferating cells at d50 

as identified by ki-67+ staining, however a significantly increased percentage of nestin+ cells 

was observed in these HD cultures, suggesting that there could be variability between PSC 

lines. The authors also stated that the emergence of GFAP positive cells was similar between 

genotypes, however no evidence of GFAP reactivity was observed in the cultures used in this 

thesis. The reason behind this could be due to the time over which cultures were maintained - 

GFAP reactivity is not observed in cultures differentiated using the Shi et al., protocol until 

d100+. As the majority of cultures assessed for culture composition were terminated at d60, 

with the exception of d90 cultures assessed for upper cortical layer markers, it is not surprising 

that GFAP+ cells were not identified. Furthermore, without a positive control, it is not clear 

whether the antibody was functional or specific. 
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Whilst the authors of the 2018 study did not identify any differences in the ability of PSCs to 

differentiate into layers of the cortex, a phenotype was found in terms of neuronal maturation. 

Transcriptomic data revealed HD CPNs had lower expression of genes necessary for action 

potential generation, including sodium ion channels, than control neurons, thus suggesting that 

at the same time in culture, HD CPNs are less mature (Mehta et al., 2018). This project 

unfortunately could not assess the maturation rate of CPN-containing cultures despite multiple 

attempts, as the optimal conditions required for repeated MEA recordings could not be 

established and only incomplete data sets were produced.  

4.6.2 The emergence of multiple HD-associated phenotypes can be observed in 

culture 

Once fully characterised, investigations into the emergence of HD-associated phenotypes in 

culture could begin. One of the first parameters assessed was that of cell viability, as it has 

been widely reported in the HD brain the cortex is selectively vulnerable to mHTT toxicity, 

specifically layer V CPNs (Han et al., 2010). Using multiple methods, this project identified that 

PSC-derived CPN-containing cultures expressing mHTT had reduced viability when compared 

to control counterparts. These measurements were carried out in baseline conditions with no 

stimulation or stress and demonstrate that cortical vulnerability in HD is replicated in an in vitro 

format. Despite it being well established in the HD field that distinct layers of the cortex are also 

selectively vulnerable in HD (Han et al., 2010), a finding that is robustly reproducible in animal 

models (Ferrante, 2009) and supported by human data from post-mortem analysis (Estrada-

Sánchez and Rebec, 2013), it was yet to be established whether PSC-derived CPNs show 

decreased viability in culture. Although the reduction in viability was small, these are important 

findings as it suggests that even in the earliest stages of disease, the HD mutation may be 

compromising CPN viability in the CNS and thus potentially impacting cellular function over a 

longer time course i.e. if the basal death rate is just 1% more than in controls, over time that 

may have a significant effect in terms of both structure and function. 

As described previously (section 3.6.2.2), it has been reported that multiple cell types 

expressing mHTT have altered adhesion (Reis et al., 2011). Here, it was identified that PSCs 

and PSC-derived cortical NPCs showed reduced adhesion in a mHTT dependent manner. 

Interestingly, the difference in cellular adhesion between genotypes was lost once cells reached 

maturity at d50. These data were reflective of what was observed in routine tissue culture: the 

time taken for cells to detach during Accutase passage was equal between genotypes (~5 min) 

when performing the late-stage split. Furthermore, unlike MSNs, there did not appear to be any 

difference in the levels of detachment from the substrate during ageing - HD cultures were 

routinely maintained for 100+ days alongside control cultures. To identify the cause of the 

developmental stage-dependence of the adhesion phenotype, it would be interesting to assess 

the expression levels and localisation of integrins and N-cadherins in cell samples. By 

assessing levels of N-cadherin, it could be identified if these data truly corroborate those 

findings in Reis et al (2011). Moreover, as N-cadherin is intrinsically important for neurite 

outgrowth and actin cytoskeletal dynamics, in both NPCs and neurons (Liu et al., 2018; 
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Miyamoto et al., 2015), altered expression levels could also explain several other HD 

phenotypes as discussed below.  

The morphology of neurons is extremely important for their correct functioning; axons need to 

be dynamic and as such, their microtubules and actin filaments need to polymerise quickly to 

reach their intended targets, as well as remodel themselves efficiently during learning and 

memory. As the cortical layer V neurons form some of the longest projections within the brain 

(Haber, 2016; Reiner et al., 2010), it was important to identify whether the expression of mHTT 

altered the morphological properties of these neurons. By using a longitudinal imaging platform, 

it was possible to not only visualise the cultures in controlled conditions over time, and therefore 

complete comparisons at each time point, but also to assess any differences in the rates of 

change over time. The results from these experiments proved intriguing, more so as they were 

somewhat in line with previously published findings. Although no significant difference was 

observed in the overall percentage change of neurite length between genotypes, it cannot be 

overlooked that at every time-point assessed, HD neurites were on average 10 mm shorter in 

length than control counterparts, so much so that at the final time-point assessed, the average 

neurite length of 75Q cultures reached the same value as 22Q cultures at the start of recording. 

This could indicate that the HD mutation renders the neurons less able to extend neurites in a 

global manner. These results compliment similar studies, in which Neuroleucida tracing 

software was used to measure the neurite length of iPSC-derived CPNs differentiated with the 

un-modified Shi et al protocol (Mehta et al., 2018). The authors identified that at d130 in culture, 

there was an HTT CAG-length dependent decrease in neurite length of MAP2+ CPNs. 

Therefore, it would be interesting to repeat the experiments in this thesis at multiple time points, 

to identify if the deficiency in neurite length progresses over time.  

The data presented here did not entirely support the study led by Mehta et al., (2018), however, 

in that the authors categorised the neurons within each culture into either an 'un-branched', 

'branched' or 'multipolar' state, and found that there was no difference in the proportions of each 

category between genotypes. Although this project did not categorise the overall morphology of 

cells, it was observed that the rate of change in number of branch points trended towards 

significance, with HD cultures producing fewer branched neurites than control counterparts. A 

possible explanation for this difference in result could be due to the age at which the 

measurements were recorded. These data were derived from d50 cultures, which are still 

relatively immature and dynamic in their properties, whereas the data produced by Mehta et al 

was collected from neurons aged to 130 days. Furthermore, as the analysis methods differed, it 

is difficult to compare the results of the two studies.  

One aspect of CPN morphology that has been well studied in the past is that of neural polarity, 

and whether the HD mutation may impact the ability of CPNs to migrate throughout the layers of 

the cortex to their intended terminal location. Indeed, several studies have identified that HTT 

has a role in mitotic spindle orientation during development (Godin et al., 2010b; Molina-

Calavita et al., 2014), plus a study conducted by Barnat et al., in 2017 discovered that the 

multipolar-bipolar switch that is required for cortical migration was deficient in HD and resulted 
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in abnormal cortical layering (Barnat et al., 2017). There is a relative lack of information 

however, on the axonal dynamics and actin cytoskeleton functionality in CPNs in HD. Due to the 

abnormalities in cellular adhesion, as well as the altered morphological state of HD CPNs, a 

series of experiments were designed in an attempt to assess the axonal and actin dynamics of 

CPNs in a quantitative manner.  

Using MFCs, it was possible to visualise the projection of axons between distinct chambers, and 

thus assess axonal projection frequency and latency. The results proved extremely interesting 

and are a novel finding, as it was observed that axonal projection was deficient in HD in an HTT 

polyQ-length dependent manner. Indeed, the majority of the data published on the CPN CS 

tract is derived from imaging data, which is of course sampled from human patients, or animal 

models once the pathway is fully formed (McColgan et al., 2015). Once projected, it was also 

observed that the axonal networks formed, differed in their density and interactivity between 

genotypes; axonal network morphology also appeared to differ in a polyQ-length dependent 

manner, with increasing polyQ-length producing less dense and less interactive networks.  

These data raise an interesting question that is currently highly debated in the field: does HD 

have a neurodevelopmental element? 

It could be argued that if there is deficient CPN axonal projection in the HD brain, pathways 

such as the CS pathway could either be delayed in their formation, or may never form correctly. 

Against this hypothesis, is the fact that HD gene carriers typically remain symptom free until the 

fourth decade of life (on average) and seemingly develop near-normal cortices. The effects of 

any developmental differences therefore must be slight, to the extent that they are easily 

compensated for. However, the fact that both brain regions connected by this pathway i.e. the 

cortex and the striatum, unequivocally develop pathology first, could indicate that if indeed 

dysfunctional projection is compensated for, this is a limited process; whether the limitation is 

HTT polyQ-length dependent, or simply time dependent, remains to be addressed. Regardless 

of this complex argument, the timeline of CS pathway formation has important implications for 

the most vulnerable cell type in the disease, MSNs. It is well established that MSNs rely on the 

neurotrophic support provided by other brain areas, with BDNF being one of the key 

neurotrophins required for their correct differentiation, survival and functionality (Ferrer et al., 

2000). Animal studies have identified that during neurodevelopment, CPNs do not begin 

producing BDNF until postnatal (P)4 (Baquet et al., 2004), whereas the substantia nigra begins 

expression as early as embryonic (E)13.5. However, as nigrostriatal connections are evident at 

E16.5, the time point at which BDNF protein is also observed in the striatum, it is suggested that 

in the earliest stages of neurodevelopment the striatum receives the majority of its neurotrophic 

support from other brain areas, as the CS pathway has not fully formed (Baydyuk and Xu, 

2014). However, once formed, the CS pathway 'takes over' and produces the majority of trophic 

factors required for MSN functionality. If the CS pathway does not form correctly, or MSNs 

endure a period during later neurodevelopment where these support factors are not being 

delivered, it could be suggested that this may partially explain the selective vulnerability of 

MSNs in HD. Furthermore, if the successfully projected axons are less interactive, it is plausible 
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that fewer MSNs would receive stimulation, and thus support, from a single CPN therefore 

reducing the complexity of the CS network. However, this is just one of several plausible 

explanations. Extensive further study would be required to confirm these hypotheses, and as 

such is beyond the scope of this thesis. 

Another aspect of axonal dynamics that was investigated here was the pathfinding ability of 

CPNs. By using a variety of stimulants, including NGF, GDNF and the conditioned media of 

MSNs, it was possible to identify if there was any discrepancy in the ability of cells to 

successfully project a leading neurite into micro-channel openings, through the micro-channel 

and into the axonal chamber. The choice to use NGF and GDNF as stimulants for axon 

crossing was based on a literature search of compounds commonly used to stimulate neuronal 

projection, both GDNF and NGF were identified as key chemoattractants for CPNs (Drescher, 

2011; Markus et al., 2002). By applying the treatment to the axonal chamber only and 

maintaining fluidic isolation within the device during the experiment, it was possible to assess 

only the retrograde signalling and consequent projection, rather than somal feed-forward 

signalling. When analysing the results, several interesting observations were made. At the first 

time-point, 22Q cells appeared to project triple the number of axons into micro-channels than 

75Qs, regardless of any treatment. As the seeding density was controlled for, this suggests that 

the rate of initial projection is much greater in non-mHTT expressing cells. Interestingly 

however, when the rate of continued projection is followed over time, 75Q cells appear to 

increase the number of channels occupied in an exponential manner, whereas 22Q projection 

follows a more linear trajectory, again regardless of treatment. This could suggest that 

pathfinding ability in cells expressing mHTT is simply delayed rather than deficient. However as 

this rate plateaus around d5 of treatment, it is likely that extending the treatment would not 

result in 75Qs 'catching up' with 22Q neurons. This was confirmed by the number of channels 

occupied at the termination of each experiment, as in some treatment groups, 22Q cells still 

occupied more than triple the number of micro-channels than 75Q neurons.  

In order to identify if this phenotype was indeed caused by a reduction in the dynamics of actin 

polymerisation, or was due to altered growth cone kinetics, future work could focus on live-

imaging experiments in which actin was fluorescently tagged. This would enable the 

visualisation of actin polymerisation and depolymerisation in real-time, and thus reveal if axonal 

projection and retraction was indeed slower in cells expressing mHTT. Furthermore, it would 

also be interesting to conduct non-restricted migration assays, i.e. not in MFCs, to identify if 

somal migration also appeared to differ between genotypes, as this could further support the 

hypothesis that the formation of the CS pathway may be delayed in HD. CPNs must migrate to 

their terminal location prior to beginning axonal projection (Sohur et al., 2014), therefore if this 

initial process is delayed, axonal projection and synaptogenesis with targets such as MSNs 

could be impacted. As the growth cone is integral to both of these processes (Murphy et al., 

2000; Tousley and Kegel-Gleason, 2016), investigations into the responsiveness of growth cone 

dynamics to trophic factors would be of extreme interest. Indeed, this is a relatively under 

investigated area of HD pathophysiology, and as such future experiments would produce novel 

findings in the field.  
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Processes including axonal transport and microtubule trafficking have been found to be heavily 

affected in HD (Akbergenova and Littleton, 2017; Bates et al., 2015; Ehrlich, 2012; Ferrante, 

2009; Labbadia and Morimoto, 2013). This is further compounded by a role for WT HTT in 

axonal transport, whereby the mutant form causes a loss-of function phenotype (Saudou and 

Humbert, 2016). As aforementioned, BDNF is a key neurotrophic factor required for MSN 

survival and differentiation. Contained in DCVs, BDNF is trafficked along CPN microtubules 

prior to its release at axon terminals in an activity-dependent manner. Data presented here have 

demonstrated that axonal projection is deficient in HD, therefore investigations were made as to 

whether this had downstream effects on BDNF secretion.  

Although the results did not reach significance, and therefore must be interpreted with caution, 

there did appear to be a difference in the concentrations of BDNF released into cell culture 

media depending on genotype. Both lines expressing mHTT released lower concentrations of 

BDNF than control counterparts, irrespective of stimulation. This is a common finding in the HD 

field (Estrada-Sánchez and Rebec, 2013; Huang et al., 2016; Zuccato and Cattaneo, 2007), 

indeed several groups have teased out the cause of this and found multifactorial mechanisms of 

action. The release of BDNF relies on at least three factors: the production and storage of 

BDNF, BDNF trafficking, and vesicle fusion and subsequent release. This project found that 

there was a significant reduction of stored or intracellular BDNF when assessed by two-way 

ANOVA, however significance was lost during post-hoc testing. Unfortunately due to the inability 

to obtain expression constructs, BDNF trafficking could not be assessed and further comment 

on the BDNF trafficking deficit described in other studies cannot be made. Furthermore, despite 

precise experimental procedure and rigorous controls, the variability observed between clones 

and experiments limits the significance that can be drawn from the data presented here. The 

chosen method, a commercially available BDNF ELISA, had the highest sensitivity of 

commercial assays available. However, to better quantify the levels of BDNF production both in 

terms of protein and mRNA expression, other techniques such as western blotting and 

quantitative PCR could be employed. As MFCs in their entirety are amenable to imaging, it 

would be valuable also to conduct live-imaging of tagged BDNF within micro-channels so that 

the velocity of vesicle trafficking could be assessed.  

There have been many studies into the impact of BDNF over-expression, deficiency, exogenous 

administration and depletion in HD, as it has high potential as a therapeutic target not only for 

this disease but multiple other neurological diseases. Experiments have been published that 

investigate the exact processes that contribute to a reduction in BDNF trafficking, such as 

vesicle number (Virlogeux et al., 2018) and trafficking velocity (Baydyuk and Xu, 2014) and also 

suggest a possible explanation for reduced BDNF trafficking in mHTT-expressing neurons 

(Drouet et al., 2014). Also, several groups have studied the expression levels of both the BDNF 

mRNA transcript as well as the quantity of protein produced (Gauthier et al., 2004; Apostol et 

al., 2008; Baydyuk and Xu, 2014; Ferrer et al., 2000). These studies will be discussed in further 

detail in Chapter 6, as they are highly relevant to the future directions of this project.  
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4.7 Limitations 
Whilst every effort was made to ensure as pure a neuronal population as possible, it cannot be 

overlooked that full identification of culture composition was not achieved for PSCs subjected to 

the cortical differentiation protocol. A variety of different neuronal types were identified within 

cultures, including a proportion of cells that expressed the markers identifying layers II – IV. 

Similarly to the MSN differentiation protocol however, the identity of some cells within cortically 

differentiated cultures remains unknown and has similar connotations to the previous chapter; it 

cannot be guaranteed that the phenotype observed is due to the true CPNs or NPCs within the 

culture, or indeed an artefact or result driven by the ambiguous cells within cultures. This has 

been identified as a limitation of this thesis. 

4.8 Summary 

An optimised protocol for the generation of layer V CPNs was produced, that could reliably 

produce cultures in which a percentage of CTIP2+ neurons could be identified. Full 

characterisation of these cultures demonstrated characteristics akin to layer V CPNs found in 

the brain, thus it was assumed that experimental outcomes could be representative of 

processes occurring in the human CNS. A variety of HD-associated phenotypes were observed 

in culture, suggesting that the HD mutation has an impact of cellular functioning in pre-

pathology. It was observed that cell viability was reduced with the expression of mHTT and 

several functional aspects of CPN development were also affected. The morphology and 

adhesion ability of CPN-containing cultures was found to differ between genotypes, plus a novel 

experiment revealed axonal projection is deficient in HD cultures in a CAG length dependent 

manner. Finally, preliminary evidence suggests that BDNF levels are affected in PSC-derived 

CPN-containing cultures; the concentration of BDNF released in either baseline or stimulated 

conditions was lower than control cultures, which could be partially explained by the significant 

reduction of BDNF protein found to be stored intracellularly. In summary, these data provide 

partial confirmation of results reported in previous literature, as well as contributing novel 

findings with regard to CPN axonal dynamics.  
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Chapter 5 - Generation of a co-culture platform to model the 

cortiostriatal pathway in vitro 

5.1 Background 

Within the HD field it is widely acknowledged that the CS pathway is of particular interest, as the 

cell types comprising it, namely the layer V CPNs and striatal MSNs, are the ones which 

principally degenerate in the disease (Bates et al., 2015). Functionally, the CS pathway is key to 

multiple aspects of human behaviour. By regulating the activity of the thalamus, and subsequent 

projection to the motor cortex, the CS pathway facilitates coordinated movement and fine motor 

skills (Haber, 2016). Furthermore, as the cerebral cortex predominantly projects to the striatum, 

including both from frontal and parietal lobes, there is a longstanding hypothesis that the CS 

pathway is also involved in cognition (Penrod et al., 2015). 

It comes as no surprise therefore that both of these faculties are disturbed in HD patients (Bates 

et al., 2015). The classic choreic movement is the cornerstone of an HD diagnosis and is 

caused in part by the neurodegeneration of the striatum and subsequent loss of forward-

processing to the motor cortex. A breakdown in CS connectivity is believed to directly contribute 

to this (Bunner and Rebec, 2016; Burgold et al., 2019; Cattaneo, 2007). With regards to the 

cognitive symptoms of HD, many groups have suggested that altered CS connectivity as a 

result of mHTT toxicity contributes to deficits in executive function, working memory and visio-

spatial dysfunction, sometimes very early in the disease. Indeed, evidence from the PREDICT-

HD clinical trial shows cognitive changes can precede the onset of motor symptoms by a 

decade (Stout et al., 2011), which indicates that CS pathway dysfunction is in fact an extremely 

early event in HD pathogenesis. Much focus has been placed on understanding exactly what 

occurs in HD patient brains that leads to the loss of CS pathway connectivity, because the CS 

pathway could be a key target for early therapeutic intervention (Huang et al., 2016; Wild and 

Tabrizi, 2014). 

Human CNS imaging data has greatly contributed to our understanding of CS connectivity 

breakdown during disease progression. For example, it was found that prodromal HD patients 

(~10.4 years from onset) could be distinguished from control subjects based on their CS 

connectivity as assessed by BOLD fMRI (Unschuld et al., 2012). Moreover, animal models of 

HD have demonstrated disrupted CS connectivity, which worsens over time with disease 

progression when assessed by electrophysiological studies (Cepeda et al., 2010, 2007; 

Estrada-Sánchez and Rebec, 2012). Joshi et al identified that alterations in CS connectivity at 

the cellular level, in terms of synaptic connectivity and glutamate release, were altered by one 

month of age in YAC128 mice, which precedes the age at which an HD behavioural phenotype 

manifests in this model (Joshi et al., 2009). Similarly, in the Q140 mouse model, Deng et al 

found a reduction in the absolute number of CS synaptic terminals prior to the onset of striatal 

pathology, suggesting that dysfunction of the CS pathway may commence at the synaptic level 

(Deng et al., 2013). 



160 
 

Some groups have attempted to model the CS pathway in vitro using primary neurons 

harvested from HD animal models. The use of primary neurons for these experiments is 

advantageous as they are extremely well characterised (Milnerwood et al., 2012; Shehadeh et 

al., 2006), and exhibit HD-associated phenotypes such as mHTT aggregates (sections 3.1 and 

4.1). The principle way in which CS pathways have been reconstituted is by co-culturing ex-vivo 

layer V CPNs and MSNs. A variety of different co-culture methods have been generated which 

typically fall into three categories: mixed culture, shared media, or limited physical interaction 

platforms. Mixed culture models either combine cell suspensions of dissociated CPNs and 

MSNs before plating on a communal coverslip, or plate one cell type directly on top of the other 

sequentially, again in a communal culture vessel (Milnerwood et al., 2012; Penrod et al., 2015; 

Buren et al., 2016). In 2012, Milnerwood et al., developed mixed population co-cultures derived 

from WT and YAC128 mice. Focusing primarily on electrophysiology and glutamatergic 

signalling, the authors identified that YAC128 cultures exhibited increased surface expression of 

the GluN2B NMDAR subunit, whilst GluN2A expression remained unchanged between 

conditions. This led to an increased extrasynaptic NMDAR current within HD cultures, which 

had downstream effects on both NMDA-mediated apoptosis and pCREB shut off, which were 

increased by 25% and 35% in HD cultures respectively. Using optogenetic techniques, 

Artamonov et al., selectively stimulated WT and YAC128 CPNs co-cultured with MSNs and 

identified a disrupted synaptic transmission in YAC128 cultures; the latency for excitation was 

much greater in YAC128 CPNs compared to WT, which had downstream effects on MSN 

excitability. Interestingly, when assessing CPN and MSN cultures independently, the authors 

noted that YAC128 CPNs exhibited a hyperexcitable phenotype which persisted for three weeks 

in culture, before decreasing to below WT levels. Similarly, when assessing dendritic spine 

morphology and density in MSNs, the numbers of mature 'mushroom' spines appeared similar 

between HD and WT cultures until ~d19, at which point mushroom spines began disappearing, 

replaced with the immature 'thin' spines. The fact that these phenomena occur in tandem led the 

authors to the hypothesis that a cyclical degeneration is occurring in co-cultures - a decrease in 

cortical activity reduces the probability of mushroom spine maintenance, causing their 

degeneration, this ultimately leads to reduced cortical transmission and causes a further 

reduction in cortical activity (Artamonov et al., 2013). 

 

Shared media only paradigms prevent physical interaction of the two cell types, either by co-

culturing in a device with separate chambers and a porous membrane, or by seeding individual 

neural populations on separate coverslips which are then placed within a larger culture vessel 

(Penrod et al., 2015). Both of these methods enable the free diffusion of solutes and trophic 

factors into the shared medium, without physical contact ever occurring between the two 

neuronal populations. Finally, limited interaction models, which have been designed and utilised 

more recently, allow for a directionality of interaction to be introduced into co-cultures. Two 

methods have been described. Garcia-Munoz et al designed a system in 2015 that was not 

used in a HD context. The authors cultured CPNs and MSNs harvested from E14-17 mice in 

separate compartments of a culture vessel - the separation was introduced by using a cell 

culture insert that could be removed when desired (Ibidis, Thistle Scientific). Once the neuronal 
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populations were established individually, the culture insert was removed and authors observed 

a rapid unidirectional projection of CPN axonal processes towards MSNs which formed 

functional synapses, confirmed by MEA and patch clamp recordings (Garcia-Munoz et al., 

2015). The second method is considered more robust, and utilises MFCs. 

MFCs, as discussed in section 1.9.3.2, are devices that incorporate a physical separation into a 

culture system, and can also introduce fluidic isolation when a volume differential is in place 

(Park et al., 2006). By treating the somal compartment and axonal compartment as cortical and 

striatal regions respectively, one can attempt to replicate the physical separation that occurs in 

the brain and recapitulate the neurodevelopmental processes involved in first establishing CS 

connectivity. Whilst cell bodies are separated by the chamber walls, a series of micro-channels 

connect the chambers, which allow for axonal projection and subsequent connectivity. Co-

cultures using this experimental design have proven fruitful with regards to identifying HD 

phenotypes in the CS pathway, as well as confirming results previously identified in intact 

systems from animal models (Kaufman et al., 2012; Milnerwood et al., 2012; Virlogeux et al., 

2018). 

Zhao et al., assessed synapse formation and aspects of BDNF functionality in co-cultures 

derived from primary BACHD neurons seeded in MFCs. The authors identified a reduction of 

synapses in co-cultures that contained BACHD CPNs, irrespective of MSN genotype, 

suggesting that mHTT expression in the presynaptic neuron was sufficient to initiate disease 

pathology. The second main phenotype was that BDNF trafficking in both the anterograde and 

retrograde direction was impaired in BACHD co-cultures. The authors went on to identify that 

treatment with a subunit of TriC (a cytosolic chaperone) restored retrograde transport to WT 

levels (Zhao et al., 2016). 

Finally, Virlogeux et al., developed a tri-chamber MFC comprising two somal compartments in 

which primary WT or HdhQ140 CPNs and MSNs were seeded, and a third synaptic 

compartment which was located 450 μm and 75 μm from CPN and MSN somal compartments 

respectively. By measuring synaptic phenotypes only from this chamber, the authors ensured 

that only CS synapses would be recorded, as the distances between chambers ensured only 

cortical axons, and MSNs dendrites could interact. The authors reported that both anterograde 

and retrograde transport of BDNF was compromised in HD co-cultures. By transfecting cultures 

with fluorescent indicators iGluSnFR and GCaMP6f, the authors identified a disrupted 

glutamatergic transmission between neuronal populations, which was supported by a reduced 

number of synapses observed in HD co-cultures. In the striatal somal chamber, an interesting 

result was found in the activity and synchronicity of neuronal firing, as HD cultures exhibited 

hypersynchronised burst firing, but were otherwise largely inactive in comparison to WT 

cultures. Finally the authors constructed chimeric cultures in a similar format to above, and 

identified that the phenotypes described were dependent on the genotype of the presynaptic 

compartment i.e. the CPNs. In cultures where CPNs expressed mHTT, the HD-associated 

phenotype was observed, irrespective of the genotype of MSNs, thus supporting the finding by 

Zhao et al (Virlogeux et al., 2018). 
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The use of human neurons within these devices, especially of PSC origin had not yet been 

investigated however. This project was therefore the first known report in which a model of the 

human CS pathway was constructed using PSC-derived CPNs and MSNs, enabling 

investigation of human HD-associated phenotypes. 

5.2 Aims 

1. To establish the viability of PSC-derived MSNs and CPNs when co-cultured in a mixed 

population. 

2. To assess the indirect effects of mHTT on culture composition and viability, by applying 

conditioned media from PSC-derived CPNs on MSNs. 

3. To co-culture PSC-derived CPNs and MSNs in MFCs to recapitulate the formation of 

the CS pathway in vitro. 

4. To test expanded HTT polyQ-dependent effects in terms of synapse formation and 

viability of pure or chimeric CS co-cultures. 

5.3 Methods 

A summary of methods used in this chapter are outlined below. Full experimental protocols and 

parameters can be found in Chapter 2 - Materials and methods.  

 

Pluripotent stem cells were cultured as described in section 2.2 prior to differentiation into MSNs 

and CPNs as described in sections 2.3 and 2.4.  

A variety of co-culture paradigms were designed that included mixed population co-cultures, 

conditioned media paradigms as well as MFC-based co-cultures. 

5.3.1 Mixed population co-cultures 

Ibidi culture vessels are optically clear and allow for a larger diameter culture surface than 

coverslips. HD family series MSNs were seeded into Ibidi culture vessels at either 1 x 10
5
 or 2 x 

10
5
 cells per vessel and left to attach for 24 h. As PSC-derived MSN- and CPN-containing 

cultures are similar in morphology, the MSN-containing cultures were then subject to 

lipofectamine-mediated GFP transfection as described in section 2.5.6 to enable easier 

identification. For half of the cultures, an additional 1 x 10
5
 PSC-derived CPN-containing 

cultures were seeded directly onto the adhered MSNs. As MSNs required media 

supplementation with Activin A, GDNF and BDNF, it was decided that this would be the media 

in which co-cultures were maintained. Mono-cultures (MSNs only) and co-cultures (MSNs + 

CPNs) were maintained for five, or ten days, and observed daily using brightfield microscopy for 

signs of overt cell death. At day 5, brightfield images were acquired at 10x magnification. At day 

10, brightfield images were again acquired prior to culture fixation and confocal microscopy as 

described in section 2.5. As only MSNs were transfected with GFP, a 488 Alexa Fluor-

conjugated secondary antibody was targeted against DARPP-32; this marker is largely specific 

for MSNs therefore the same channel was used in order to leave the remaining channels open 

for further data collection. 
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5.3.2 Conditioned media paradigm 

Experiments in which MSN-containing cultures were incubated with conditioned media collected 

from PSC-derived CPN-containing cultures were completed as described in section 2.10.1.  

5.3.3 MFC-based CS co-cultures 

To physically recapitulate the CS pathway, MFCs were used and co-culture experiments were 

run as described in sections 2.10.3 and 2.10.4. 

Brightfield microscopy was used to monitor MFC-based co-cultures, and immunofluorescence 

was used as described in section 2.5 to visually asses the levels of cell death.  

A pilot experiment was completed in which HD family PSC-derived CPN-containing cultures with 

HTT polyQ-lengths were co-cultured with control MSNs as described in section 2.10.4.1, prior to 

a full experiment as described in section 2.10.4.2.  

To quantitatively assess cell viability, LDH experiments were completed as described in section 

2.10.4.3.  

Finally, assessing the formation of synapses was completed using the standard 

immunofluorescence protocol (2.5.2) that had been adapted for MFC culture vessels. Briefly, 

MFCs were tilted to 45
o
 to allow draining of the culture media by gravity. Supernatant (if not 

used for LDH assays) was aspirated and 150 μL PBS added to both of the top wells of each 

MFC to wash remaining culture media from the chambers. After aspirating the PBS from bottom 

wells, 150 μL 10% formalin solution was applied to both of the top chambers and allowed to 

pass through the chambers with gravity. The cultures were fixed for 15 min prior to aspiration of 

formalin from the bottom wells. The devices were washed twice with 150 μL PBS by adding to 

the top wells, and aspirating from the bottom wells. Devices were then used immediately for 

immunofluorescence staining. To permeabilise the cells, 0.2% Triton-X 100 in PBS was added 

to the top wells and incubated at RT for 15 min. After aspiration from bottom wells, non-specific 

binding was blocked with 10% donkey (dk) or goat (gt) serum (dependent on secondary 

antibody host species), and 1% BSA in PBS for 1 h at RT. Primary antibodies were diluted 

appropriately (Table 4) and 150 μL was added to both the top wells and incubated for 2.5 h at 

RT. Primary antibody solution was removed from the bottom wells and a series of washes were 

completed in which 150 μL PBS was added to the top well and allowed to drain through the 

chambers due to gravity where it was the aspirated from bottom wells. This procedure was 

completed at least five times. Alexa Fluor-conjugated secondary antibodies corresponding to 

the correct species were diluted 1:1000 in PBS and added to top wells and incubated in the 

dark for 45 min. Secondary antibodies were washed in PBS as described above three times 

prior to a 5 min incubation of 1 μg/mL Hoechst in PBS also protected from light. Three final 

rounds of washing were completed prior to storage at 4
o
C, or immediate use. This process was 

completed at day 22 (3 weeks co-culture) and day 30 (4 weeks co-culture). 

Airyscan (Zeiss) processing was applied to acquired images, and .czi files were converted to 

JPEG format. Processed images were imported into Fiji (is just) ImageJ software (version 
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1.52p) and the PunctaAnalyzer plug-in (Ippolito and Eroglu, 2010) was used as follows: JPEG 

images were opened and a selection was applied to the entire FOV. PunctaAnalyzer was 

launched, the co-culture name was set as condition, and red channel, green channel and 

subtract background check-boxes were ticked. Rolling ball radius was set to 50.0 pixels, and a 

threshold (range 65-255) was applied to the red channel image. Particles were analysed of 

sizes (pixel
2
) 4-Infinity, circularity 0 - 1. The same parameters were then applied to the green 

channel, and co-localisation of 'red' and 'green' puncta within 100 μm was automatically 

detected. The plug-in quantified numbers of pre- and post-synaptic puncta located within a 

specific distance from each other and if the parameters are met, a synapse is counted. 

Unfortunately the plug-in does not provide a masked image of the resulting synapses therefore 

user verification and quality control could not take place. Results were saved in Microsoft Excel. 

At least 3 FOV were selected per clonal co-culture.  

Statistical analysis was completed as described in section 2.11. 

5.4 Contributions 

N/A 

5.5 Results 

5.5.1 Mixed neuronal co-cultures 

Whilst this project was not investigating the CS pathway using a mixed culture design, it was 

necessary to identify if the two neuronal populations used here could survive in the same 

culture media, as the ratio of components and supplementation of N2B27 and MSN post-26 

media, differed. As shown in Figure 5. 1A - H, no overt cell death phenotype was observed 

when cultures were maintained in MSN post-26 media, this was concluded as neuronal 

morphology was clearly evident, and although cellular debris was seen, the majority of the cells 

in cultures were phase-dark and adhered to the culture substrate. After five days culture, Figure 

5. 1A and C depict MSN-containing mono-cultures, whilst B and D depict co-cultures with PSC-

derived CPN-containing cultures. Co-cultures were then maintained for a further five days 

whereby brightfield images were once again acquired. When observing the impact of seeding 

density on culture morphology and phenotype, there was not an obvious difference after five 

days of co-culture; more densely seeded MSNs (Figure 5. 1C and D) had a similar cellular 

distribution and morphology to those with 1 x 10
5
 MSNs and CPNs (Figure 5. 1A and B) and 

levels of phase-bright cells (dead cells) appeared similar between cultures. After ten days co-

culture subtle differences were observed. Figure 5. 1E and F show sparser cultures which was 

not surprising due to the lower seeding density, however the number of projections and 

complexity of interactions appeared reduced when compared to Figure 5. 1G and H in which 

double the number of MSNs were seeded. The higher level of network complexity could suggest 

that more inter-neuronal connections were formed, however as functional activity was not 

investigated in these experiments, this cannot be confirmed. 

As the two neuronal populations could not be easily distinguished due to similar morphology, 

the cultures were fixed after ten days co-culture and subject to immunofluorescence staining. 
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Prior to CPN-culture addition, MSN-containing cultures had been transfected with GFP (Lonza 

pmaxGFP) so that a proportion of MSNs would express GFP. Cultures were therefore incubated 

with antibodies targeting DARPP-32 (in the green channel, to cross-label with GFP) and CTIP2 

as shown in Figure 5. 1I - J, and show neuronal cells co-expressing DARPP-32 and CTIP2 (with 

or without GFP) as MSNs, and cells expressing CTIP2 alone as layer V CPNs.  

Taken together these results suggest that the maintenance of CPN-containing cultures in MSN 

post-26 media does not overtly affect their viability; they are able to survive in media with subtly 

different component ratios than suggested by Shi et al (2012). Also, these data suggest that the 

addition of CPNs to an MSN culture environment does not negatively affect their morphology or 

viability. It should be noted that as these were preliminary experiments, they were conducted 

with PSC-derived neurons that did not express pathogenic HTT polyQ-lengths, and results may 

differ if conducted with pathogenic lines.  



166 
 

 

Figure 5. 1. Mixed population CS co-cultures. HD family PSC-derived 

MSN- and CPN-containing cultures (22Q) were co-cultured together for 

5 (A-D) or 10 (E-H) days in MSN post-26 media. Cultures were seeded 

at 100k (A, B, E, F) or 200k (C, D, G, H) density. Images A, C, E and G 

show MSN-containing mono-cultures, and images B, D, F and H show 

co-cultures comprising and additional 100k or 200k d50 CPNs. MSNs 

were GFP transfected prior to plating, co-cultures were fixed after 10 

days incubation and assessed for DARPP-32 (green, with GFP), CTIP2 

(red), and Hoechst (blue), example images of which are shown in I and 

J. Scale bars represent 50 μm. 
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5.5.2 Conditioned media paradigm 

To assess if any factors secreted by CPNs into the medium, such as neurotrophins, or any 

alteration to the properties of the medium that could have an impact on MSN functionality, 

viability and phenotype, a pre-conditioned media experiment was designed. PSC-derived MSN-

containing cultures of varying HTT polyQ-length (22Q, 30Q and 75Q) were seeded into PE 

plates, and at d36 underwent a 90% media change into conditioned N2B27 media collected 

from 22Q, 45Q and 75Q CPNs aged to 50 days - 10% of supernatant was maintained on the 

cells to prevent detachment. Two control (supplemented MSN post-26, and N2B27) media were 

also tested. After 48 h co-incubation, MSN cultures were assessed for LDH release as well as 

HCI to assess culture composition and viability (Figure 5. 2).  

When assessing viability of cultures by quantifying the number of pyknotic nuclei, the genotype 

of MSN cultures contributed 10.13% of variation in a one-way ANOVA (p = 0.0216) however 

following Bonferroni correction for multiple comparisons, no differences were significant 

between control, or 75Q cells. Furthermore, conditioned media treatments did not cause any 

significant difference to culture viability regardless of HTT polyQ-length (p = 0.241 - 0.99) 

(Figure 5. 2A). 

The impact of conditioned media on MSN culture composition was also assessed by quantifying 

the percentages of βIII-tubulin+ and nestin+ cells within cultures (Figure 5. 2B and C) using HCI. 

The percentages of βIII-tubulin+ cells did not differ between conditions when cells expressed 

non-HD HTT polyQ-lengths; overall genotype conferred 5.15% variation (p = 0.0755). However, 

when assessing the impact of CPN conditioned media on 75Q MSN cultures, significant 

differences were found (Figure 5. 2B). A reduced percentage of neurons was found in cultures 

treated with fresh N2B27 media when compared to MSN control media (22.64%) although this 

result was not significant (p = 0.259). Incubation of 75Q cells with conditioned media from 22Q 

cortical cultures resulted in, on average, 35.86% more neurons than N2B27 media alone (p = 

0.0072), similarly, 75Q cortical conditioned media also increased the neuronal percentage by 

35.54% in comparison to N2B27 media alone (p = 0.0079).  

Moving on to assessing the proportion of nestin+ cells in the cultures, which was assessed to 

identify if exposing MSN cultures to cortical conditioned media impacted the rate of 

differentiation and culture maturity, again a similar result was found in that control MSN cultures 

were not overtly affected by the differences in conditioned media composition (p > 0.99), 

however 75Q cells proved more susceptible to alterations (Figure 5. 2C). Fresh N2B27 media 

resulted in cultures with on average 31.87%, 38.95% and 33.15% more nestin+ cells than MSN 

control media (p = 0.0075), 22Q cortical conditioned media (p = 0.0006) and 75Q cortical 

conditioned media (p = 0.0049). Although 45Q cortical conditioned media produced 15.57% 

more nestin+ cells than N2B27, this result was not considered significant (p > 0.99), nor were 

any significant differences found between MSN control media and cortical conditioned media (p 

> 0.99).  
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To quantitatively assess the levels of cell death in cultures, an LDH assay was run with the 

conditioned media samples after incubation was terminated. The caveat to this experiment is 

that LDH is stable within cell supernatant for 9 h, therefore as the incubation period of this 

experiment was much longer than this (48 h) the LDH value may be less accurate. In an attempt 

to normalise the values collected to minimize any variation from cell loss over time, LDH values 

were normalised to the total cell count provided by HCI, to give an LDH/cell (MSN) value, as 

presented in Figure 5. 2D. The media in which MSN-containing cultures were incubated caused 

41.48% of the variation within the experiment (p = 0.0297), however once corrected for multiple 

comparisons, the only significant difference that remained was when 22Q cortical conditioned 

media was compared to N2B27 alone (+0.01474 LDH released in 22Q cortical conditioned 

media conditions, p = 0.0237). The discrepancy between cell death phenotypes is of interest 

and suggests that cell death by apoptosis or necrosis may differ in cultures, which will be 

discussed. 

Taken together, these results suggest that 75Q MSN-containing cultures are more susceptible 

to alterations in culture conditions and media composition than those not expressing pathogenic 

HTT polyQ-repeat lengths, in terms of viability and impact on differentiation, thus may be more 

susceptible in co-culture conditions. 



169 
 

 

Figure 5. 2. Conditioned 

media co-culture alters 

culture composition and 

viability of 75Q MSN-

containing cultures. A 

conditioned media platform 

was set up to investigate the 

impact of CPN-released 

trophic factors on culture 

composition and viability of 

HD family series MSNs. The 

percentage viability (A), 

neuronal purity as measured 

by percentage βIII-tubulin+ 

cells (B) and nestin+ cells (C) 

was assessed, as well as the 

levels of LDH released per 

cell (D), were measured after 

incubation with MSN and 

CPN control medium (freshly 

supplemented MSN post-26 

media and fresh N2B27 

media) as well as conditioned 

media collected from d50 

CPN-containing cultures of 

varying HTT polyQ-lengths. 

Data from 22Q and 30Q 

MSNs were collated and 

presented as control. Data 

are presented as mean ± 

SEM. (N=1, n = 3, n = 10) *, p 

< 0.05; **, p < 0.01; ***, p < 

0.001 
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5.5.3 MFC co-cultures 

The use of human PSC-derived neurons to produce the CS pathway in MFCs has not yet been 

published, therefore the experiments to be discussed, and their findings, are novel contributions 

to the HD field.  

 

As this project had worked most extensively with PSC derived cells from the HD family series, 

all experiments discussed from here on relate only to the HD family series, no IsoHD series co-

culture data was collected. This decision was also influenced by the scale and complexity of 

completing these experiments, which precluded the use of many cell lines.  

 

Although this project had identified PSC-derived CPN-containing cultures were able to survive 

and send axonal projections through MFC micro-channels, it was not clear whether PSC-

derived MSN-containing cultures would be viable when plated into the axonal compartment of 

the device. Also, the optimal protocol for cell seeding (simultaneous, or sequential) had to be 

determined. Therefore a pilot experiment was set up; one 75Q cortical clone was seeded with 

either a 22Q striatal clone, producing a HD vs control culture (chimeric culture), or with a 75Q 

striatal clone, producing a HD vs HD culture. Two methods of plating were trialled. The first was 

sequential plating, whereby CPNs were seeded at a density of 4 x 10
4
 cells into the somal 

chamber, allowed to attach for 30 min prior to flooding both somal and axonal chambers were 

N2B27 media to prevent evaporation. After 24 h incubation, the media from the axonal (MSN) 

chamber was aspirated and the same seeding procedure was completed, with MSN-containing 

cell suspension injected into the axonal chamber. It was immediately obvious that this was not a 

viable seeding protocol, as the MSN-containing cell suspension instantly 'flowed through' the 

chamber; the hydrostatic pressure in the device, plus remaining N2B27 media in the axonal 

chamber resulted in all cell bodies flowing directly through the chamber and collecting in the 

bottom well. The second plating method was simultaneous plating; although corticals were still 

the initial cell type seeded into the device, the injection of MSN cell bodies was immediately 

afterward. This protocol was found to be very effective and thus was the chosen seeding 

protocol for the remainder of the project.  

 

The next parameter to be optimised was that of media changes, in their frequency and volume. 

Typically in routine culture, both PSC-derived CPNs and MSNs undergo half media changes 

every 48 h, however due to the small volume in which the cells are located it was tested as to 

whether increased media changing frequency would prolong cell viability. In fact, the opposite 

was found, half media changes every 24 h resulted in extensive cell detachment, which was 

hypothesised to be due to the shear stress that was caused as a result of media aspiration and 

replacement. Conducting half media changes every 48 h somewhat resolved cell detachment, 

however a higher level of debris was observed than anticipated. Indeed, when half media 

changes were conducted every 72 h, the health of the cultures appeared greatly improved. 

Moreover, it was observed that by maintaining MFCs in a horizontal position, and not tilting 

them to 45
o
 to encourage flow through by gravity, the integrity of the cultures was also 
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improved. For these reasons, half media changes were conducted every 72 h for the remaining 

experiments of the project. 

 

One final parameter to assess was the longevity of the co-cultures; how long could the co-

cultures be maintained such that the viability of the neurons was not compromised to an extent 

that experimental data was not reliable. This parameter proved challenging, as the longevity of 

the cultures differed between MFCs and appeared to correlate with the number of proliferating 

cells that persisted in culture. If a higher proportion of proliferating cells were in one or both of 

the chambers, the longevity of the cultures was much reduced; 72 h half media changes were 

not enough to sustain viability. In an attempt to counteract this caveat, the cells seeded into 

MFCs for co-culture experiments were always subject to the additional Accutase passage 

described in section 2.3.4 and 2.4.4 prior to plating. 

 

Examples of the resultant co-cultures can be seen in Figure 5. 3. Brightfield images depict the 

axonal (MSN) chambers, where MSN cell bodies can be observed interacting with CPN axonal 

projections that have successfully emerged from MFC micro-channels. White arrows depict 

sites of neuronal process cross-over or interaction, which were hypothesised to be the sites of 

initial synapse formation. These co-cultures were maintained for 15 days prior to fixation and 

immunofluorescence staining to identify if CS synapses were indeed being formed.  

Once fixed, the cultures appeared robust enough to withstand the multiple washes required to 

reduce background signal levels, however as can been observed in the lower panels of Figure 

5. 3, the immunofluorescence was not optimal, less so in HD vs control cultures than HD vs HD. 

Nevertheless, these experiments provided valuable insight into CS co-cultures within MFCs and 

formed the basis for the remaining experiments presented in this project. 
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Figure 5. 3. Initial MFC based co-culture system. Initial attempts at CS co-cultures plated in MFCs were 

carried out with 75Q CPN-containing cultures and either 22Q (left) or 75Q (right) MSN-containing cultures. 

Using brightfield microscopy on 40x magnification, interactions were visualised in the axonal chamber of 

MFCs, showing the interactions between CPN axonal projections and possible MSN cell bodies, as 

highlighted by white arrows. Co-cultures were maintained for 15 days prior to fixation and probing with 

axonal marker, tau, pre-synaptic marker, SYT1 and dendritic marker, MAP2. Example images sampled 

from the axonal chamber are shown, with zoomed in images of interaction sites shown in the lower panel. 

Scale bars represent 50 μm. 
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5.5.4 Chimeric MFC co-culture: pilot 

Chimeric co-cultures were set up in which HD CPN-containing cultures (75Q clones 1 and 2) 

were co-cultured with control MSN-containing cultures (22Q clones 1 and 2). For each clonal 

combination, two co-culture MFCs were generated so that semi-longitudinal assessment could 

be conducted - the devices could be fixed at separate time points thus providing two 'snapshots' 

of sister culture integrity. Unfortunately, MFC devices containing 75Q (1) vs 22Q (2) became 

infected on day five and thus could not be used for experiments. 

After ten days co-culture, one MFC combination was fixed, and immunofluorescent staining 

carried out to identify cells containing activated caspase-3 to give an indication of cell viability 

(apoptosis) and βIII-tubulin (Figure 5. 4A). The majority of cells were neuronal and viable. As 

previous experiments had also indicated that co-cultures remained viable up to 15 days (section 

5.5.3) the pilot experiment was extended.  

The health of the cultures was monitored closely, using daily brightfield observation. After a 

further 13 days co-culture (d23 in total), it was observed that cultures were starting to 

deteriorate; an increase in dead cells and debris could be visualised in chambers, thus were 

fixed. Immunofluorescence was carried out targeting the pre-synaptic protein synaptophysin, 

and post-synaptic marker PSD-95, alongside MAP2, a dendritic marker. By acquiring Z-stacks 

of areas in which neuronal processes intersected it was possible to establish if pre- and post-

synaptic markers were closely juxtaposed, and thus indicates the presence of a functional 

synapse (Figure 5. 4B). To enable easier visualisation, maximum intensity projections of Z-

stacks were magnified, as can be seen in the right panel of Figure 5. 4B. The images 

demonstrated clear pre-synaptic and post-synaptic puncta (highlighted with white arrows), 

however the co-labelling of MAP2 appeared to confound visualisation of juxtaposition, therefore 

it was decided that future investigation would be restricted to synaptic proteins only.  

It was concluded from these pilot experiments that CS co-cultures could be maintained in 

culture for three weeks prior to any compromise of cell viability, and that synapses could be 

identified within cultures, thus a full experiment was designed and completed as described 

below.  
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Figure 5. 4. Immunofluorescence results from a pilot CS pathway co-culture experimental series in 

MFCs. PSCs from the HD family series were differentiated into CPNs and MSNs prior to seeding into MFC 

devices. Chimeric cultures were generated whereby HD CPNs were projecting onto control MSNs and 

maintained for either 10, or 23 days. A) CPNs (left panels) and MSNs (right panels) were fixed after 10 

days co-culture and immunostained for activated caspase-3 (green) and neuronal marker βIII-tubulin (red) 

and nuclei (blue). B) MSNs fixed after 23 days co-culture were immunostained for a pre-synaptic marker, 

synaptophysin (green) and post-synaptic marker, PSD-95 (red) and nuclei (blue). Images were taken from 

the MSN chamber only (left panel), and zoomed images were also acquired. White arrows depict 

incidences of co-localisation. Scale bars represent 50 μm (A) and 20 μm (B). 

5.5.5 Recapitulating the CS pathway in health and disease using MFCs 

A comprehensive assessment of CS pathway connectivity and viability in health and disease 

was designed using PSC-derived neurons from the HD family series. This aimed to identify the 

effect of mHTT on viability and connectivity within the CS pathway by co-culturing MSNs and 

CPNs. By culturing neurons derived from non-HD PSCs and HD PSCs in different combinations 

within MFCs an assessment of the effect of genotype in each compartment could be carried out. 

Previous studies have indicated that the genotype of the pre-synaptic compartment is key to 

overall pathway health (Virlogeux et al., 2018). Each clonal system comprised two technical 

replicates (MFC devices) to enable repeated measuring longitudinally.  

Twenty-four hours after simultaneous plating there was even plating distribution with a limited 

variability in cell density between clones. In some devices, cell-body clusters were observed, 

however the majority of cells attained single cell suspension. At the 24 h time point, all cultures 

appeared viable and attached, there was no evidence of micro-channel blockage and cells had 

adhered well to the substrate. Devices were monitored using brightfield microscopy for signs of 

infection or degeneration every 24 h, however all devices remained viable during the 

experimental timeline. The presence of persistently proliferating cells became evident in devices 

containing 22Q (2) MSNs in the axonal chamber however, therefore these co-cultures were 

excluded from quantitative analysis.  

The first observational assessment of culture integrity was taken at d22 co-culture followed by 

assessments at the d30 time point. As can be seen in Figure 5. 5 and Figure 5. 6, a complex 

neural and interacting network was evident in both of the MFC chambers. Each co-culture 

combination will now be discussed, with the focus on morphology of CPN containing chambers 

when co-cultured with different MSN clones. 

5.5.5.1 Characterisation of non-HD (22Q) CPNs within the pre-synaptic compartment  

We aimed to assess the effect of the MSN chamber genotype within the post-synaptic 

compartment on CPN projection and network morphology. Non-HD (22Q) CPNs were plated 

into the presynaptic compartment and left to project onto MSNs derived from either non-HD 

(22Q) or HD (75Q) PSCs. Due to the preliminary data presented in Chapter 4, which showed a 

reduced CPN projection when treated with 75Q MSN conditioned media, it was expected that in 

co-cultures comprising HD (75Q) MSNs, a less complex network would be seen. Assessment of 

the CPNs by brightfield microscopy as presented in Figure 5. 5, showed that the morphology of 

CPN-containing cultures in terms of distribution and phase bright: dark ratio did not differ 

according to the post-synaptic MSN chamber genotype or clonal identity, which was 
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unexpected. It could be argued that CPNs within the 22Q CPN vs 22Q (2) MSN system 

exhibited a higher level of cell death (red asterisks), however as the MSN chamber was overrun 

by proliferating cells, resulting in the degeneration of that chamber, this observation was not 

surprising. This result was also seen in the second technical replicate (data not shown), 

suggesting the degeneration in the MSN chamber was indeed the driving factor in increased cell 

death in the CPN chamber. No overt morphological changes were noted in 22Q CPNs 

dependent on MSN chamber identity; cellular distribution appeared even throughout cultures 

and a high level of network complexity was observed irrespective of co-culture composition.  

5.5.5.2 Characterisation of HD (75Q) CPNs within the pre-synaptic compartment  

Following the assessment of non-HD CPNs as described above, the same assessment was 

applied to HD (75Q) CPNs when co-cultured with either non-HD (22Q) or HD (75Q) MSNs in the 

postsynaptic compartment. When assessing CPNs in these co-culture set-ups (shown in Figure 

5. 6), several interesting observations can be made. Firstly, that less cell death was observed in 

these cultures, as indicated by a reduced phase bright level. This was particularly obvious in 

cultures comprising 22Q (2) MSNs in the postsynaptic compartment, which contrasts the 

phenotype apparent in Figure 5. 6. The cortical compartment remained viable with clear 

evidence of intra-neuronal interactions for both 75Q clones. It could be argued that a higher 

incidence of 'cabling' occurred when CPNs were cultured with 22Q (1) MSNs, this was 

particularly evident in 75Q (3) CPNs (red arrows). Surprisingly, in all co-cultures, a higher level 

of network complexity was observed in comparison to cultures where non-HD (22Q) CPNs 

projected onto MSNs (5.5.5.1). 

5.5.5.3 Morphological comparison of MSNs 

To assess if altering the genotype of CPN-containing cultures within the pre-synaptic 

compartment genotype had any overt effect on MSN chamber morphology or phenotype, 

brightfield images of each MSN chamber within a co-culture were collated for side-by-side 

comparison (Figure 5. 7). These results are purely descriptive as only observational data was 

collected, therefore quantitative analysis did not take place. 

In all co-culture combinations, evidence of ball and cabling was observed in 22Q (1) MSN-

containing cultures; co-culture with 22Q CPN-containing cultures coincided with increased cell 

clustering within the MSN chamber (Figure 5. 7, green box). The levels of phase-bright cells 

was also comparable between cultures (Figure 5. 7, green and blue boxes). 

Unfortunately it became apparent that 22Q (2) MSN-containing cultures comprised a high 

proportion of proliferating cells, which overran the cultures and resulted in widespread cell death 

as observed in the right panels of green and blue boxes in Figure 5. 7. Overall, it was observed 

that MSN cultures appeared more neuronal i.e. contained a higher proportion of neuritic 

processes when co-cultured with 75Q CPNs (Figure 5. 7 blue and red boxes). Within 75Q (1) 

MSN chambers, a clear difference was observed in the culture density and distribution (Figure 

5. 7, yellow and red boxes). When cultured with 22Q CPNs, 75Q (1) MSNs produced a much 

denser culture with a higher level of interaction (yellow box, left panel). Evidence of ball and 
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cabling was observed particularly when co-cultured with 75Q (1) CPNs, although this was not 

seen with 75Q (3) CPNs (red box). In fact, this co-culture produced the least dense MSN 

compartment, with the majority of visible cell bodies appearing phase bright. Finally, when 

comparing 75Q (3) MSNs with respective CPN compartments, subtle differences in phenotypes 

were observed. An elevated level of ball and cabling was observed when MSNs were cultured 

with 22Q (3) CPNs, and both MSN cultures when cultured with 75Q CPNs presented with a 

similar density (Figure 5. 7, blue box). 

As the effects of CPN genotype on MSN morphology, distribution and cell death were not 

consistent across clones, the differences observed here may be random.
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Figure 5. 5. Brightfield 

images of 22Q CPNs 

projecting onto 22Q or 

75Q MSNs after 22 days 

co-culture. Brightfield 

images of HD family series 

CPNs (22Q clone 3) and 

MSNs were acquired after 

22 days of co-culture in 

MFCs. Images of both 

chambers plus micro-

channels (left), CPN 

chamber alone (middle) and 

MSN chamber alone (right) 

show culture morphology 

and distribution. Each row 

of images depicts a 

different co-culture setup 

with 22Q (1), 22Q (2), 75Q 

(1) and 75Q (3) MSNs (top 

to bottom). Scale bars 

represent 100 μm (left 

panel) and 50 μm (middle 

and right panels). Red 

asterisks highlight areas 

with a high level of cell 

death. 
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Figure 5. 6. Brightfield 

images of 75Q CPNs 

projecting onto 22Q or 

75Q MSNs after 22 days 

co-culture. Brightfield 

images of HD family series 

CPNs (75Q clone 3) and 

MSNs were acquired after 

22 days of co-culture in 

MFCs. Images of both 

chambers plus micro-

channels (left), CPN 

chamber alone (middle) and 

MSN chamber alone (right) 

show culture morphology 

and distribution. Each row 

of images depicts a 

different co-culture setup 

with 22Q (1), 22Q (2), 75Q 

(1) and 75Q (3) MSNs (top 

to bottom). Scale bars 

represent 100 μm (left 

panel) and 50 μm (middle 

and right panels). Red 

arrows depict evidence of 

axonal cabling. 
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Figure 5. 7. Brightfield 

images taken of the 

MSN chamber in MFCs, 

at d22 of co-culture. A 

grid of MSN chamber 

images is shown to 

facilitate comparison of 

MSN culture gross 

morphology when co-

cultured with different 

genotypes and clones of 

HD family series PSC-

derived CPNs. Green = 

control vs control; yellow 

= control vs HD; blue = 

HD vs control; red = HD 

vs HD. Scale bars 

represent 50 μm. 
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5.5.5.4 Synapse formation in CS co-cultures at day 22 

To confirm the formation of synapses between projected cortical axons and striatal cells in the 

axonal compartment of MFCs (where MSN-containing cells were seeded), neurons in MFCs 

were fixed at d22 and immunostained for a pre-synaptic marker, synaptophysin, and post-

synaptic marker, PSD-95. Example images are presented in Figure 5. 8, and zoomed in images 

are also displayed in which pre- and post-synaptic puncta are clearly juxtaposed, indicating to 

the presence of a synapse. In order to quantify the distribution and frequency of synapses 

present in co-cultures and also identify any difference in the number of pre- or post-synaptic 

components, an ImageJ plug-in, PunctaAnalyzer was used (Ippolito and Eroglu, 2010). The 

results of automated batch analysis showed that numbers of pre-synaptic puncta were 

comparable across all co-cultures. In control vs control cultures, and HD vs HD cultures 

approximately ~600 pre-synaptic puncta were found. This was similar to when control CPNs 

synapsed with HD MSNs, however in HD vs control co-cultures an average of 872 pre-synaptic 

puncta per FOV was found (p = 0.282) However, when normalised to total number of puncta 

identified per FOV, no significant difference was found between cultures (p = 0.69) (Figure 5. 

8A). Similarly, when assessing numbers of post-synaptic puncta, HD vs control co-cultures also 

had a higher number (average 1317 puncta vs 559 puncta in control vs control). Also, a trend 

was observed when comparing HD vs control, and HD vs HD cultures, with the latter presenting 

on average 626 fewer puncta (p = 0.0767). However, when normalised to total puncta per FOV, 

no significance was found (p = 0.69) (Figure 5. 8B). Finally, when assessing the percentage of 

co-localised synaptic puncta, no significant difference was observed between cultures (p = 0.98) 

(Figure 5. 8C).  

5.5.5.5 Synapse formation in CS co-cultures at day 30 

MFCs of each co-culture combination were fixed at d30 and subject to the same 

immunofluorescence analysis as described previously. The aim of these experiments was to 

identify if the formation of new synapses, and maintenance of established synapses was altered 

by genotype in the pre- or post-synaptic compartment. Example images of axonal chambers 

containing interacting neural processes can be seen in Figure 5. 9, with quantification of 

synaptic puncta as previously described in Figure 5. 9A - C. These data presented several 

interesting results, in that whilst control vs control co-cultures had 80% of the pre-synaptic 

puncta present at d22 (d22, 605 to d30, 485) all other co-culture combinations had a 

dramatically reduced percentage of pre-synaptic puncta (control vs HD = 61% loss, HD vs 

control = 65% loss, HD vs HD = 72% loss). When comparing the percentage of pre-synaptic 

puncta of total puncta within the d30 experiment, no significance was observed between 

cultures (p = 0.73) (Figure 5. 9A).  

The result was similar for the normalised percentage of post-synaptic puncta (p = 0.71) (Figure 

5. 9B). Interestingly however, in control vs control co-cultures, the numbers of post-synaptic 

puncta had actually doubled over time, from an average of 559 puncta at d22, to 1122 at d30. In 

contrast, all other co-culture combinations had lost post-synaptic puncta over time (control vs 

HD, 52% loss, HD vs control, 62% loss and HD vs HD, 49% loss).  
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Finally, the percentage of colocalised pre- and post-synaptic puncta i.e. synapses, was reduced 

in all co-cultures at d30 in comparison to d22 (Figure 5. 9C). Again, control vs control cultures 

showed the most limited reduction (36%) in contrast to control vs HD (74% loss), HD vs control 

(79% loss) and HD vs HD cultures (81% loss). Within the d30 experiment, no significance was 

found overall in a one-way ANOVA (p = 0.75) between conditions. Although the raw data 

suggests that over time, co-cultures that are comprised of either a pre-synaptic, or post-synaptic 

compartment containing pathogenic neurons, are compromised in their synaptic potential, the 

same results cannot be said upon data normalisation for total puncta count.  It is important to 

note that these experiments were completed on sister cultures, thus it was not possible to 

distinguish if synapses were truly being lost, or if these cultures had a reduced number of 

synapses formed originally. Furthermore, as aforementioned, the loss of synapses over time 

could be attributable to higher levels of cell death observed within mHTT-expressing cultures. 

Finally, axonal vs dendritic synapses could not be delineated due to limitations of imaging; 

optimisation studies identified dendritic synapses by co-localisation with MAP2, however due to 

the strength of this signal, it was not possible to then identify single puncta, thus this antibody 

was removed from analysed experiments.  
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Figure 5. 8. Immunofluorescence imaging of co-culture synapses and quantification after 22 days co-culture. HD family series PSC-derived CPN- and MSN-containing cultures 

were co-cultured in MFCs to recapitulate the CS pathway. Four co-culture conditions were generated, either with control CPNs projecting onto control MSNs (control vs control) or HD 

MSNs (control vs HD), or HD CPNs projecting onto control MSNs (HD vs control) or HD MSNs (HD vs HD). After 22 days co-culture, MFCs fixed and were incubated with antibodies 

targeting the pre-synaptic marker, synaptophysin (green), and post-synaptic marker, PSD-95 (red). Confocal images were acquired on 40x magnification (top panel) and zoomed 

images of synaptic interaction were selected (lower panel). Scale bars represent 10 μm. The percentage of pre-synaptic (A) and post-synaptic (B) puncta were quantified as a function 

of total puncta per FOV using automated analysis on ImageJ. The percentage of colocalised pre-and post-synaptic puncta (proxy readout for synapses) was calculated after applying a 

signal threshold and minimum separation distance, as a function of total puncta. Data is shown as mean ± SEM, (N=1, n = 2, n = 2 - 4 per condition, (22Q (2) MSN clone excluded)), a 

minimum of 3 FOV were obtained for each MFC. White arrows depict areas of co-localisation. 
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Figure 5. 9. Immunofluorescence imaging of co-culture synapses and quantification after 30 days 

co-culture. HD family series PSC-derived CPNs and MSNs were co-cultured in MFCs to recapitulate the 

CS pathway. Four co-cultures conditions were generated, either with control CPNs projecting onto control 

MSNs (control vs control) or HD MSNs (control vs HD), or HD CPNs projecting onto control MSNs (HD vs 

control) or HD MSNs (HD vs HD). After 30 days co-culture, MFCs fixed and were incubated with antibodies 

targeting the pre-synaptic marker, synaptophysin (green), and post-synaptic marker, PSD-95 (red). 

Confocal images were acquired on 40x magnification (top panel) and zoomed images of synaptic 

interaction were selected (lower panel). Scale bars represent 10 μm. The percentage of pre-synaptic (A) 

and post-synaptic (B) puncta were quantified as a function of total puncta per FOV using automated 

analysis on ImageJ. The percentage of colocalised pre-and post-synaptic puncta (proxy readout for 

synapses) was calculated after applying a signal threshold and minimum separation distance, as a 

function of total puncta. Data is shown as mean ± SEM, (N=1, n = 2, n = 2 - 4 per condition (22Q (2) MSN 

clone excluded)), a minimum of 3 FOV were obtained for each MFC. White arrows depict areas of co-

localisation. 

5.5.5.6 Impact of pre-synaptic compartment on MSN viability 

In an attempt to accurately quantify if pre-synaptic compartment genotype influenced the 

viability of MSN-containing cultures in the axonal chamber, the media from MFC chambers was 

collected and the 'flow through' media was subject to LDH analysis. Data was processed such 

that the viability of control MSNs i.e. 22Q, was compared when innervated by either non-HD 

(22Q) or HD (75Q) CPNs (Figure 5. 10A). No significant difference was found between these 

conditions, because the variability in HD innervated MSNs was large. When comparing the 

levels of LDH released by HD MSNs innervated by HD CPNs (75Q) reduced the levels of LDH 

were released when compared to control innervated MSNs, however this result only trended 

towards significance (p = 0.0731) (Figure 5. 10B). As such, there was no significant effect of 

presynaptic genotype on MSN viability. These experiments were somewhat limited due to the 

small sample number and available media volume, therefore interpretation is challenging.  

 

Figure 5. 10. LDH assay analysis of co-culture samples taken from MFCs at d30. The flow-through 

media aspirated from MFC co-cultures was run on an LDH assay at d30 co-culture and normalised to cell 

number. Levels of LDH released per A) 22Q MSN or B) 75Q MSN when the pre-synaptic compartment is 

either of control, or HD genotype. Data are presented as mean ± SEM (N=1, n = 2, n = 2 - 4 per condition 

(22Q (2) MSN clone excluded)). 
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5.6 Discussion 

Models of the CS pathway have proven invaluable in developing our understanding of the 

pathology and degeneration that occur as a result of mHTT, and ultimately how diminished CS 

pathway connectivity contributes to HD pathogenesis and disease progression. Previous in vitro 

models of the CS pathway have been restricted to using primary neurons from HD rodent 

models (Kaufman et al., 2012; Milnerwood et al., 2012; Garcia-Munoz et al., 2015; Penrod et 

al., 2015; Buren et al., 2016; Virlogeux et al., 2018); to date there have been no published 

reports of an in vitro CS pathway co-culture model comprised entirely of human cells. The data 

presented here are therefore novel, and may be of benefit to the HD field.  

Previous studies of the CS pathway in rodent co-culture models have suggested that CPN and 

MSN neuronal maturity and function is improved in a co-culture format, due to the increased 

activity and feedback each population receives (Buren et al., 2016). Furthermore, deficits in 

these features, amongst others, have been documented in co-cultures expressing mHTT (Buren 

et al., 2016; Virlogeux et al., 2018). 

 

Several studies have focused on the electrophysiological differences of CS co-cultures. It was 

found that in YAC128 mice, extrasynaptic and whole cell NMDA receptor currents in HD MSNs 

were elevated. This was compounded by an increased expression of GluN2B subunits, which 

taken together, were hypothesised to contribute to elevated levels of MSN death in the mice 

due to excitotoxicity (Milnerwood et al., 2012). Virlogeux et al investigated the connectivity 

between CPNs and MSNs harvested from Hdh
CAG140/+ 

mice and co-cultured in MFCs. The 

authors observed that HD-HD (both CPN and MSNs were of mutant genotype) co-cultures 

exhibited a hyper-synchronised connectivity phenotype, with extended silent periods in which no 

firing was recorded from MSNs, followed by random, infrequent, short bursts of action potentials 

which were of 3-fold higher amplitude than WT cultures (Virlogeux et al., 2018). The authors 

were also able to investigate axonal trafficking by transfecting CPNs with mCherry-tagged 

BDNF, and tracking its movement in DCV along the axon. It was found that both anterograde 

and retrograde axonal trafficking was compromised in HD CPNs. Furthermore when assessing 

post-synaptic retrograde signalling in HD MSNs, the authors noted this function was also 

deficient in comparison to WT cultures. These studies indicated that, at least in rodent models 

of the CS pathway, the HD mutation confers a negative effect on both pre-synaptic and post-

synaptic functionality in CS co-cultures, and as such, an investigation using human cells was 

warranted.  

 

The preliminary experiments in this study, included directly mixed co-cultures and indirect 

interaction paradigms via the use of conditioned media. Experiments using a mixed population 

of PSC-derived MSN- and CPN-containing cultures were valuable in determining the gross 

viability of co-cultures when culture medium was shared. As connectivity was a primary area of 

interest for this project, the decision was made to seed both populations in the same culture 

device, thus enabling physical contact. In an attempt to more easily distinguish MSNs from 

CPNs within co-cultures, a GFP transfection was performed on MSN-containing cultures. 
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Despite this, no formal quantification was completed as although successful, the transfection 

efficiency was low, thus the sample size for quantification would not render meaningful results. 

Furthermore, it could not be validated if neurons were CPNs or simply MSNs that had not been 

successfully transfected. Although unsuccessful in this project, previous studies have utilised 

this technique (Kaufman et al., 2012; Milnerwood et al., 2012; Parsons et al., 2013; Buren et al., 

2016; Buren et al., 2016), and gained insight into differences in connectivity as previously 

discussed. Other publications have employed a slightly different co-culture technique, in which 

coverslips seeded with either CPNs, or MSNs are then placed in a shared culture device, and 

flooded with a common media (Penrod et al., 2015). The authors focused on the morphological 

alterations that were caused as a result of MSN exposure to CPN trophic factors, and identified 

an elevated level of dendritic branching and arborisation suggesting an increased maturation 

rate.  

 

In order to construct a more high-throughput experiment, to facilitate unbiased quantification, a 

conditioned media paradigm was employed in this project. By applying conditioned media from 

PSC-derived CPN-containing cultures with varying HTT polyQ-length, it was possible to 

examine any alterations in viability or culture composition as a result of the secreted trophic 

factors. It should be noted, that the constitution of CPN conditioned medium was not assessed, 

therefore any change to phenotype cannot be pinpointed to a particular growth or trophic factor. 

The results from these experiments suggested that whilst MSN-containing cultures with a non-

pathogenic HTT polyQ length remained stable in terms of viability and culture composition, 

regardless of their external media, the same could not be said for 75Q cultures. This cohort had 

striking differences in culture composition both in terms of the neural purity and NSC content, 

however these differences were not HTT polyQ-length dependent. Indeed, whilst CPN 

unconditioned media (N2B27) and conditioned media from 45Q CPNs appeared to reduce the 

percentage of both NSCs and neurons within MSN-containing cultures, 22Q and 75Q CPN 

conditioned media led to a similar outcome in 75Q cells. A possible explanation for this could be 

due to the composition of the conditioned media; although samples from CPN cultures were 

taken at the same point in differentiation and processed identically, simple factors such as the 

density of CPN cultures could have affected the conditioning of the media; this was not 

controlled for due to error in experimental design and is thus a limiting factor. If cultures were 

sparser, fewer trophic factors may have been secreted, but on the other hand, metabolic 

components such as glucose may be increased due to a reduction in cell number. For these 

reasons, it is challenging to draw firm conclusions from these data. Moving forward, future 

experiments would require a higher level of control - CPN density would be matched at the time 

of seeding for conditioned media collection, and it would be necessary to analyse the 

components of conditioned media prior to application, by mass spectrometry for example. 

Alternatively, more simple questions could be asked, such as the effect of varying glucose, 

cytokine, or neurotrophin levels in MSN media. Despite this caveat, the data set proved 

valuable in identifying that a differential response to CPN conditioned media was observed in 

MSN-containing cultures, thus the next stage of experimentation was to introduce direct contact 

of CPNs and MSNs to assess any differences in CS pathway generation and connectivity. 
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Another interesting finding in this data set, was the contrasting results of cell viability when 

assessed by activated caspase-3 HCI or LDH assay. It is important to note that whilst both 

these measures can enable an estimation of culture viability, they do not have the same 

readouts. Activated-caspase 3 is a marker of cellular apoptosis primarily, plus the format in 

which it was assessed gave a 'snapshot' of the proportion of nuclei in a population undergoing 

nuclear condensation at that time. In contrast, LDH assays are indirect measures of the 

accumulated cell death that has occurred since the last full media change, and quantifies LDH 

released from damaged cells, including necrotic, ruptured or porous cells. This therefore could 

be an explanation for why the two measures of cell viability gave different results, particularly in 

the case of 75Q cells. 

 

We aimed to generate a protocol in which the CS pathway and its connectivity could be 

modelled in vitro using human neurons. When designing a suitable platform, it was important to 

replicate the in vivo environment as far as technically and experimentally possible, although it is 

acknowledged that this recapitulation is much simplified in comparison to the brain. The data 

shown in section 5.5 illustrates the steps taken to design, optimise and generate a platform in 

which PSC-derived neurons could be co-cultured to replicate the CS pathway in MFCs, which 

were identified as an excellent tool due to the structural properties of the device and its easy 

manipulation. As aforementioned, the capacity of human PSC-derived neurons to grow in 

restrictive culture conditions was not known; data has been presented here to suggest that 

there was no hindrance on neuronal morphology or phenotype as a result.  

 

Discussed now are a few ways in which the CS connection has been recapitulated by this 

model. The time at which CPN seeding occurred was a critical step in this experimental design, 

this is because, as already mentioned, the Shi et al protocol produces the distinct layers of the 

cortex at different times, thus the seeding of CPN-containing cell suspension was timed to 

coincide with the period in which layer V neurons were at peak emergence, as occurs in the 

brain during neurogenesis. The micro-channels within the MFC device are representative of the 

parenchyma that endogenous CPNs must project across in order to synapse with MSNs; in 

order to reach micro-channel entrances, CPNs may have had to migrate throughout the 

chamber also, depending on their final location once injected into the chamber, which is 

representative of CPN migration to the neural plate in the CNS. The model presented here is a 

true recapitulation of the CS pathway, as the formation of synapses were evident in MFC co-

cultures, and whilst neuronal connectivity was not directly assessed per se, the fact that a 

substantial proportion of synapses were identified within an eight day time frame, suggests at 

least some level of connectivity; if no functional connectivity was present, the synapses would 

have degenerated in all likelihood.  

 

On the other hand, there are many instances in which this model differs from the in vivo CS 

pathway. Within the brain, neurons are not in isolation, glial cells play a key role in not only 

establishing the CS pathway in terms of guiding CPN migration (Cooper, 2013), but also 
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maintaining and supporting synapses (Bacci et al., 1999; Lee and Chung, 2019). Furthermore, 

although the MFC devices were coated with laminin substrate, the extracellular matrix of the 

brain is much more complex (Novak and Kaye, 2000). Although the micro-channels simulate the 

need for axonal projection, in all likelihood, CPNs would have to project their axons much 

greater distances than 500 μm, although this has not been formally quantified previously in the 

literature. Finally, although steps were taken to try and allocate pre- and post-synaptic markers 

to CPNs and MSNs respectively, it is likely that auto-synaptogenesis was occurring to some 

degree i.e. MSNs synapses with themselves.  

 

Completing co-culture experiments in MFCs is technically challenging, time consuming and 

costly, therefore to assess the feasibility of a full-scale study, and develop analysis methods, a 

pilot study was completed. The pilot study guided the design of the full experiment in terms of 

length of experiment, assessment measures, technical optimisation and analysis techniques. A 

power calculation was not completed, as cellular material at this stage of the project was 

extremely limited, thus the maximum number of experiments as feasible were completed.  

 

The final experiment of this project was designed in such a way that a four-way comparison 

could be made. Although comparing the formation and functionality of an in vitro CS pathway in 

both health, and disease states was valuable, this project also wanted to investigate further, and 

attempt to tease out whether any dysfunction seen, could be more attributable to the pre-

synaptic, or post-synaptic compartment i.e. whether the phenotype was cortical driven or MSN 

driven. For this reason, chimeric cultures were also constructed in which control CPNs projected 

onto HD MSNs, and vice versa. Importantly, a similar experimental design was carried out by 

Virlogeux et al and published in 2018. Therefore this was a great opportunity to compare HD 

phenotypes across species.  

 

The quantitative data presented here showed that after three weeks of co-culture, no significant 

difference was found between either pure or chimeric cultures. During a time course 

experiment, it was found that total synapse numbers diminished with time in all cultures. At 30 

days co-culture, control vs control cultures presented with a higher synaptic count than all other 

groups. The reduction in synaptic number over time may be due to diminished synapse 

maintenance in cultures that are expressing an expanded HTT polyQ-length in either cortical or 

striatal chamber, suggesting that regardless of the location of the expanded HTT polyQ, when 

present, a HD phenotype is observed. With that said, once data was normalised to total 

synaptic puncta count, no significant difference was found. This is in contrast to previous reports 

that are also contradictory with each other. Buren et al (2016) described an increased 

excitability of cultures was observed in WT-WT, WT-HD and HD-WT cultures, when assessed 

from d14 - d21 in co-culture, but was absent in HD-HD cultures, suggesting that mHTT 

expression is required both pre- and post-synaptically for a HD phenotype to emerge (Buren et 

al., 2016). In contrast, Virlogeux et al (2018) presented data showing that HD phenotypes were 

observed with equal severity in HD-WT and HD-HD cultures, whereas WT-HD cultures more 
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closely resembled WT-WT, suggesting that is it the genotype of the pre-synaptic compartment 

that drives CS phenotype and pathology (Virlogeux et al., 2018). 

Whilst presenting contradictory evidence, both of these studies had the advantage of recording 

either electrophysiological data, or live imaging of glutamate release and/or calcium imaging. 

This adds an extra level of assessment as the functional connectivity of co-cultures could also 

be assessed. The issue of collecting quantitative functional data from within the paradigm 

presented here cannot be ignored. Due to the assembly of the MFC devices themselves, it was 

not possible to perform sophisticated electrophysiological recordings from these cultures such 

as paired patch clamp - stimulating a cortical neuron synaptically linked to an MSN which is 

then recorded from. Furthermore, whilst semi-quantitative measurements can be made using 

Fluo4 live dyes, the construction of the device combined with limited focal planes in confocal 

microscopy mean that data is less reliable.  

 

With that said, there are several avenues of assessment which could be investigated for future 

studies. Park et al describes the use of reversible bonding in MFC assembly whereby the PDMS 

template can be removed from the glass coverslip. In principle, this would leave the co-culture 

and cellular connections intact thus rendering the culture amenable to patch clamp assessment. 

Furthermore, Garcia-Munoz et al. (2015) constructed a co-culture design in MEA whereby the 

neuronal populations were seeded on opposing sides of the array, further supported by a 

physical barrier which was maintained in place until recordings were taken. Using a transfection 

mediated route, such as transfecting neurons prior to co-culture with either of the vectors used 

in Virlogeux et al (iGluSnFR, or GCaMP6f), longitudinal assessment of culture activity and CS 

connectivity would be enabled. These are just a few of the options available for assessing the 

connectivity established between cortical neurons and MSNs in vitro. 

 

Finally, in an attempt to address if co-culture with CPNs of either control or HD genotype 

impacted the viability of MSNs, LDH assays were run on samples collected from MFC co-

cultures at the termination of the experiment. Analysis was completed by comparing the viability 

of control MSNs innervated by either control or HD CPNs, followed by the viability of HD MSNs 

innervated by control or HD CPNs. In the former, no significant difference was observed, 

indicating that in this experiment at least, the pre-synaptic compartment genotype did not impact 

on MSN-culture viability. In contrast, the latter comparison suggested that a lower level of LDH 

was released by HD MSN-cultures when innervated by the same HD genotype rather than 

control CPNs. This result was slightly surprising, as one would assume that CPNs not 

expressing mHTT may result in a more favourable culture environment, however this was not 

the case. 

 

One possible explanation for this could be due to the genetic background and associated 

variability of the cells. HD vs HD cultures were in fact differentiated from the exact same starting 

material, whereas the control CPNs were of course sourced from another individual. Indeed, as 

the fibroblasts used for PSC-reprogramming were collected from individuals with vastly different 

ages (control = parent, HD = offspring) it is not unreasonable to suggest that the cells may 
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behave differently when co-cultured due to age-related changes. To overcome this caveat, 

future studies could replicate the above experiment in isogenic lines, so that genetic 

background is no longer a contributing factor. 

 

Secondly, although quantitative, LDH assays measure total LDH released from necrotic, 

ruptured, or porous cells since the last full media change - this may not have been the most 

appropriate assay to use. Indeed it may have been more appropriate to quantify apoptotic and 

necrotic cell death distinctly using imaging techniques, or instead to quantify metabolic activity 

of the culture by MTT assay for example.  

5.7 Limitations 
The limitations described in Chapter 3 and Chapter 4 contribute to the limitation of this results 

chapter also. The inability to account for every cells’ identity within both MSN- and CPN-cultures 

is compounded by the experiments described here, as there is a doubled probability that 

phenotypes observed from these co-cultures were in fact driven by non-neuronal, or unidentified 

neuronal populations. This is accepted as a limitation of this project and methods to overcome 

this caveat are discussed in the following chapter. 

5.8 Summary 

By completing a step-wise experimental series, exploring multiple avenues of assessment and 

optimising culture conditions, this project concluded that the CS pathway can be modelled in 

vitro using an entirely human system. This is the first evidence of the use of human PSC-

derived neurons in MFCs and demonstrates that the devices enable the physical recapitulation 

of the CS pathway in the brain, and enable manipulation of pre- and post-synaptic genotypes. 

As such, the comparison of 'healthy' or 'diseased' pathways is possible, but also further 

investigation into the source of pathology i.e. pre-synaptic or post-synaptic drive, is possible. 

Although the phenotypes presented in this project were subtle, evidence was present of 

differences in culture phenotype depending on the disease state, suggesting that even at the 

earliest time point, the CS pathway and its activity may be altered in disease. For this reason, 

further study is warranted using the platform and protocols presented here.  
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Chapter 6 - Conclusions and future works 

The CS pathway is known to have an integral role in the generation of movement and higher 

cognitive function, therefore when disrupted causes deficiencies and anomalies in these 

processes (Cepeda et al., 2007; Haber, 2016). Within HD pathogenesis, disruption to CS 

connectivity is understood to be an early event that leads to the development of a choreic 

movement disorder as well as cognitive function demise (Creus-Muncunill and Ehrlich, 2019). 

The pathway itself is composed of the two principally vulnerable neuronal populations that are 

the first to succumb to mHTT toxicity in the disease, as such, this is a highly investigated area of 

HD research. Most of this has been completed using HD animal models, due to the difficulty in 

sourcing and generating primary human cells for study. Here, data has been presented 

demonstrating the reliable generation of both PSC-derived MSN- and CPN-containing cultures, 

that exhibit robust HD-associated phenotypes, some of which are novel findings. Furthermore, 

for the first time, a human cellular model of the CS pathway has been generated in culture, that 

not only mimics many of the physical properties of the CS pathway in vivo, but has also shown 

initial signs of connectivity, with suggestions of HD-associated phenotypes emerging even in 

comparatively short culture times and at early developmental stages. 

6.1 Conclusions and main findings 

6.1.1 Characterisation and mHTT-dependent phenotypes in PSC-derived MSN-

containing cultures 

During HD progression, the MSNs of the striatum are the initial cells that are lost, as they are 

selectively vulnerable to the toxic effects conferred by mHTT (Bates et al., 2015; Cowan and 

Raymond, 2006). Studying this cell type on a cellular and molecular level in rodent models of 

HD has proven extremely informative, and as a result we have gained valuable insights into the 

pathology and dysfunction that is experienced by these cells during the course of the disease, 

such as hyperexcitability, reduced viability, and alterations to cellular morphology and 

subsequent function (Creus-Muncunill and Ehrlich, 2019). It cannot be overlooked however, that 

HD is a human disease, which does not occur in other species unless artificially induced. As 

such, it is of vital importance that cellular and molecular pathologies are studied in a human 

system, so that we can be confident that our findings translate well to the human condition. 

The advent of iPSC technology, enables researchers to derive a variety of neuronal cell types 

from somatic tissue such as skin biopsies (Takahashi and Yamanaka, 2006). These can be 

sourced from healthy donors or disease patients and as such, we now have the ability to 

investigate human neuronal dysfunction in culture with the correct genetic background. This 

project utilised iPSCs derived from an HD family, in which the parent was unaffected and 

therefore acted as a hemi-isogenic control line, and three offspring, all of whom developed 

juvenile HD, and carried the mHTT gene with variable CAG-repeat length mutations. To further 

compliment these lines and corroborate findings, an isogenic allelic series was also used for 

experiments, to varying degrees of success (discussed below).  
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Using the established Arber et al protocol, MSN-containing cultures were produced from the HD 

family and IsoHD series PSCs and full characterisation successfully confirmed the likeness to 

true MSNs in the human striatum, including DARPP-32/CTIP2 expression, correct gross 

morphology and development of dendritic spines. However, a variety of subtle differences were 

identified with regard to culture composition, including a reduced proportion of neurons, 

reductions in the proportion of CTIP2 positive cells and of proliferating cells, as well as a 

reduced intensity of DARPP-32 signal compared with the non-HD control cultures. Over time, it 

was observed that MSN-containing cultures with the HD mutation experienced greater cell loss, 

however a larger proportion of the remaining cells expressed CTIP2, thus were considered 

more mature; although CTIP2 expression alone does not confirm MSN identity, it does confirm 

the cells are of LGE specification, and implies with extended culture the maturity into MSNs. 

This was accompanied by a reduction in the proportion of the culture that were NSCs and/or 

undergoing mitosis suggesting that it was in fact the precursor cells which were being lost over 

time. Indeed when viability was assessed using an LDH assay, at the earlier time points 

assessed a reduction in viability was observed in lines expressing an expanded HTT polyQ. 

However this result was reversed at later assessment time points, suggesting potentially that as 

a culture increases in maturity, it gains a level of robustness not common to cultures containing 

high proportions of immature cells.  

As toxicity in the HD brain is high (Reddy and Shirendeb, 2012), it is hypothesised that the 

neurons may experience a high level of stress, which is further elevated either in acute forms 

when patients suffer from an infection for example, or chronically (Frank-Cannon et al., 2009). 

An attempt was made therefore to induce cellular stress in culture in vitro to replicate the 

environment of the brain. An acute withdrawal of the neurotrophic factor BDNF was completed, 

which was hypothesised to induce a stress response in PSC-derived MSNs; BDNF is key 

neurotrophin required for MSN survival and previous publications have reported success in 

inducing a stress-response upon BDNF withdrawal (Mattis et al., 2015; 

The HD iPSC Consortium, 2012). In both the HD family series and IsoHD series a reduction of 

viability in response to BDNF withdrawal was observed in lines expressing an expanded HTT 

polyQ-repeat. Although not tested here, it would be interesting to investigate if other cellular 

stressors that generate an unfavourable environment would result in the same response; 

manipulating culture conditions so they provide the types of stress neurons may experience in 

the HD brain, such as glutamate-induced toxicity, hypoxia or cytokine exposure, would confirm if 

the result seen here is universal, or simply in response to neurotrophin withdrawal.  

As discussed previously (section 4.5), it is plausible that during the latter stages of 

neurodevelopment, MSNs may experience a deficient exposure to BDNF, due to a delayed or 

compromised formation of the CS pathway. Although not previously tested in the literature, this 

project designed a BDNF deficiency experiment in which PSC-derived MSN-containing cultures 

were never exposed to BDNF throughout the differentiation process, thus were BDNF deficient. 

These cultures were then compared to cultures that had undergone 4, 14 or 24 days BDNF 

exposure, the result of which was surprising. It was hypothesised that BDNF deficient culture 

would have a lower viability than BDNF treated cultures, and that over time, this loss of viability 
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would become more pronounced. This was not the case however. Instead, the impact of +/- 

BDNF, as well as genotype appeared to vary across the experimental timeline, suggesting the 

viability varied according to the developmental time point. Counter-intuitively, at the final 

assessment, when MSNs had been cultured with or without BDNF for 24 days, it was observed 

that regardless of the genotype, MSNs never exposed to BDNF had increased viability 

compared to those cultured with the neurotrophin. Furthermore, HD (75Q) MSNs had elevated 

viability above other genotypes, irrespective of BDNF treatment. Whilst challenging to interpret, 

it was hypothesised that the composition of the culture, and the way it may have been altered 

as a result of BDNF treatment or deficiency could have contributed to the result observed. It has 

been documented that NPCs are particularly vulnerable to the effect of BDNF withdrawal (Mattis 

et al., 2015), therefore it is possible that these cells could have been preferentially affected by 

BDNF deficiency resulting in their early degeneration. Consequently, as the proportion of NPCs 

within cultures decreased, the LDH released by cultures may also decrease thus resulting in 

data indicating a reduced level of cell death. As this project identified a reduced number of 

proliferating and nestin positive cells in 75Q cultures at d36 and d60, it could be argued that this 

threshold, so to speak, was reached sooner than controls cultures, thus generating the d50 

result of a decreased cell death rate in 75Q MSNs. These are speculations however and further 

experimentation by way of longitudinal culture composition analysis in BDNF positive and 

negative contexts would be required to confirm this hypothesis, which could be achieved by co-

staining with activated caspase-3 and ki-67/nestin/βIII-tubulin for example. Furthermore, it would 

be interesting to specifically look at the effect of mHTT and BDNF on NPCs alone, alongside 

neurons alone, which could be achieved by completing assessment at earlier time points, and 

using mitotic inhibitors, respectively. 

The final series of experiments focused on the electrical properties of PSC-derived MSN 

membranes once matured. It was expected that differences in excitability would be observed as 

well as alterations to baseline membrane properties such as cell capacitance, as shown by 

previous publications (Conforti et al., 2018; HD iPSC Consortium et al., 2012; Nekrasov et al., 

2016). This was not the case however, as no overt differences were found between genotypes 

of either the HD family series, or IsoHD series. It has been suggested by multiple groups that 

PSC-derived neurons are slow to mature compared to primary ex-vivo neurons in terms of 

neuronal electrical properties, due to the isolated culture conditions typically used that lack 

external innervation i.e. unless glutamatergic innervation of MSNs is present in the culture, the 

cells may not mature efficiently (Bardy et al., 2015; Penrod et al., 2015; Reddington et al., 2014; 

Xu et al., 2017a). If this was the case in these cultures - action potential events were admittedly 

relatively infrequent in these recordings - this could explain the lack of differential phenotypes in 

these cells as the mono-culture conditions used here did not provide glutamatergic innervation 

to MSNs. If recordings were to be repeated after a longer time in culture, or when cultures were 

provided external innervation or cultured in BrainPhys medium for example, it is possible that 

subtle differences in MSN membrane properties would emerge (Dr Gabriele Lignani, personal 

communication).  
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6.1.2 Optimisation, characterisation and mHTT-dependent phenotypes in iPSC-

derived CPN-containing cultures 

To date, there are only two published reports of PSC-derived CPNs with mHTT mutations 

(Conforti et al., 2018; Mehta et al., 2018), therefore this project was able to cast a wide net in 

terms of phenotyping, to unveil novel HD-associated phenotypes. To investigate the emergence 

of HD pathologies and phenotypes in the layer V CPNs, the same PSC series were 

differentiated using an adapted version of the Shi et al protocol. Adaptations were necessary 

due to a high level of cell death and culture failure that was experienced during the majority of 

differentiations midway through the project timeline. The delay caused by this unforeseen 

problem, combined with the extended culture time required to differentiate CPNs were the 

primary reasons as to why the majority of experiments were conducted with the HD family 

series only, complemented with an IsoHD control line, rather than the full IsoHD allelic series as 

originally planned. The adapted passage techniques used in this project are superior to those 

previously published, as demonstrated by the higher rate of culture survival and differentiation 

success. Furthermore, by altering the timings and frequency of passages, a higher degree of 

control was enabled for experimentation. With that said, several studies have been successfully 

published by using the original Shi et al protocol, so the susceptibility to premature death could 

be specific to the cell lines used here.  

Unlike MSNs, there were fewer differences observed in the culture composition of CPN-

containing cultures, with a subtle, but significant increase in the proportion of NSCs found in 

75Q cultures, as well as a significant reduction in overall viability as assessed by both pyknotic 

nuclei as well as LDH release values across multiple clones. Within the HD family series, 

differences in the number of pre-synaptic puncta were observed between genotypes, however 

this did not correlate with differences in HTT polyQ-length. 

Initial investigation into the morphology and behaviour of cultures led to a series of interesting 

experiments, resulting in novel findings. The adhesion capability of CPN-containing cultures 

was assessed at multiple time points during the differentiation process, and although adhesion 

was found to be decreased at the NPC stage, once layer V neurons began emerging this 

impairment was no longer apparent. This led to the investigation of alternative aspects of 

neuronal behaviour, such as the dynamic morphology of CPNs. Using longitudinal imaging, 

specific aspects of culture morphology and cell behaviour, such as neurite length and 

branching, as well as cell clustering over time, were assessed and distinct differences were 

observed between pathogenic and non-pathogenic lines. Similarly to MSNs, it was found that 

over time the number of cell body clusters actually reduced in 75Q CPN-containing cultures, in 

contrast to 22Q cultures. Combined with the reduced viability observed in these cultures also, it 

suggests that cell loss is occurring. The identity of these cells - mature neurons or NPCs - was 

not investigated therefore cannot be commented on. Furthermore, although no difference was 

found in the number of branch points produced by neurons, when normalised to the number of 

cell body clusters, a significant difference was observed between genotypes. This is most likely 

explained by the difference in cell body cluster number between 22Q and 75Q lines; as the 
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number of cell body clusters was significantly increased in 22Q cultures compared to 75Q, the 

division factor would be much greater resulting in a much smaller 'branches per cluster' value, 

thus leading to the significantly increased result found in 75Q cultures.  

A novel investigation into axonal projection capability of these cultures within microfluidic 

devices identified an HTT polyQ-length dependent decrease in the number of axons projected 

over time. Also, the axonal networks generated post-projection were of very different 

complexities. It was observed that post-projection networks in lines expressing an expanded 

HTT polyQ had fewer interactions than control lines. This has important connotations for the 

formation of the CS pathway, as if correct and translated to human neurodevelopment, these 

experiments could suggest the very formation of the CS pathway is compromised in HD. This 

area of research is highly debated, as the majority of data suggests that HD patients do in fact 

have normal brain development, with normal structural properties and cortices that match the 

general population. However, some groups have identified a smaller overall brain volume in HD 

patients compared to controls, and imaging studies have showed reduced white matter 

thickness. Furthermore, these studies assess the macrostructure of the brain and thus do not 

assess the number of synapses for example in control and diseased states. As such, there is a 

debate still to be had as to the neurodevelopmental aspect of HD (Nopoulos et al., 2011; 

Paulsen et al., 2008; Tabrizi et al., 2011; Whitwell et al., 2001). It would have been possible to 

repeat these experiments focusing on MSN projection also, however the decision was made to 

focus on CPN axonal projection as it was believed that it would prove more insightful in the 

context of the CS pathway; although MSNs are projection neurons also, the downstream 

projections of MSNs were not the primary focus of this project. In future studies, it would be 

interesting however to assess if MSNs followed a similar pattern to the CPN data presented 

here i.e. an HTT polyQ-length dependent decrease in axonal projection ability. 

Finally, an important aspect of CS pathway biology, the role of BDNF was assessed in PSC-

derived CPN-containing cultures in terms of production and release – reported to be altered in 

HD. High levels of experimental variability confounded clear interpretation of results but trends 

suggested both a reduction in the production of BDNF protein, as well as reduced BDNF 

release in lines expressing an expanded HTT polyQ. One aspect of these experiments which 

was surprising, was the limited effect of both stimulatory agents KCL and glutamate on BDNF 

release on these cells. These agents were chosen as they are known to stimulate activity-

dependent release of proteins, including BDNF from neurons. However, neither agent appeared 

to significantly increase the probability of release. As both agents were correctly formulated with 

new reagent materials, it seems unlikely that this can be explained due to inactivity of the 

compounds. More likely, is that the cellular targets of these compounds, i.e. ion channels, were 

not present in sufficient quantity or density to elicit a biological response. Indeed, whilst 

indications of activity had been confirmed in these lines at a much later time point, there was no 

investigation into the expression levels of ion channels or transmembrane receptors at the time 

point at which experiments were conducted, which may have provided an explanation for this 

phenomenon.  
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6.1.3 Generation of a co-culture platform that accurately models the cortiostriatal 

pathway 

The major aim of this Thesis project was to generate a platform in which the CS pathway could 

be modelled in vitro using human cells. The data presented here demonstrates this is entirely 

possible and as such, this project was successful. The ability to construct a human CS pathway 

in vitro opens the door for studying multiple aspects of CS connectivity and early events in HD 

pathogenesis, which were previously impossible. Thus, the generation of this platform provides 

a key starting point for ongoing investigations into CS connectivity disturbance, and pathology in 

HD, in a human context. 

As not previously used with human PSC-derived cells, the optimisation process necessary for 

creating a human PSC-derived neuronal co-culture system in MFCs was lengthy, but technical 

aspects were reproduced to an extent from those used for murine primary neuronal systems 

(advice was provided by Prof Schiavo lab members). The optimal density for cell seeding as 

well as seeding technique required several rounds of improvement, which combined with the 

length of time required to generate cellular material, contributed to the time-consuming nature of 

this project. As such, it was only possible to complete one full round of CS co-culture 

experimentation but much ‘proof of principle’ data was collated.  

Nevertheless, measures of connectivity were possible, such as the formation of synapses, and 

an interesting result was found in terms of the number of synapses formed at distinct time points 

in co-culture. It was found that in HD vs control co-cultures (HD CPNs projecting onto control 

MSNs), an elevated number of synapses were present after three weeks of co-culture, 

confirming a higher level of connectivity between neuronal populations, contrary to what might 

be predicted. As aforementioned, this could lead to a hyperexcitable phenotype, however 

confirmation of this is technically difficult and outside the scope of this project. It could be 

argued however, that the most interesting observation was that the numbers of synapses 

identified in cultures were decreased over time whenever either the pre-synaptic or post-

synaptic compartment contained HD neurons. In contrast, when cultures were comprised of all 

control neurons the degree of synapse loss was much reduced. As these findings are in 

contrast to those previously published in rodent models of the disease, where one study found 

the pre-synaptic compartment genotype only to determine phenotype (Virlogeux et al., 2018), 

and another study in which mHTT expression was required in both pre- and post-synaptic 

compartments to result in dysfunction (Buren et al., 2016), the importance of studying 

phenotype presentation in a human species model is emphasised. Possible explanations, aside 

from model species, that could account for the differences in results presented here include: 

polyQ-repeat length - both the published papers used cell lines with substantially higher polyQ 

lengths than those used here (128Q and 140Q vs 75Q); the readouts also differed, as Buren et 

al analysed striatal excitability, and Virlogeux et al assessed glutamate transmission and ERK 

signalling; finally the experimental timelines of the studies also differed - both studies used 

primary neurons, and completed assessments at d14, and d21 (Buren only), however it is 

acknowledged that primary neurons mature at a much faster rate than human PSC-derived 
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neurons, thus the difference in pre- and post-synaptic compartment contribution to phenotype 

may be development time-point dependent. As discussed in the following section, to validate 

the results presented here, the replication of these experiments in additional human cell models 

is of paramount importance. 

6.2 Future works 

6.2.1 Cellular composition analysis 

As discussed within each results chapter of this Thesis, the cellular composition of cultures 

(both MSN- and CPN- containing) was not fully elucidated, and therefore limited the 

interpretation of significant results. To continue this work, investigations must first be completed 

into revealing the identity of unknown cells within both MSN and CPN cultures. There are 

several methods that could achieve this, that range in their complexity and predicted success. 

Increasing the panel of immunolabeling within PSC-derived cultures could contribute to 

revealing more cell types present, however the caveat of this approach is that antibody reliability 

must be high in order to be confident of the results. An alternative method to ensure a more 

homogenous culture of either MSNs or CPNs could be to purify the cultures via cell sorting. One 

method that could accomplish this is fluorescence-activated cell sorting (FACS), which can 

separate a heterogenous culture into distinct cellular populations dependent on their fluorescent 

labelling. This technique was used alongside this Thesis in an attempt to separate direct and 

indirect pathway MSNs derived from PSCs, however resulted in a very low efficiency rate (~5%) 

and caused widespread cell death due to the harshness of the technique. As such, further 

investigation would have to be conducted to identify a method by which a pure homogenous 

MSN and CPN culture could be derived from the heterogenous PSC-derived cultures presented 

here. 

6.2.2 Dendritic morphological comparison  

Within the scope of this project, confirmation of the presence of dendritic spines was carried out, 

demonstrating robust formation of mature 'mushroom' spine heads. The technique used, super 

resolution microscopy, enables a high level of detail to be resolved. However, a resolution: time 

trade-off is profound; high resolution imaging requires an extended image capture time, and 

post-acquisition processing is laborious. Therefore this technique, although extremely 

informative, is low-throughout, alas it is not suitable for large scale studies. Previous 

publications have reported success using Sholl analysis in both in vivo (Lerner et al., 2012; 

Indersmitten et al., 2015; Buren et al., 2016) and in vitro systems (Penrod et al., 2015). Moving 

forward, in optimal culture density conditions it may be possible to combine HCI with post-

acquisition Sholl analysis (http://fiji.sc/Sholl_Analysis). This would enable the robust comparison 

of dendritic branching and arborisation between control and HD cultures. Furthermore, by 

utilising the IsoHD line, genetic background heterogeneity would be avoided and an HTT polyQ-

length dependent effect could be resolved. Alternatively, although not successful in initial 

attempts here, using antibodies targeted to proteins enriched in dendritic spines such as 

spinophilin could also be pursued and used in a high content format. Spinophilin staining was 

attempted in this project, however the strength of signal achieved even after antibody 
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optimisation was not sufficient to enable quantification, thus alternative antibodies must be 

trialled. The Harmony imaging analysis software used throughout this project is compatible with 

add-on software, such as PhenoLOGIC (Perkin Elmer). This plug-in enables machine learning 

to develop an analysis algorithm that can be applied to samples in batch processing. The 

algorithm is developed using a 'learn-by-example' approach, whereby the user completes a 

series of 'training runs' on representative images, specifying the upper and lower limits for object 

parameters such as size, texture and morphology, which lends itself perfectly to the 

identification of dendritic spines.  

6.2.3 BDNF trafficking and post-synaptic uptake 

A running theme of this project was the role of BDNF in the CS system: its production, 

processing and release from PSC-derived CPN-containing cultures, and the impact of BDNF 

withdrawal or deficiency on MSN-culture viability were both key areas of investigation. What 

was not investigated however, was the axonal trafficking of this protein in DCVs, due to a 

limitation of resources and inability to acquire appropriate constructs. Summarised are just a 

few reports that document deficient BDNF production, trafficking and release, and suggest that 

it may contribute to the pathology observed in HD. Drouet et al revealed that mHTT confers a 

dominant negative effect over WT function; WT HTT facilitates vesicular trafficking, of which 

BDNF is cargo, however the presence of a single mutant allele significantly reduces vesicular 

transport, which can then be restored by selectively silencing the mutant allele only (Drouet et 

al., 2014). Several publications have documented a reduction of BDNF protein in HD models, 

including both animal models (Gauthier et al., 2004; Apostol et al., 2008; Baydyuk and Xu, 

2014) and human tissue (Ferrer et al., 2000), which appear to correlate with disease 

progression, however there is contrasting evidence around this matter with regard to specific 

brain regions. Zuccato and Cattaneo identified in 2007 that cortical mRNA and protein levels of 

BDNF were reduced in post-mortem tissues collected from 20 HD patients as early as the pre-

symptomatic phase. In contrast, Ferrer et al  reported no significant difference in protein levels 

in the parietal and temporal cortex, yet decreased protein in caudate and putamen, which was 

also supported by other groups (Gauthier et al., 2004). The protocol used to process samples, 

or even the detection methods used may account for these discrepancies in results, however as 

animal model data as well as PSC-derived CPN data presented here and elsewhere suggest 

that BDNF production and expression is lowered in HD, it is plausible that this is a true 

phenotype. Regarding BDNF trafficking which unfortunately could not be assessed here, there 

is a huge array of evidence demonstrating reduced volume and reduced velocity of trafficking in 

both the anterograde and retrograde direction within HD (Baydyuk and Xu, 2014; 

Nithianantharajah and Hannan, 2013; Raymond et al., 2011). Virlogeux et al identified that there 

was both a reduction in the number of secretory vesicles produced in HD animal models, as 

well as a reduction in the velocity of anterograde and retrograde transport. The mechanism 

behind reduced velocity has been well characterised; it has been suggested that mHTT reduces 

the efficiency of vesicle transport due to its interaction with the microtubule-based motor 

complex. Accumulation of mHTT results in increased binding affinity to the p150
glued

 subunit of 
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dynactin, and its interaction partner HAP1. This results in a reduced velocity of vesicle 

trafficking along microtubules, hence BDNF trafficking is deficient in HD (Gauthier et al., 2004). 

A future direction of this project could be to ascertain if any differences in axonal trafficking are 

present in both the HD family series and IsoHD series, dependent on HTT polyQ-length. As 

BDNF is particularly pertinent to this project and the wider context of HD as a disease, 

assessing the trafficking of DCVs along axonal tracts would be valuable. Previous publications 

have used tagged-BDNF and live imaging experiments to assess axonal transport (Adachi, 

Kohara and Tsumoto, 2005), however if combined with MFCs, these experiments could have 

added value (Zhao et al., 2016, 2014). The analyses of trafficking experiments is challenging, 

regardless of whether the cargo is for example, vesicles or mitochondria. The most common 

method used is KymoAnalyzer, a software which automatically tracks moving objects from time-

lapse live imaging data (Neumann et al., 2017). Whilst incredibly useful, one of the caveats of 

this software is that directionality must be set in order to distinguish between anterograde and 

retrograde transport. In standard cell culture vessels, neurons are not limited in their growth 

direction, creating a complex network of interacting processes, which would of course, not be 

amenable to KymoAnalysis, unless extremely low-density cultures could be assessed; PSC-

derived neuronal cultures do not respond well when cultured in relative isolation. One of the 

intrinsic properties of MFCs however, is the introduction of neural projection directionality. By 

culturing PSC-derived neuronal cultures transfected with either quantum-dot labelled BDNF 

(Zhao et al., 2014), or fluorescently tagged BDNF (Zhao et al., 2016) in isolation (CPN mono-

cultures) or a CS co-culture context in MFCs, it would be possible not only to assess the 

anterograde and retrograde trafficking of BDNF in CPNs, but also the transmission and uptake 

of BDNF post-synaptically, as well as the retrograde transport once internalised in MSNs. As 

such, the trafficking of BDNF in its entirety could be assessed. Following a similar design to 

experiments completed in the Saudou laboratory, the trafficking of BDNF could be assessed in 

both pure, and chimeric cultures (Ehinger et al., 2019; Virlogeux et al., 2018), to identify the 

impact of compartment genotype on culture phenotype.  

6.2.4 IsoHD series co-cultures in MFCs 

The data presented here was the first documentation of a human CS pathway being replicated 

in vitro using PSC-derived neurons. Whilst successful with regard to pathway generation and 

the indication of HD-associated phenotypes, factors were present which could have confounded 

the results. In order to have more confidence in the data generated, it would be valuable to 

replicate the study using the IsoHD allelic series presented here, as originally planned. The use 

of neurons with identical genetic backgrounds would re-assure the field that any phenotypes 

observed were in fact a direct result of the expanded HTT polyQ-length, and not due to genetic 

heterogeneity. Furthermore, as the IsoHD series comprises a varied CAG-repeat length, the 

effect of increasing HTT polyQ could be investigated with regard to CS pathway formation and 

connectivity. 

To add a further element of investigation, once the baseline phenotypes of pure, and chimeric 

CS co-cultures are established in MFCs, it would be possible to introduce treatments to these 
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cultures and record any alteration to phenotype. Although to date there are no disease 

modifying treatments for HD, antisense oligonucleotide (ASO)-mediated HTT lowering is in late-

stage clinical trials, with promising results with regard to safety and efficacy, as well as 

quantitative mHTT concentration lowering so far reported at all stages (Tabrizi et al., 2019). The 

function and impact of these ASOs on the cell models presented here are currently being tested 

in the Tabrizi laboratory, therefore if preliminary evidence is collected that supports HTT-

lowering in vitro, it would be interesting to incorporate this treatment option into future study 

design. For example, by application to either pre- or post-synaptic compartment neurons in 

isolation, it could be assessed if a reduction in HTT expression even after formation of the CS 

pathway, could reverse any pathogenic phenotypes observed. The limitation of these devices 

however, is that experiments can currently only be conducted in low-throughput, which may 

hinder the range of experimental questions that could be asked. 

6.2.5 Construction of the CS pathway using tri-culture 

Cellular co-culture methods that recapitulate brain pathways, including the CS pathway, have 

numerous advantages over rodent cell models or animal model brain slices. However, in order 

to truly recapitulate the human CS pathway, a much more complex co-culturing system would 

be required, that incorporated the presence of a multitude of support cells as found in the brain 

such as astrocytes and microglia. Understandably, these studies have not yet been completed, 

most likely due to the incredibly complex culture system that would be required. Due to the 

advent of more sophisticated microfluidic devices however, the idea of a tri-culture system is 

now within reach. The MFC devices used in Virlogeux et al have a third chamber incorporated 

into the design (see publication for diagram). The authors only assessed synapse formation 

within this central chamber in an attempt to assess true cortical-striatal synapses. This format 

could be redesigned however to include astrocytes within the central chamber. Within the field 

of neuroscience, the concept of a tripartite synapse is widely accepted, suggesting that true 

synapses are not readily formed or maintained without the support of adjacent astrocytic end 

feet (Araque et al., 1999; Perea et al., 2009). Furthermore, protocols for the differentiation of 

PSCs to astrocytes have now been developed and are beginning to be optimized by research 

groups (Krencik and Zhang, 2011; Shaltouki et al., 2013; Tcw et al., 2017) (Gordon CAG Triplet 

Repeat Conference, Tuscany, 2019). Thus, if CPNs, MSNs and astrocytes could all be derived 

from the same PSCs and co-cultured in tri-chamber MFCs, it is plausible that tripartite synapses 

could be observed for the first time in vitro. Tri-cultures have been completed before, with 

astrocytes, neurons and microglia tri-cultured in MFCs to study Alzheimer's disease (Park et al., 

2018), as well as models of the blood brain barrier designed with astrocytes, endothelial cells 

and pericytes (Thomsen et al., 2015). This project could not find any evidence of tri-culture 

systems in the literature, which targeted the recapitulation of the CS pathway in HD. 

Coincidentally, through collaborations at UCL, tri-chamber MFC templates similar to the design 

described by Virlogeux et al are available for use. Furthermore, members of the Tabrizi 

laboratory are currently trialling HD family series and IsoHD series differentiation into astrocytes. 

It is therefore entirely plausible, that with intensive optimisation, this project could go on to 

develop the first-in-human CS pathway tri-culture.  
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To take this one step further, and enable repeated and non-invasive electrical recordings from 

cultures, it would be possible to bond the tri-chambers to custom designed MEAs, similar to 

Garcia-Munoz et al., (2015). In this context, recordings from distinct electrodes would be 

enabled, plus with the ability to switch MEA electrodes from 'recording' to 'stimulating', current 

could be applied to a specific chamber within the tri-culture - the CPN chamber for example - 

whilst simultaneously recording from the synaptic/astrocytic and MSN chamber. It would 

therefore be possible, to assess location specific activity, without the need for transfection or 

interference of the cells.  

Similarly, if established, this tri-culture system could be used as a secondary screen for 

therapeutics. Once fully optimised and characterised at baseline, the addition of selected 

therapeutic compounds, such as ASO's, to distinct chambers would be possible, the results of 

which could then be compared to baseline data to assess any improvement or detriment to 

phenotype. It should be noted that these experiments would not be high-throughput due to the 

nature of culturing within MFCs, therefore could not be used as a primary therapeutic screen.  

In conclusion, this project has successfully created a co-culture system that is capable of 

modelling the CS pathway, in both an unaffected and HD format with human cells. The 

expansive phenotyping and characterisation of PSC-derived MSN- and CPN-containing cultures 

with CAG-repeats ranging from 22Q - 81Q has complemented previous studies in the literature, 

as well as added additional phenotypes that are novel to the field. With a wide range of future 

avenues of investigation open, this thesis has generated a platform from which future study can 

be built. 

  



204 
 

References 

Abdipranoto-Cowley, A., Jin, S.P., Croucher, D., Daniel, J., Henshall, S., Galbraith, S., Mervin, 

K., Vissel, B., 2009. Activin A is essential for neurogenesis following neurodegeneration. 

Stem Cells 27, 1330–1346. https://doi.org/10.1002/stem.80 

Adachi, N., Kohara, K., Tsumoto, T., 2005. Difference in trafficking of brain-derived neurotrophic 

factor between axons and dendrites of cortical neurons, revealed by live-cell imaging. 

BMC Neurosci. 6, 42. https://doi.org/10.1186/1471-2202-6-42 

Akbergenova, Y., Littleton, J.T., 2017. Pathogenic Huntington Alters BMP Signaling and 

Synaptic Growth through Local Disruptions of Endosomal Compartments. J. Neurosci. 37, 

3425. https://doi.org/10.1523/JNEUROSCI.2752-16.2017 

Almqvist, E.W., Bloch, M., Brinkman, R., Craufurd, D., Hayden, M.R., 1999. A worldwide 

assessment of the frequency of suicide, suicide attempts, or psychiatric hospitalization 

after predictive testing for Huntington disease. Am. J. Hum. Genet. 64, 1293–304. 

https://doi.org/10.1086/302374 

Apostol, B.L., Simmons, D.A., Zuccato, C., Illes, K., Pallos, J., Casale, M., Conforti, P., Ramos, 

C., Roarke, M., Kathuria, S., Cattaneo, E., Marsh, J.L., Thompson, L.M., 2008. CEP-1347 

reduces mutant huntingtin-associated neurotoxicity and restores BDNF levels in R6/2 

mice. Mol. Cell. Neurosci. 39, 8–20. https://doi.org/10.1016/j.mcn.2008.04.007 

Araque, A., Parpura, V., Sanzgiri, R.P., Haydon, P.G., 1999. Tripartite synapses: glia, the 

unacknowledged partner. Trends Neurosci. 22, 208–15. 

Arber, C., Angelova, P.R., Wiethoff, S., Tsuchiya, Y., Mazzacuva, F., Preza, E., Bhatia, K.P., 

Mills, K., Gout, I., Abramov, A.Y., Hardy, J., Duce, J.A., Houlden, H., Wray, S., 2017. 

iPSC-derived neuronal models of PANK2-associated neurodegeneration reveal 

mitochondrial dysfunction contributing to early disease. PLoS One 12, e0184104. 

https://doi.org/10.1371/journal.pone.0184104 

Arber, C., Precious, S. V, Cambray, S., Risner-Janiczek, J.R., Kelly, C., Noakes, Z., Fjodorova, 

M., Heuer, A., Ungless, M.A., Rodríguez, T.A., Rosser, A.E., Dunnett, S.B., Li, M., 2015a. 

Activin A directs striatal projection neuron differentiation of human pluripotent stem cells. 

Development 142, 1375–86. https://doi.org/10.1242/dev.117093 

Arber, C., Toombs, J., Lovejoy, C., Ryan, N.S., Paterson, R.W., Willumsen, N., Gkanatsiou, E., 

Portelius, E., Blennow, K., Heslegrave, A., Schott, J.M., Hardy, J., Lashley, T., Fox, N.C., 

Zetterberg, H., Wray, S., 2019. Familial Alzheimer’s disease patient-derived neurons 

reveal distinct mutation-specific effects on amyloid beta. Mol. Psychiatry. 

https://doi.org/10.1038/s41380-019-0410-8 

Arber, Charles, Precious, Sophie V, Cambray, Serafí, Risner-Janiczek, J.R., Kelly, C., Noakes, 

Z., Fjodorova, M., Heuer, A., Ungless, Mark A, Rodríguez, Tristan A, Rosser, Anne E, 

Dunnett, Stephen B, Li, Meng, Abdipranoto-Cowley, A., Park, J.S., Croucher, D., Daniel, 



205 
 

J., Henshall, S., Galbraith, S., Mervin, K., Vissel, B., Arlotta, P., Molyneaux, B.J., 

Jabaudon, D., Yoshida, Y., Macklis, J.D., Aubry, L., Bugi, A., Lefort, N., Rousseau, F., 

Peschanski, M., Perrier, A.L., Backman, M., Machon, O., Mygland, L., Bout, C.J. van den, 

Zhong, W., Taketo, M.M., Krauss, S., Cambray, S., Arber, C., Little, G., Dougalis, A.G., 

Paola, V. de, Ungless, M. A., Li, M., Rodríguez, T. A., Campbell, K., Carri, A.D., Onorati, 

M., Lelos, M.J., Castiglioni, V., Faedo, A., Menon, R., Camnasio, S., Vuono, R., Spaiardi, 

P., Talpo, F., Chang, C.-W., Tsai, C.-W., Wang, H.-F., Tsai, H.-C., Chen, H.-Y., Tsai, T.-F., 

Takahashi, H., Li, H.-Y., Fann, M.-J., Yang, C.-W., Chen, X., Grisham, W., Arnold, A.P., 

Elkabetz, Y., Panagiotakos, G., Shamy, G. Al, Socci, N.D., Tabar, V., Studer, L., Espuny-

Camacho, I., Michelsen, K.A., Gall, D., Linaro, D., Hasche, A., Bonnefont, J., Bali, C., 

Orduz, D., Bilheu, A., Herpoel, A., Feijen, A., Goumans, M.J., Raaij, A.J. van den E., 

Flames, N., Pla, R., Gelman, D.M., Rubenstein, J.L.R., Puelles, L., Marin, O., Flandin, P., 

Zhao, Y., Vogt, D., Jeong, J., Long, J., Potter, G., Westphal, H., Rubenstein, J.L.R., 

Furusho, M., Ono, K., Takebayashi, H., Masahira, N., Kagawa, T., Ikeda, K., Ikenaka, K., 

Garel, S., Marin, F., Grosschedl, R., Charnay, P., Gennet, N., Gale, E., Nan, X., Farley, E., 

Takacs, K., Oberwallner, B., Chambers, D., Li, M., Gerfen, C.R., Goulburn, A.L., Stanley, 

E.G., Elefanty, A.G., Anderson, S.A., Grigoriou, M., Tucker, A.S., Sharpe, P.T., Pachnis, 

V., Gulacsi, A., Anderson, S.A., Harrison-Uy, S.J., Pleasure, S.J., Hébert, J.M., Fishell, G., 

Kelly, C.M., Precious, S. V., Penketh, R., Amso, N., Dunnett, S. B., Rosser, A. E., Kelly, 

C.M., Precious, S. V., Torres, E.M., Harrison, A.W., Williams, D., Scherf, C., Weyrauch, 

U.M., Lane, E.L., Allen, N.D., Penketh, R., Klapstein, G.J., Fisher, R.S., Zanjani, H., 

Cepeda, C., Jokel, E.S., Chesselet, M.F., Levine, M.S., Lange, H., Thörner, G., Hopf, A., 

Schröder, K.F., Li, X.-J., Zhang, X., Johnson, M.A., Wang, Z.-B., LaVaute, T., Zhang, S.-

C., Ma, L., Hu, B., Liu, Y., Vermilyea, S.C., Liu, H., Gao, L., Sun, Y., Zhang, X., Zhang, S.-

C., Machold, R., Hayashi, S., Rutlin, M., Muzumdar, M.D., Nery, S., Corbin, J.G., Gritli-

Linde, A., Dellovade, T., Porter, J.A., Rubin, L.L., Magnani, D., Hasenpusch-Theil, K., 

Jacobs, E.C., Campagnoni, A.T., Price, D.J., Theil, T., Maira, M., Long, J.E., Lee, A.Y., 

Rubenstein, J.L.R., Stifani, S., Manning, L., Ohyama, K., Saeger, B., Hatano, O., Wilson, 

S.A., Logan, M., Placzek, M., Marín, O., Rubenstein, J.L.R., Miyoshi, G., Butt, S.J.B., 

Takebayashi, H., Fishell, G., Nicholas, C.R., Chen, J., Tang, Y., Southwell, D.G., 

Chalmers, N., Vogt, D., Arnold, C.M., Chen, Y.-J.J., Stanley, E.G., Elefanty, A.G., 

Nicoleau, C., Varela, C., Bonnefond, C., Maury, Y., Bugi, A., Aubry, L., Viegas, P., 

Bourgois-Rocha, F., Peschanski, M., Perrier, A.L., Nikoletopoulou, V., Plachta, N., Allen, 

N.D., Pinto, L., Götz, M., Barde, Y.-A., Nisenbaum, E.S., Xu, Z.C., Wilson, C.J., Olsson, 

M., Björklund, A., Campbell, K., Ouimet, C.C., Miller, P.E., Hemmings, H.C., Walaas, S.I., 

Greengard, P., Rallu, M., Machold, R., Gaiano, N., Corbin, J.G., McMahon, A.P., Fishell, 

G., Reiner, A., Albin, R.L., Anderson, K.D., D’Amato, C.J., Penney, J.B., Young, A.B., 

Rosser, A. E., Bachoud-Lévi, A.-C., Sekiguchi, M., Hayashi, F., Tsuchida, K., Inokuchi, K., 

Sussel, L., Marin, O., Kimura, S., Rubenstein, J.L.R., Takahashi, K., Liu, F.-C., Hirokawa, 

K., Takahashi, H., Consortium, T.H. iPSC, Uhl, G.R., Navia, B., Douglas, J., Urbán, N., 

Martín-Ibáñez, R., Herranz, C., Esgleas, M., Crespo, E., Pardo, M., Crespo-Enríquez, I., 

Méndez-Gómez, H.R., Waclaw, R., Chatzi, C., Victor, M.B., Richner, M., Hermanstyne, 



206 
 

T.O., Ransdell, J.L., Sobieski, C., Deng, P.-Y., Klyachko, V.A., Nerbonne, J.M., Yoo, A.S., 

Xu, Q., Guo, L., Moore, H., Waclaw, R.R., Campbell, K., Anderson, S.A., Xuan, S., 

Baptista, C.A., Balas, G., Tao, W., Soares, V.C., Lai, E., Zhao, Y., Marin, O., Hermesz, E., 

Powell, A., Flames, N., Palkovits, M., Rubenstein, J.L.R., Westphal, H., 2015b. Activin A 

directs striatal projection neuron differentiation of human pluripotent stem cells. 

Development 142, 1375–86. https://doi.org/10.1242/dev.117093 

Arlotta, P., Molyneaux, B.J., Jabaudon, D., Yoshida, Y., Macklis, J.D., 2008. Ctip2 controls the 

differentiation of medium spiny neurons and the establishment of the cellular architecture 

of the striatum. J. Neurosci. 28, 622–32. https://doi.org/10.1523/JNEUROSCI.2986-

07.2008 

Artamonov, D.N., Korzhova, V. V., Wu, J., Rybalchenko, P.D., Im, K., Krasnoborova, V.A., 

Vlasova, O.L., Bezprozvanny, I.B., 2013. Characterization of synaptic dysfunction in an in 

vitro corticostriatal model system of Huntington’s disease. Biochem. Suppl. Ser. A Membr. 

Cell Biol. 7, 192–202. https://doi.org/10.1134/S1990747813040028 

Bacci, A., Verderio, C., Pravettoni, E., Matteoli, M., 1999. The role of glial cells in synaptic 

function. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 354, 403–9. 

https://doi.org/10.1098/rstb.1999.0393 

Baig, S.S., Strong, M., Quarrell, O.W., 2016. The global prevalence of Huntington’s disease: a 

systematic review and discussion. Neurodegener. Dis. Manag. 6, 331–343. 

https://doi.org/10.2217/nmt-2016-0008 

Baquet, Z.C., Gorski, J.A., Jones, K.R., 2004. Early Striatal Dendrite Deficits followed by Neuron 

Loss with Advanced Age in the Absence of Anterograde Cortical Brain-Derived 

Neurotrophic Factor. J. Neurosci. 24, 4250–4258. 

https://doi.org/10.1523/JNEUROSCI.3920-03.2004 

Bardy, C., van den Hurk, M., Eames, T., Marchand, C., Hernandez, R. V, Kellogg, M., Gorris, 

M., Galet, B., Palomares, V., Brown, J., Bang, A.G., Mertens, J., Böhnke, L., Boyer, L., 

Simon, S., Gage, F.H., 2015. Neuronal medium that supports basic synaptic functions and 

activity of human neurons in vitro. Proc. Natl. Acad. Sci. U. S. A. 112, E2725-34. 

https://doi.org/10.1073/pnas.1504393112 

Barnabé-Heider, F., Miller, F.D., 2003. Endogenously produced neurotrophins regulate survival 

and differentiation of cortical progenitors via distinct signaling pathways. J. Neurosci. 23, 

5149–60. https://doi.org/10.1523/JNEUROSCI.23-12-05149.2003 

Barnat, M., Le Friec, J., Benstaali, C., Humbert, S., 2017. Huntingtin-Mediated Multipolar-

Bipolar Transition of Newborn Cortical Neurons Is Critical for Their Postnatal Neuronal 

Morphology. Neuron 93, 99–114. https://doi.org/10.1016/J.NEURON.2016.11.035 

Bates, G.P., Dorsey, R., Gusella, J.F., Hayden, M.R., Kay, C., Leavitt, B.R., Nance, M., Ross, 

C. a., Scahill, R.I., Wetzel, R., Wild, E.J., Tabrizi, S.J., 2015. Huntington disease. Nat. 



207 
 

Rev. Dis. Prim. 15005. https://doi.org/10.1038/nrdp.2015.5 

Bathina, S., Das, U.N., 2015. Brain-derived neurotrophic factor and its clinical implications. 

Arch. Med. Sci. 11, 1164–78. https://doi.org/10.5114/aoms.2015.56342 

Baydyuk, M., Russell, T., Liao, G.-Y., Zang, K., An, J.J., Reichardt, L.F., Xu, B., 2011. TrkB 

receptor controls striatal formation by regulating the number of newborn striatal neurons. 

Proc. Natl. Acad. Sci. U. S. A. 108, 1669–74. https://doi.org/10.1073/pnas.1004744108 

Baydyuk, M., Xie, Y., Tessarollo, L., Xu, B., 2013. Midbrain-Derived Neurotrophins Support 

Survival of Immature Striatal Projection Neurons. J. Neurosci. 33, 3363–3369. 

https://doi.org/10.1523/JNEUROSCI.3687-12.2013 

Baydyuk, M., Xu, B., 2014. BDNF signaling and survival of striatal neurons. Front. Cell. 

Neurosci. 8, 254. https://doi.org/10.3389/fncel.2014.00254 

Bayram-Weston, Z., Jones, L., Dunnett, S.B., Brooks, S.P., 2012. Light and electron 

microscopic characterization of the evolution of cellular pathology in the R6/1 Huntington’s 

disease transgenic mice. Brain Res. Bull. 88, 104–112. 

https://doi.org/10.1016/J.BRAINRESBULL.2011.07.009 

Begni, V., Riva, M.A., Cattaneo, A., 2017. Cellular and molecular mechanisms of the brain-

derived neurotrophic factor in physiological and pathological conditions. Clin. Sci. 131, 

123–138. https://doi.org/10.1042/CS20160009 

Binder, D.K., Scharfman, H.E., 2004. Brain-derived neurotrophic factor. Growth Factors 22, 

123–31. https://doi.org/10.1080/08977190410001723308 

Boissart, C., Poulet, A., Georges, P., Darville, H., Julita, E., Delorme, R., Bourgeron, T., 

Peschanski, M., Benchoua, A., 2013. Differentiation from human pluripotent stem cells of 

cortical neurons of the superficial layers amenable to psychiatric disease modeling and 

high-throughput drug screening. Transl. Psychiatry 3, e294–e294. 

https://doi.org/10.1038/tp.2013.71 

Borgs, L., Godin, J., 2012. Huntington’s Disease: From the Physiological Function of Huntingtin 

to the Disease, Huntington’s Disease - Core Concepts and Current Advances. InTech. 

Borodinova, A.A., Salozhin, S. V., 2017. Differences in the Biological Functions of BDNF and 

proBDNF in the Central Nervous System. Neurosci. Behav. Physiol. 47, 251–265. 

https://doi.org/10.1007/s11055-017-0391-5 

Budday, S., Steinmann, P., Kuhl, E., 2015. Physical biology of human brain development. Front. 

Cell. Neurosci. https://doi.org/10.3389/fncel.2015.00257 

Bunner, K.D., Rebec, G. V., 2016. Corticostriatal Dysfunction in Huntington’s Disease: The 

Basics. Front. Hum. Neurosci. 10, 317. https://doi.org/10.3389/fnhum.2016.00317 



208 
 

Buren, C., Parsons, M.P., Smith-Dijak, A., Raymond, L.A., 2016a. Impaired development of 

cortico-striatal synaptic connectivity in a cell culture model of Huntington’s disease. 

Neurobiol. Dis. 87, 80–90. https://doi.org/10.1016/j.nbd.2015.12.009 

Buren, C., Tu, G., Parsons, M.P., Sepers, M.D., Raymond, L.A., 2016b. Influence of cortical 

synaptic input on striatal neuronal dendritic arborization and sensitivity to excitotoxicity in 

corticostriatal coculture. J. Neurophysiol. 116, 380–390. 

Burgold, J., Schulz-Trieglaff, E.K., Voelkl, K., Gutiérrez-Ángel, S., Bader, J.M., Hosp, F., Mann, 

M., Arzberger, T., Klein, R., Liebscher, S., Dudanova, I., 2019. Cortical circuit alterations 

precede motor impairments in Huntington’s disease mice. Sci. Rep. 9, 6634. 

https://doi.org/10.1038/s41598-019-43024-w 

Bystron, I., Blakemore, C., Rakic, P., 2008. Development of the human cerebral cortex: Boulder 

Committee revisited. Nat. Rev. Neurosci. https://doi.org/10.1038/nrn2252 

Cabanas, M., Bassil, F., Mons, N., Garret, M., Cho, Y.H., 2017. Changes in striatal activity and 

functional connectivity in a mouse model of Huntington’s disease. PLoS One 12, 

e0184580. https://doi.org/10.1371/journal.pone.0184580 

Cambray, S., Arber, C., Little, G., Dougalis, A.G., De Paola, V., Ungless, M.A., Li, M., 

Rodríguez, T.A., 2012. Activin induces cortical interneuron identity and differentiation in 

embryonic stem cell-derived telencephalic neural precursors. Nat. Commun. 3. 

https://doi.org/10.1038/ncomms1817 

Camnasio, S., Carri, A.D., Lombardo, A., Grad, I., Mariotti, C., Castucci, A., Rozell, B., Riso, P. 

Lo, Castiglioni, V., Zuccato, C., Rochon, C., Takashima, Y., Diaferia, G., Biunno, I., 

Gellera, C., Jaconi, M., Smith, A., Hovatta, O., Naldini, L., Di Donato, S., Feki, A., 

Cattaneo, E., 2012. The first reported generation of several induced pluripotent stem cell 

lines from homozygous and heterozygous Huntington’s disease patients demonstrates 

mutation related enhanced lysosomal activity. Neurobiol. Dis. 46, 41–51. 

https://doi.org/10.1016/j.nbd.2011.12.042 

Campbell, A.K., 2004. Intracellular calcium. John Wiley & Sons. 

Campbell, K., 2003. Dorsal-ventral patterning in the mammalian telencephalon. Curr. Opin. 

Neurobiol. 13, 50–6. 

Carreira, J.C., Jahanshahi, A., Zeef, D., Kocabicak, E., Vlamings, R., von Hörsten, S., Temel, 

Y., 2013. Transgenic Rat Models of Huntington’s Disease, in: Current Topics in Behavioral 

Neurosciences. pp. 135–147. https://doi.org/10.1007/7854_2013_245 

Carri, A.D., Onorati, M., Lelos, M.J., Castiglioni, V., Faedo, A., Menon, R., Camnasio, S., 

Vuono, R., Spaiardi, P., Talpo, F., Toselli, M., Martino, G., Barker, R.A., Dunnett, S.B., 

Biella, G., Cattaneo, E., 2013. Developmentally coordinated extrinsic signals drive human 

pluripotent stem cell differentiation toward authentic DARPP-32+ medium-sized spiny 



209 
 

neurons. Development 140, 301–12. https://doi.org/10.1242/dev.084608 

Casey, C.S., Atagi, Y., Yamazaki, Y., Shinohara, M., Tachibana, M., Fu, Y., Bu, G., Kanekiyo, 

T., 2015. Apolipoprotein E Inhibits Cerebrovascular Pericyte Mobility through a RhoA 

Protein-mediated Pathway. J. Biol. Chem. 290, 14208–17. 

https://doi.org/10.1074/jbc.M114.625251 

Castiglioni, V., Onorati, M., Rochon, C., Cattaneo, E., 2012. Induced pluripotent stem cell lines 

from Huntington’s disease mice undergo neuronal differentiation while showing alterations 

in the lysosomal pathway. Neurobiol. Dis. 46, 30–40. 

https://doi.org/10.1016/j.nbd.2011.12.032 

Cattaneo, E., 2007. Cortical-Striatal Dysfunction in Huntington’s Disease. Prog. Neurobiol. 81, 

251–252. https://doi.org/10.1016/j.pneurobio.2007.02.004 

Cayzac, S., Delcasso, S., Paz, V., Jeantet, Y., Cho, Y.H., 2011. Changes in striatal procedural 

memory coding correlate with learning deficits in a mouse model of Huntington disease. 

Proc. Natl. Acad. Sci. U. S. A. 108, 9280–5. https://doi.org/10.1073/pnas.1016190108 

Cepeda, C., Cummings, D.M., André, V.M., Holley, S.M., Levine, M.S., 2010. Genetic mouse 

models of Huntington’s disease: focus on electrophysiological mechanisms. ASN Neuro 2, 

e00033. https://doi.org/10.1042/AN20090058 

Cepeda, C., Wu, N., André, V.M., Cummings, D.M., Levine, M.S., 2007. The corticostriatal 

pathway in Huntington’s disease. Prog. Neurobiol. 81, 253–71. 

https://doi.org/10.1016/j.pneurobio.2006.11.001 

Cheng, Y., Peng, Q., Hou, Z., Aggarwal, M., Zhang, J., Mori, S., Ross, C.A., Duan, W., 2011. 

Structural MRI detects progressive regional brain atrophy and neuroprotective effects in 

N171-82Q Huntington’s disease mouse model. Neuroimage 56, 1027–34. 

https://doi.org/10.1016/j.neuroimage.2011.02.022 

Chuhma, N., Tanaka, K.F., Hen, R., Rayport, S., 2011. Functional connectome of the striatal 

medium spiny neuron. J. Neurosci. 31, 1183–92. 

https://doi.org/10.1523/JNEUROSCI.3833-10.2011 

Conforti, P., Besusso, D., Bocchi, V.D., Faedo, A., Cesana, E., Rossetti, G., Ranzani, V., 

Svendsen, C.N., Thompson, L.M., Toselli, M., Biella, G., Pagani, M., Cattaneo, E., 2018. 

Faulty neuronal determination and cell polarization are reverted by modulating HD early 

phenotypes. Proc. Natl. Acad. Sci. 115, E762–E771. 

https://doi.org/10.1073/pnas.1715865115 

Cong, L., Ran, F.A., Cox, D., Lin, S., Barretto, R., Habib, N., Hsu, P.D., Wu, X., Jiang, W., 

Marraffini, L.A., Zhang, F., 2013. Multiplex genome engineering using CRISPR/Cas 

systems. Science 339, 819–23. https://doi.org/10.1126/science.1231143 



210 
 

Cooper, J.A., 2013. Cell biology in neuroscience: mechanisms of cell migration in the nervous 

system. J. Cell Biol. 202, 725–34. https://doi.org/10.1083/jcb.201305021 

Cortes, C.J., La Spada, A.R., 2014. The many faces of autophagy dysfunction in Huntington’s 

disease: from mechanism to therapy. Drug Discov. Today 19, 963–71. 

https://doi.org/10.1016/j.drudis.2014.02.014 

Cowan, C.M., Raymond, L.A., 2006. Selective Neuronal Degeneration in Huntington’s Disease. 

Curr. Top. Dev. Biol. 75, 25–71. https://doi.org/10.1016/S0070-2153(06)75002-5 

Craufurd, D., MacLeod, R., Frontali, M., Quarrell, O., Bijlsma, E.K., Davis, M., Hjermind, L.E., 

Lahiri, N., Mandich, P., Martinez, A., Tibben, A., Roos, R.A., Working Group on Genetic 

Counselling and Testing of the European Huntington’s Disease Network (EHDN), 2015. 

Diagnostic genetic testing for Huntington’s disease. Pract. Neurol. 15, 80–4. 

https://doi.org/10.1136/practneurol-2013-000790 

Craufurd, D., Snowden, J., 2002. Neuropsychological and neuropsychiatric aspects of 

Huntington’s Disease. 

Creus-Muncunill, J., Ehrlich, M.E., 2019. Cell-Autonomous and Non-cell-Autonomous 

Pathogenic Mechanisms in Huntington’s Disease: Insights from In Vitro and In Vivo 

Models. Neurotherapeutics. https://doi.org/10.1007/s13311-019-00782-9 

Cummings, D.M., André, V.M., Uzgil, B.O., Gee, S.M., Fisher, Y.E., Cepeda, C., Levine, M.S., 

2009. Alterations in cortical excitation and inhibition in genetic mouse models of 

Huntington’s disease. J. Neurosci. 29, 10371–86. 

https://doi.org/10.1523/JNEUROSCI.1592-09.2009 

Dallérac, G.M., Levasseur, G., Vatsavayai, S.C., Milnerwood, A.J., Cummings, D.M., Kraev, I., 

Huetz, C., Evans, K.A., Walters, S.W., Rezaie, P., Cho, Y., Hirst, M.C., Murphy, K.P.S.J., 

2015. Dysfunctional Dopaminergic Neurones in Mouse Models of Huntington’s Disease: A 

Role for SK3 Channels. Neurodegener. Dis. 15, 93–108. 

https://doi.org/10.1159/000375126 

Dautan, D., 2016. Cholinergic modulation of the mesostriatal pathway. University of Leicester. 

Davies, S.W., Turmaine, M., Cozens, B.A., DiFiglia, M., Sharp, A.H., Ross, C.A., Scherzinger, 

E., Wanker, E.E., Mangiarini, L., Bates, G.P., 1997. Formation of neuronal intranuclear 

inclusions underlies the neurological dysfunction in mice transgenic for the HD mutation. 

Cell 90, 537–548. https://doi.org/10.1016/S0092-8674(00)80513-9 

de la Monte, S.M., Vonsattel, J.P., Richardson, E.P., 1988. Morphometric demonstration of 

atrophic changes in the cerebral cortex, white matter, and neostriatum in Huntington’s 

disease. J. Neuropathol. Exp. Neurol. 47, 516–25. 

Delli Carri, A., Onorati, M., Castiglioni, V., Faedo, A., Camnasio, S., Toselli, M., Biella, G., 



211 
 

Cattaneo, E., 2013. Human Pluripotent Stem Cell Differentiation into Authentic Striatal 

Projection Neurons. Stem Cell Rev. Reports 9, 461–474. https://doi.org/10.1007/s12015-

013-9441-8 

Deng, Y.P., Wong, T., Bricker-Anthony, C., Deng, B., Reiner, A., 2013. Loss of corticostriatal 

and thalamostriatal synaptic terminals precedes striatal projection neuron pathology in 

heterozygous Q140 Huntington’s disease mice. Neurobiol. Dis. 60, 89–107. 

https://doi.org/10.1016/J.NBD.2013.08.009 

Donato, R., Miljan, E.A., Hines, S.J., Aouabdi, S., Pollock, K., Patel, S., Edwards, F.A., Sinden, 

J.D., 2007. Differential development of neuronal physiological responsiveness in two 

human neural stem cell lines. BMC Neurosci. 8, 36. https://doi.org/10.1186/1471-2202-8-

36 

Douaud, G., Behrens, T.E., Poupon, C., Cointepas, Y., Jbabdi, S., Gaura, V., Golestani, N., 

Krystkowiak, P., Verny, C., Damier, P., Bachoud-Lévi, A.-C., Hantraye, P., Remy, P., 

2009. In vivo evidence for the selective subcortical degeneration in Huntington’s disease. 

Neuroimage 46, 958–966. https://doi.org/10.1016/j.neuroimage.2009.03.044 

Drescher, U., 2011. Axon Guidance: Push and Pull with Ephrins and GDNF. Curr. Biol. 21, 

R30–R32. https://doi.org/10.1016/J.CUB.2010.11.064 

Drouet, V., Ruiz, M., Zala, D., Feyeux, M., Auregan, G., Cambon, K., Troquier, L., Carpentier, 

J., Aubert, S., Merienne, N., Bourgois-Rocha, F., Hassig, R., Rey, M., Dufour, N., Saudou, 

F., Perrier, A.L., Hantraye, P., Déglon, N., 2014. Allele-Specific Silencing of Mutant 

Huntingtin in Rodent Brain and Human Stem Cells. PLoS One 9, e99341. 

https://doi.org/10.1371/journal.pone.0099341 

Ehinger, Y., Bruyère, J., Panayotis, N., Abada, Y.-S., Saidi, L., Matagne, V., Scaramuzzino, C., 

Vitet, H., Delatour, B., Villard, L., Saudou, F., Roux, J.-C., 2019. Huntington 

phosphorylation governs BDNF homeostasis and improves the phenotype of Mecp2 

knockout mice. bioRxiv 643312. https://doi.org/10.1101/643312 

Ehrlich, M.E., 2012. Huntington’s Disease and the Striatal Medium Spiny Neuron: Cell-

Autonomous and Non-Cell-Autonomous Mechanisms of Disease. Neurotherapeutics 9, 

270–284. https://doi.org/10.1007/s13311-012-0112-2 

Ericsson, J., Silberberg, G., Robertson, B., Wikström, M.A., Grillner, S., 2011. Striatal cellular 

properties conserved from lampreys to mammals. J. Physiol. 589, 2979–92. 

https://doi.org/10.1113/jphysiol.2011.209643 

Estrada-Sánchez, A.M., Burroughs, C.L., Cavaliere, S., Barton, S.J., Chen, S., Yang, X.W., 

Rebec, G. V, 2015. Cortical efferents lacking mutant huntingtin improve striatal neuronal 

activity and behavior in a conditional mouse model of Huntington’s disease. J. Neurosci. 

35, 4440–51. https://doi.org/10.1523/JNEUROSCI.2812-14.2015 



212 
 

Estrada-Sánchez, A.M., Rebec, G. V, 2013. Role of cerebral cortex in the neuropathology of 

Huntington’s disease. Front. Neural Circuits 7, 19. https://doi.org/10.3389/fncir.2013.00019 

Estrada-Sánchez, A.M., Rebec, G. V, 2012. Corticostriatal dysfunction and glutamate 

transporter 1 (GLT1) in Huntington’s disease: interactions between neurons and 

astrocytes. Basal Ganglia 2, 57–66. https://doi.org/10.1016/j.baga.2012.04.029 

Fahn, S., Jankovic, J., Hallett, M., Jenner, P., Fahn, S., Jankovic, J., Hallett, M., Jenner, P., 

2007. Chorea, Ballism, Athetosis: Phenomenology and Etiology, in: Principles and 

Practice of Movement Disorders. Churchill Livingstone, pp. 393–407. 

https://doi.org/10.1016/B978-0-443-07941-2.50019-X 

Fantuzzo, J.A., Hart, R.P., Zahn, J.D., Pang, Z.P., 2019. Compartmentalized Devices as Tools 

for Investigation of Human Brain Network Dynamics. Dev. Dyn. 248, 65–77. 

https://doi.org/10.1002/dvdy.24665 

Ferrante, R.J., 2009. Mouse models of Huntington’s disease and methodological considerations 

for therapeutic trials. Biochim. Biophys. Acta - Mol. Basis Dis. 1792, 506–520. 

https://doi.org/10.1016/j.bbadis.2009.04.001 

Ferrer, I., Goutan, E., Mar  n, C., Rey, M.., Ribalta, T., 2000. Brain-derived neurotrophic factor in 

Huntington disease. Brain Res. 866, 257–261. https://doi.org/10.1016/S0006-

8993(00)02237-X 

Franciosi, S., Ryu, J.K., Shim, Y., Hill, A., Connolly, C., Hayden, M.R., McLarnon, J.G., Leavitt, 

B.R., 2012. Age-dependent neurovascular abnormalities and altered microglial 

morphology in the YAC128 mouse model of Huntington disease. Neurobiol. Dis. 45, 438–

449. https://doi.org/10.1016/j.nbd.2011.09.003 

Frank-Cannon, T.C., Alto, L.T., McAlpine, F.E., Tansey, M.G., 2009. Does neuroinflammation 

fan the flame in neurodegenerative diseases? Mol. Neurodegener. 4, 47. 

https://doi.org/10.1186/1750-1326-4-47 

Fujiyama, F., Takahashi, S., Karube, F., 2015. Morphological elucidation of basal ganglia 

circuits contributing reward prediction. Front. Neurosci. 9, 6. 

https://doi.org/10.3389/fnins.2015.00006 

Fuller, G., Manford, M., Fuller, G., Manford, M., 2010. Other movement disorders, Neurology. 

Churchill Livingstone. https://doi.org/10.1016/B978-0-7020-3224-0.00047-1 

Fusco, F.R., Martorana, A., De March, Z., Viscomi, M.T., Sancesario, G., Bernardi, G., 2003. 

Huntingtin distribution among striatal output neurons of normal rat brain. Neurosci. Lett. 

339, 53–6. 

Gangarossa, G., Espallergues, J., de Kerchove d’Exaerde, A., El Mestikawy, S., Gerfen, C.R., 

Hervé, D., Girault, J.-A., Valjent, E., 2013a. Distribution and compartmental organization of 



213 
 

GABAergic medium-sized spiny neurons in the mouse nucleus accumbens. Front. Neural 

Circuits 7, 22. https://doi.org/10.3389/fncir.2013.00022 

Gangarossa, G., Espallergues, J., Mailly, P., De Bundel, D., de Kerchove d’Exaerde, A., Hervé, 

D., Girault, J.-A., Valjent, E., Krieger, P., 2013b. Spatial distribution of D1R- and D2R-

expressing medium-sized spiny neurons differs along the rostro-caudal axis of the mouse 

dorsal striatum. Front. Neural Circuits 7, 124. https://doi.org/10.3389/fncir.2013.00124 

Garcia-Munoz, M., Taillefer, E., Pnini, R., Vickers, C., Miller, J., Arbuthnott, G.W., 2015. 

Rebuilding a realistic corticostriatal &quot;social network&quot; from dissociated cells. 

Front. Syst. Neurosci. 9, 63. https://doi.org/10.3389/fnsys.2015.00063 

Garcia, V.J., Rushton, D.J., Tom, C.M., Allen, N.D., Kemp, P.J., Svendsen, C.N., Mattis, V.B., 

2019. Huntington’s Disease Patient-Derived Astrocytes Display Electrophysiological 

Impairments and Reduced Neuronal Support. Front. Neurosci. 13, 669. 

https://doi.org/10.3389/fnins.2019.00669 

Gauthier, L.R., Charrin, B.C., Borrell-Pagès, M., Dompierre, J.P., Rangone, H., Cordelières, 

F.P., De Mey, J., MacDonald, M.E., Lessmann, V., Humbert, S., Saudou, F., 2004. 

Huntingtin controls neurotrophic support and survival of neurons by enhancing BDNF 

vesicular transport along microtubules. Cell 118, 127–38. 

https://doi.org/10.1016/j.cell.2004.06.018 

Georgiou-Karistianis, N., Gray, M.A., Domínguez D, J.F., Dymowski, A.R., Bohanna, I., 

Johnston, L.A., Churchyard, A., Chua, P., Stout, J.C., Egan, G.F., 2013. Automated 

differentiation of pre-diagnosis Huntington’s disease from healthy control individuals based 

on quadratic discriminant analysis of the basal ganglia: The IMAGE-HD study. Neurobiol. 

Dis. 51, 82–92. https://doi.org/10.1016/j.nbd.2012.10.001 

Gerfen, C.R., 1988. Synaptic organization of the striatum. J. Electron Microsc. Tech. 10, 265–

281. https://doi.org/10.1002/jemt.1060100305 

Gertler, T.S., Chan, C.S., Surmeier, D.J., 2008. Dichotomous anatomical properties of adult 

striatal medium spiny neurons. J. Neurosci. 28, 10814–24. 

https://doi.org/10.1523/JNEUROSCI.2660-08.2008 

Giné, S., Bosch, M., Marco, S., Gavaldà, N.R., Díaz-Hernández, M., Lucas, J.J., Canals, J.M., 

Alberch, J., 2006. Reduced expression of the TrkB receptor in Huntington’s disease 

mouse models and in human brain. Eur. J. Neurosci. 23, 649–658. 

https://doi.org/10.1111/j.1460-9568.2006.04590.x 

Godin, J.D., Colombo, K., Molina-Calavita, M., Keryer, G., Zala, D., Charrin, B.C., Dietrich, P., 

Volvert, M.-L., Guillemot, F., Dragatsis, I., Bellaiche, Y., Saudou, F., Nguyen, L., Humbert, 

S., 2010a. Huntingtin Is Required for Mitotic Spindle Orientation and Mammalian 

Neurogenesis. Neuron 67, 392–406. https://doi.org/10.1016/j.neuron.2010.06.027 



214 
 

Godin, J.D., Colombo, K., Molina-Calavita, M., Keryer, G., Zala, D., Charrin, B.C., Dietrich, P., 

Volvert, M.-L., Guillemot, F., Dragatsis, I., Bellaiche, Y., Saudou, F., Nguyen, L., Humbert, 

S., 2010b. Huntingtin Is Required for Mitotic Spindle Orientation and Mammalian 

Neurogenesis. Neuron 67, 392–406. https://doi.org/10.1016/J.NEURON.2010.06.027 

Gray, M., Shirasaki, D.I., Cepeda, C., André, V.M., Wilburn, B., Lu, X.-H., Tao, J., Yamazaki, I., 

Li, S.-H., Sun, Y.E., Li, X.-J., Levine, M.S., Yang, X.W., 2008. Full-length human mutant 

huntingtin with a stable polyglutamine repeat can elicit progressive and selective 

neuropathogenesis in BACHD mice. J. Neurosci. 28, 6182–95. 

https://doi.org/10.1523/JNEUROSCI.0857-08.2008 

Gunawardena, S., Her, L.-S., Brusch, R.G., Laymon, R.A., Niesman, I.R., Gordesky-Gold, B., 

Sintasath, L., Bonini, N.M., Goldstein, L.S.B., 2003. Disruption of axonal transport by loss 

of huntingtin or expression of pathogenic polyQ proteins in Drosophila. Neuron 40, 25–40. 

Guo, Q., Bin Huang, Cheng, J., Seefelder, M., Engler, T., Pfeifer, G., Oeckl, P., Otto, M., Moser, 

F., Maurer, M., Pautsch, A., Baumeister, W., Fernández-Busnadiego, R., Kochanek, S., 

2018. The cryo-electron microscopy structure of huntingtin. Nature 555, 117–120. 

https://doi.org/10.1038/nature25502 

Guo, X., Disatnik, M.-H., Monbureau, M., Shamloo, M., Mochly-Rosen, D., Qi, X., 2013. 

Inhibition of mitochondrial fragmentation diminishes Huntington’s disease–associated 

neurodegeneration. J. Clin. Invest. 123, 5371–5388. https://doi.org/10.1172/JCI70911 

Gusella, J.F., Wexler, N.S., Conneally, P.M., Naylor, S.L., Anderson, M.A., Tanzi, R.E., Watkins, 

P.C., Ottina, K., Wallace, M.R., Sakaguchi, A.Y., Young, A.B., Shoulson, I., Bonilla, E., 

Martin, J.B., 1983. A polymorphic DNA marker genetically linked to Huntington’s disease. 

Nature 306, 234–238. https://doi.org/10.1038/306234a0 

Haber, S.N., 2016. Corticostriatal circuitry. Dialogues Clin. Neurosci. 18, 7–21. 

Han, I., You, Y., Kordower, J.H., Brady, S.T., Morfini, G.A., 2010. Differential vulnerability of 

neurons in Huntington’s disease: the role of cell type-specific features. J. Neurochem. 113, 

1073–91. https://doi.org/10.1111/j.1471-4159.2010.06672.x 

Hartmann, M., Heumann, R., Lessmann, V., 2001. Synaptic secretion of BDNF after high-

frequency stimulation of glutamatergic synapses. EMBO J. 20, 5887–97. 

https://doi.org/10.1093/emboj/20.21.5887 

HD iPSC Consortium, T.H. iPSC, 2017. Developmental alterations in Huntington’s disease 

neural cells and pharmacological rescue in cells and mice. Nat. Neurosci. 20, 648–660. 

https://doi.org/10.1038/nn.4532 

HD iPSC Consortium, V.B., Svendsen, S.P., Ebert, A., Svendsen, C.N., King, A.R., Casale, M., 

Winokur, S.T., Batugedara, G., Vawter, M., Donovan, P.J., Lock, L.F., Thompson, L.M., 

Zhu, Y., Fossale, E., Atwal, R.S., Gillis, T., Mysore, J., Li, J., Seong, I., Shen, Y., Chen, X., 



215 
 

Wheeler, V.C., MacDonald, M.E., Gusella, J.F., Akimov, S., Arbez, N., Juopperi, T., 

Ratovitski, T., Chiang, J.H., Kim, W.R., Chighladze, E., Watkin, E., Zhong, C., Makri, G., 

Cole, R.N., Margolis, R.L., Song, H., Ming, G., Ross, C.A., Kaye, J.A., Daub, A., Sharma, 

P., Mason, A.R., Finkbeiner, S., Yu, J., Thomson, J.A., Rushton, D., Brazier, S.P., 

Battersby, A.A., Redfern, A., Tseng, H.-E., Harrison, A.W., Kemp, P.J., Allen, N.D., 

Onorati, M., Castiglioni, V., Cattaneo, E., Arjomand, J., 2012. Induced pluripotent stem 

cells from patients with Huntington’s disease show CAG-repeat-expansion-associated 

phenotypes. Cell Stem Cell 11, 264–78. https://doi.org/10.1016/j.stem.2012.04.027 

Heemskerk, A.-W., Roos, R.A.C., 2012. Aspiration pneumonia and death in Huntington’s 

disease. PLoS Curr. 4, RRN1293. https://doi.org/10.1371/currents.RRN1293 

Hobbs, N.Z., Barnes, J., Frost, C., Henley, S.M.D., Wild, E.J., Macdonald, K., Barker, R.A., 

Scahill, R.I., Fox, N.C., Tabrizi, S.J., 2010. Onset and progression of pathologic atrophy in 

Huntington disease: a longitudinal MR imaging study. AJNR. Am. J. Neuroradiol. 31, 

1036–41. https://doi.org/10.3174/ajnr.A2018 

Hodgson, J.G., Agopyan, N., Gutekunst, C.A., Leavitt, B.R., LePiane, F., Singaraja, R., Smith, 

D.J., Bissada, N., McCutcheon, K., Nasir, J., Jamot, L., Li, X.J., Stevens, M.E., Rosemond, 

E., Roder, J.C., Phillips, A.G., Rubin, E.M., Hersch, S.M., Hayden, M.R., 1999. A YAC 

mouse model for Huntington’s disease with full-length mutant huntingtin, cytoplasmic 

toxicity, and selective striatal neurodegeneration. Neuron 23, 181–92. 

https://doi.org/10.1016/s0896-6273(00)80764-3 

Hong, Y., Zhao, T., Li, X.-J., Li, S., 2016. Mutant Huntingtin Impairs BDNF Release from 

Astrocytes by Disrupting Conversion of Rab3a-GTP into Rab3a-GDP. J. Neurosci. 36, 

8790–801. https://doi.org/10.1523/JNEUROSCI.0168-16.2016 

Huang, W.-J., Chen, W.-W., Zhang, X., 2016. Huntington’s disease: Molecular basis of 

pathology and status of current therapeutic approaches. Exp. Ther. Med. 12, 1951–1956. 

https://doi.org/10.3892/etm.2016.3566 

Humpel, C., Marksteiner, J., Saria, A., 1996. Glial-cell-line-derived neurotrophic factor enhances 

biosynthesis of substance P in striatal neurons in vitro. Cell Tissue Res. 286, 249–255. 

https://doi.org/10.1007/s004410050694 

Huntington, G., 1872. On Chorea. Med. Surg. Report. A Wkly. J. 26, 317–321. 

Huntington Study Group, 2006. Tetrabenazine as antichorea therapy in Huntington disease: A 

randomized controlled trial. Neurology 66, 366–372. 

https://doi.org/10.1212/01.wnl.0000198586.85250.13 

Indersmitten, T., Tran, C.H., Cepeda, C.T., Levine, M.S., 2015. Altered Excitatory and Inhibitory 

Inputs to Striatal Medium-Sized Spiny Neurons and Cortical Pyramidal Neurons in the 

Q175 Mouse Model of Huntington’s Disease. J. Neurophysiol. jn.01056.2014. 

https://doi.org/10.1152/jn.01056.2014 



216 
 

Ippolito, D.M., Eroglu, C., 2010. Quantifying synapses: an immunocytochemistry-based assay to 

quantify synapse number. J. Vis. Exp. https://doi.org/10.3791/2270 

Jacobsen, J.C., Bawden, C.S., Rudiger, S.R., McLaughlan, C.J., Reid, S.J., Waldvogel, H.J., 

MacDonald, M.E., Gusella, J.F., Walker, S.K., Kelly, J.M., Webb, G.C., Faull, R.L.M., 

Rees, M.I., Snell, R.G., 2010. An ovine transgenic Huntington’s disease model. Hum. Mol. 

Genet. 19, 1873–1882. https://doi.org/10.1093/hmg/ddq063 

Jansen, A.H.P., van Hal, M., Op den Kelder, I.C., Meier, R.T., de Ruiter, A.-A., Schut, M.H., 

Smith, D.L., Grit, C., Brouwer, N., Kamphuis, W., Boddeke, H.W.G.M., den Dunnen, 

W.F.A., van Roon, W.M.C., Bates, G.P., Hol, E.M., Reits, E.A., 2017. Frequency of 

nuclear mutant huntingtin inclusion formation in neurons and glia is cell-type-specific. Glia 

65, 50–61. https://doi.org/10.1002/glia.23050 

Jeon, I., Lee, N., Li, J.-Y., Park, I.-H., Park, K.S., Moon, J., Shim, S.H., Choi, C., Chang, D.-J., 

Kwon, J., Oh, S.-H., Shin, D.A., Kim, H.S., Do, J.T., Lee, D.R., Kim, M., Kang, K.-S., 

Daley, G.Q., Brundin, P., Song, J., 2012. Neuronal Properties, In Vivo Effects, and 

Pathology of a Huntington’s Disease Patient-Derived Induced Pluripotent Stem Cells. 

Stem Cells 30, 2054–2062. https://doi.org/10.1002/stem.1135 

Joshi, P.R., Wu, N.-P., André, V.M., Cummings, D.M., Cepeda, C., Joyce, J.A., Carroll, J.B., 

Leavitt, B.R., Hayden, M.R., Levine, M.S., Bamford, N.S., 2009. Age-dependent 

alterations of corticostriatal activity in the YAC128 mouse model of Huntington disease. J. 

Neurosci. 29, 2414–27. https://doi.org/10.1523/JNEUROSCI.5687-08.2009 

Julien, C.L., Thompson, J.C., Wild, S., Yardumian, P., Snowden, J.S., Turner, G., Craufurd, D., 

2007. Psychiatric disorders in preclinical Huntington’s disease. J. Neurol. Neurosurg. 

Psychiatry 78, 939–43. https://doi.org/10.1136/jnnp.2006.103309 

Kachian, Z.R., Cohen-Zimerman, S., Bega, D., Gordon, B., Grafman, J., 2019. Suicidal ideation 

and behavior in Huntington’s disease: Systematic review and recommendations. J. Affect. 

Disord. 250, 319–329. https://doi.org/10.1016/J.JAD.2019.03.043 

Kandel, E.R., James H. Schwartz, Thomas M. Jessell, 2000. Principles of Neural Science. 

Kaufman, A.M., Milnerwood, A.J., Sepers, M.D., Coquinco, A., She, K., Wang, L., Lee, H., 

Craig, A.M., Cynader, M., Raymond, L.A., 2012. Opposing roles of synaptic and 

extrasynaptic NMDA receptor signaling in cocultured striatal and cortical neurons. J. 

Neurosci. 32, 3992–4003. https://doi.org/10.1523/JNEUROSCI.4129-11.2012 

Killoran, A., Biglan, K.M., Jankovic, J., Eberly, S., Kayson, E., Oakes, D., Young, A.B., 

Shoulson, I., 2013. Characterization of the Huntington intermediate CAG repeat expansion 

phenotype in PHAROS. Neurology 80, 2022–2027. 

https://doi.org/10.1212/WNL.0b013e318294b304 

Korobova, F., Svitkina, T., 2010. Molecular Architecture of Synaptic Actin Cytoskeleton in 



217 
 

Hippocampal Neurons Reveals a Mechanism of Dendritic Spine Morphogenesis. Mol. Biol. 

Cell 21, 165–176. https://doi.org/10.1091/mbc.E09-07-0596 

Kreitzer, A.C., 2009. Physiology and Pharmacology of Striatal Neurons. 

https://doi.org/10.1146/annurev.neuro.051508.135422 

Krencik, R., Zhang, S.-C., 2011. Directed differentiation of functional astroglial subtypes from 

human pluripotent stem cells. Nat. Protoc. 6, 1710–7. 

https://doi.org/10.1038/nprot.2011.405 

Kuczewski, N., Porcher, C., Lessmann, V., Medina, I., Gaiarsa, J.-L., 2009. Activity-Dependent 

Dendritic Release of BDNF and Biological Consequences. Mol. Neurobiol. 39, 37–49. 

https://doi.org/10.1007/s12035-009-8050-7 

Labbadia, J., Morimoto, R.I., 2013. Huntington’s disease: underlying molecular mechanisms 

and emerging concepts. Trends Biochem. Sci. 38, 378–85. 

https://doi.org/10.1016/j.tibs.2013.05.003 

Lee, E., Chung, W.-S., 2019. Glial Control of Synapse Number in Healthy and Diseased Brain. 

Front. Cell. Neurosci. 13, 42. https://doi.org/10.3389/fncel.2019.00042 

Lerner, R.P., Trejo Martinez, L. del C.G., Zhu, C., Chesselet, M.-F., Hickey, M.A., 2012. Striatal 

atrophy and dendritic alterations in a knock-in mouse model of Huntington’s disease. Brain 

Res. Bull. 87, 571–578. https://doi.org/10.1016/j.brainresbull.2012.01.012 

Li, J., Liu, J., Manaph, N.P.A., Bobrovskaya, L., Zhou, X.-F., 2017. ProBDNF inhibits 

proliferation, migration and differentiation of mouse neural stem cells. Brain Res. 1668, 

46–55. https://doi.org/10.1016/J.BRAINRES.2017.05.013 

Li, X.J., Zhang, X., Johnson, M.A., Wang, Z.B., LaVaute, T., Zhang, S.C., 2009. Coordination of 

sonic hedgehog and Wnt signaling determines ventral and dorsal telencephalic neuron 

types from human embryonic stem cells. Development 136, 4055–4063. 

https://doi.org/10.1242/dev.036624 

Lim, Y., Wu, L.L.-Y., Chen, S., Sun, Y., Vijayaraj, S.L., Yang, M., Bobrovskaya, L., Keating, D., 

Li, X.-J., Zhou, X.-F., 2017. HAP1 Is Required for Endocytosis and Signalling of BDNF and 

Its Receptors in Neurons. Mol. Neurobiol. https://doi.org/10.1007/s12035-016-0379-0 

Liot, G., Zala, D., Pla, P., Mottet, G., Piel, M., Saudou, F., 2013. Mutant Huntingtin alters 

retrograde transport of TrkB receptors in striatal dendrites. J. Neurosci. 33, 6298–309. 

https://doi.org/10.1523/JNEUROSCI.2033-12.2013 

Liu, Y., Yang, F., Liang, S., Liu, Q., Fu, S., Wang, Z., Yang, C., Lin, J., 2018. N-Cadherin 

Upregulation Promotes the Neurogenic Differentiation of Menstrual Blood-Derived 

Endometrial Stem Cells. Stem Cells Int. 2018, 1–10. https://doi.org/10.1155/2018/3250379 

Lorincz, M.T., Zawistowski, V.A., 2009. Expanded CAG repeats in the murine Huntington’s 



218 
 

disease gene increases neuronal differentiation of embryonic and neural stem cells. Mol. 

Cell. Neurosci. 40, 1–13. https://doi.org/10.1016/j.mcn.2008.06.004 

Losekoot, M., van Belzen, M.J., Seneca, S., Bauer, P., Stenhouse, S.A.R., Barton, D.E., 

European Molecular Genetic Quality Network (EMQN), 2013. EMQN/CMGS best practice 

guidelines for the molecular genetic testing of Huntington disease. Eur. J. Hum. Genet. 21, 

480–6. https://doi.org/10.1038/ejhg.2012.200 

MacDonald, M., Ambrose, C.M., Duyao, M.P., Myers, R.H., Lin, C., Srinidhi, L., Barnes, G., 

Taylor, S.A., James, M., Groot, N., MacFarlane, H., Jenkins, B., Anderson, M.A., Wexler, 

N.S., Gusella, J.F., Bates, G.P., Baxendale, S., Hummerich, H., Kirby, S., North, M., 

Youngman, S., Mott, R., Zehetner, G., Sedlacek, Z., Poustka, A., Frischauf, A.-M., 

Lehrach, H., Buckler, A.J., Church, D., Doucette-Stamm, L., O’Donovan, M.C., Riba-

Ramirez, L., Shah, M., Stanton, V.P., Strobel, S.A., Draths, K.M., Wales, J.L., Dervan, P., 

Housman, D.E., Altherr, M., Shiang, R., Thompson, L., Fielder, T., Wasmuth, J.J., Tagle, 

D., Valdes, J., Elmer, L., Allard, M., Castilla, L., Swaroop, M., Blanchard, K., Collins, F.S., 

Snell, R., Holloway, T., Gillespie, K., Datson, N., Shaw, D., Harper, P.S., 1993. A novel 

gene containing a trinucleotide repeat that is expanded and unstable on Huntington’s 

disease chromosomes. Cell 72, 971–983. https://doi.org/10.1016/0092-8674(93)90585-E 

Mali, P., Yang, L., Esvelt, K.M., Aach, J., Guell, M., DiCarlo, J.E., Norville, J.E., Church, G.M., 

2013. RNA-Guided Human Genome Engineering via Cas9. Science (80-. ). 339, 823–826. 

https://doi.org/10.1126/science.1232033 

Mangiarini, L., Sathasivam, K., Seller, M., Cozens, B., Harper, A., Hetherington, C., Lawton, M., 

Trottier, Y., Lehrach, H., Davies, S.W., Bates, G.P., 1996. Exon 1 of the HD Gene with an 

Expanded CAG Repeat Is Sufficient to Cause a Progressive Neurological Phenotype in 

Transgenic Mice. Cell 87, 493–506. https://doi.org/10.1016/S0092-8674(00)81369-0 

Markus, A., Patel, T.D., Snider, W.D., 2002. Neurotrophic factors and axonal growth. Curr. Opin. 

Neurobiol. 12, 523–531. https://doi.org/10.1016/S0959-4388(02)00372-0 

Marrakchi-Kacem, L., Delmaire, C., Guevara, P., Poupon, F., Lecomte, S., Tucholka, A., Roca, 

P., Yelnik, J., Durr, A., Mangin, J.-F., Lehéricy, S., Poupon, C., 2013. Mapping Cortico-

Striatal Connectivity onto the Cortical Surface: A New Tractography-Based Approach to 

Study Huntington Disease. PLoS One 8, e53135. 

https://doi.org/10.1371/journal.pone.0053135 

Matamales, M., Bertran-Gonzalez, J., Salomon, L., Degos, B., Deniau, J.-M., Valjent, E., Hervé, 

D., Girault, J.-A., 2009. Striatal Medium-Sized Spiny Neurons: Identification by Nuclear 

Staining and Study of Neuronal Subpopulations in BAC Transgenic Mice. PLoS One 4, 

e4770. https://doi.org/10.1371/journal.pone.0004770 

Mattis, V.B., Tom, C., Akimov, S., Saeedian, J., Østergaard, M.E., Southwell, A.L., Doty, C.N., 

Ornelas, L., Sahabian, A., Lenaeus, L., Mandefro, B., Sareen, D., Arjomand, J., Hayden, 



219 
 

M.R., Ross, C.A., Svendsen, C.N., 2015. HD iPSC-derived neural progenitors accumulate 

in culture and are susceptible to BDNF withdrawal due to glutamate toxicity. Hum. Mol. 

Genet. 24, 3257–71. https://doi.org/10.1093/hmg/ddv080 

McColgan, P., Seunarine, K.K., Razi, A., Cole, J.H., Gregory, S., Durr, A., Roos, R.A.C., Stout, 

J.C., Landwehrmeyer, B., Scahill, R.I., Clark, C.A., Rees, G., Tabrizi, S.J., Investigators, 

T.-H., 2015. Selective vulnerability of Rich Club brain regions is an organizational principle 

of structural connectivity loss in Huntington’s disease. Brain 138, 3327–44. 

https://doi.org/10.1093/brain/awv259 

McKinstry, S.U., Karadeniz, Y.B., Worthington, A.K., Hayrapetyan, V.Y., Ozlu, M.I., Serafin-

Molina, K., Risher, W.C., Ustunkaya, T., Dragatsis, I., Zeitlin, S., Yin, H.H., Eroglu, C., 

2014. Huntingtin is required for normal excitatory synapse development in cortical and 

striatal circuits. J. Neurosci. 34, 9455–72. https://doi.org/10.1523/JNEUROSCI.4699-

13.2014 

McQuade, L.R., Balachandran, A., Scott, H.A., Khaira, S., Baker, M.S., Schmidt, U., 2014. 

Proteomics of Huntington’s Disease-Affected Human Embryonic Stem Cells Reveals an 

Evolving Pathology Involving Mitochondrial Dysfunction and Metabolic Disturbances. J. 

Proteome Res. 13, 5648–5659. https://doi.org/10.1021/pr500649m 

Mehrabi, N.F., Singh-Bains, M.K., Waldvogel, H.J., Faull, R.L., 2016. Cortico-Basal Ganglia 

Interactions in Huntington’s Disease, Ann Neurode-gener Dis. 

Mehta, Shagun R., Tom, C.M., Wang, Y., Bresee, C., Rushton, D., Mathkar, P.P., Tang, J., 

Mattis, V.B., 2018. Human Huntington’s Disease iPSC-Derived Cortical Neurons Display 

Altered Transcriptomics, Morphology, and Maturation. Cell Rep. 25, 1081-1096.e6. 

https://doi.org/10.1016/j.celrep.2018.09.076 

Mehta, Shagun R, Tom, C.M., Wang, Y., Bresee, C., Rushton, D., Mathkar, P.P., Tang, J., 

Mattis, V.B., 2018. Human Huntington’s Disease iPSC-Derived Cortical Neurons Display 

Altered Transcriptomics, Morphology, and Maturation. Cell Rep. 25, 1081-1096.e6. 

https://doi.org/10.1016/j.celrep.2018.09.076 

Menalled, L.B., 2005. Knock-in mouse models of Huntington’s disease. NeuroRx 2, 465–70. 

https://doi.org/10.1602/neurorx.2.3.465 

Meyers, E.A., Kessler, J.A., 2017. TGF-β family signaling in neural and neuronal differentiation, 

development, and function. Cold Spring Harb. Perspect. Biol. 9. 

https://doi.org/10.1101/cshperspect.a022244 

Mielcarek, M., 2015. Huntington’s disease is a multi-system disorder. Rare Dis. (Austin, Tex.) 3, 

e1058464. https://doi.org/10.1080/21675511.2015.1058464 

Miller, B.R., Walker, A.G., Barton, S.J., Rebec, G. V, 2011. Dysregulated Neuronal Activity 

Patterns Implicate Corticostriatal Circuit Dysfunction in Multiple Rodent Models of 



220 
 

Huntington’s Disease. Front. Syst. Neurosci. 5, 26. 

https://doi.org/10.3389/fnsys.2011.00026 

Milnerwood, A.J., Kaufman, A.M., Sepers, M.D., Gladding, C.M., Zhang, L., Wang, L., Fan, J., 

Coquinco, A., Qiao, J.Y., Lee, H., Wang, Y.T., Cynader, M., Raymond, L.A., 2012. 

Mitigation of augmented extrasynaptic NMDAR signaling and apoptosis in cortico-striatal 

co-cultures from Huntington’s disease mice. Neurobiol. Dis. 48, 40–51. 

https://doi.org/10.1016/j.nbd.2012.05.013 

Miyamoto, Y., Sakane, F., Hashimoto, K., 2015. N-cadherin-based adherens junction regulates 

the maintenance, proliferation, and differentiation of neural progenitor cells during 

development. Cell Adh. Migr. 9, 183–192. https://doi.org/10.1080/19336918.2015.1005466 

Molina-Calavita, M., Barnat, M., Elias, S., Aparicio, E., Piel, M., Humbert, S., 2014. Mutant 

huntingtin affects cortical progenitor cell division and development of the mouse 

neocortex. J. Neurosci. 34, 10034–40. https://doi.org/10.1523/JNEUROSCI.0715-14.2014 

Molyneaux, B.J., Arlotta, P., Menezes, J.R.L., Macklis, J.D., 2007. Neuronal subtype 

specification in the cerebral cortex. Nat. Rev. Neurosci. 8, 427–437. 

https://doi.org/10.1038/nrn2151 

Morigaki, R., Goto, S., 2017. Striatal Vulnerability in Huntington’s Disease: Neuroprotection 

Versus Neurotoxicity. Brain Sci. 7. https://doi.org/10.3390/brainsci7060063 

Morton, A.J., Skillings, E.A., Wood, N.I., Zheng, Z., 2019. Antagonistic pleiotropy in mice 

carrying a CAG repeat expansion in the range causing Huntington’s disease. Sci. Rep. 9, 

37. https://doi.org/10.1038/s41598-018-37102-8 

Muralidharan, B., Khatri, Z., Maheshwari, U., Gupta, R., Roy, B., Pradhan, S.J., Karmodiya, K., 

Padmanabhan, H., Shetty, A.S., Balaji, C., Kolthur-Seetharam, U., Macklis, J.D., Galande, 

S., Tole, S., 2017. LHX2 Interacts with the NuRD Complex and Regulates Cortical Neuron 

Subtype Determinants Fezf2 and Sox11. J. Neurosci. 37, 194–203. 

https://doi.org/10.1523/JNEUROSCI.2836-16.2016 

Murphy, K.P., Carter, R.J., Lione, L.A., Mangiarini, L., Mahal, A., Bates, G.P., Dunnett, S.B., 

Morton, A.J., Hersch, S., Li, X., 2000. Abnormal synaptic plasticity and impaired spatial 

cognition in mice transgenic for exon 1 of the human Huntington’s disease mutation. J. 

Neurosci. 20, 5115–23. 

Myers, R.H., 2004. Huntington’s disease genetics. NeuroRx 1, 255–62. 

https://doi.org/10.1602/neurorx.1.2.255 

Myers, R.H., MacDonald, M.E., Koroshetz, W.J., Duyao, M.P., Ambrose, C.M., Taylor, S.A.M., 

Barnes, G., Srinidhi, J., Lin, C.S., Whaley, W.L., Lazzarini, A.M., Schwarz, M., Wolff, G., 

Bird, E.D., Vonsattel, J.-P.G., Gusella, J.F., 1993. De novo expansion of a (CAG)n repeat 

in sporadic Huntington’s disease. Nat. Genet. 5, 168–173. https://doi.org/10.1038/ng1093-



221 
 

168 

Nasir, J., Floresco, S.B., O’Kusky, J.R., Diewert, V.M., Richman, J.M., Zeisler, J., Borowski, A., 

Marth, J.D., Phillips, A.G., Hayden, M.R., 1995. Targeted disruption of the Huntington’s 

disease gene results in embryonic lethality and behavioral and morphological changes in 

heterozygotes. Cell 81, 811–23. 

Nekrasov, E.D., Vigont, V.A., Klyushnikov, S.A., Lebedeva, O.S., Vassina, E.M., Bogomazova, 

A.N., Chestkov, I. V., Semashko, T.A., Kiseleva, E., Suldina, L.A., Bobrovsky, P.A., 

Zimina, O.A., Ryazantseva, M.A., Skopin, A.Y., Illarioshkin, S.N., Kaznacheyeva, E. V., 

Lagarkova, M.A., Kiselev, S.L., 2016. Manifestation of Huntington’s disease pathology in 

human induced pluripotent stem cell-derived neurons. Mol. Neurodegener. 11, 27. 

https://doi.org/10.1186/s13024-016-0092-5 

Neumann, S., Chassefeyre, R., Campbell, G.E., Encalada, S.E., 2017. KymoAnalyzer : a 

software tool for the quantitative analysis of intracellular transport in neurons 18, 71–88. 

https://doi.org/10.1111/tra.12456 

Nguyen, G.D., Gokhan, S., Molero, A.E., Mehler, M.F., 2013. Selective Roles of Normal and 

Mutant Huntingtin in Neural Induction and Early Neurogenesis. PLoS One 8, e64368. 

https://doi.org/10.1371/journal.pone.0064368 

Niccolini, F., Haider, S., Reis Marques, T., Muhlert, N., Tziortzi, A.C., Searle, G.E., Natesan, S., 

Piccini, P., Kapur, S., Rabiner, E.A., Gunn, R.N., Tabrizi, S.J., Politis, M., 2015. Altered 

PDE10A expression detectable early before symptomatic onset in Huntington’s disease. 

Brain 138, 3016–3029. https://doi.org/10.1093/brain/awv214 

Niccolini, F., Pagano, G., Fusar-Poli, P., Wood, A., Mrzljak, L., Sampaio, C., Politis, M., 2017. 

Striatal molecular alterations in HD gene carriers: a systematic review and meta-analysis 

of PET studies. J. Neurol. Neurosurg. Psychiatry jnnp-2017-316633. 

https://doi.org/10.1136/jnnp-2017-316633 

NicNiocaill, B., Haraldsson, B., Hansson, O., O’connor, W.T., Brundin, P., 2001. Altered striatal 

amino acid neurotransmitter release monitored using microdialysis in R6/1 Huntington 

transgenic mice. Eur. J. Neurosci. 13, 206–210. https://doi.org/10.1046/j.0953-

816X.2000.01379.x 

Nithianantharajah, J., Hannan, A.J., 2013. Dysregulation of synaptic proteins, dendritic spine 

abnormalities and pathological plasticity of synapses as experience-dependent mediators 

of cognitive and psychiatric symptoms in Huntington’s disease. Neuroscience 251, 66–74. 

https://doi.org/10.1016/j.neuroscience.2012.05.043 

Nopoulos, P.C., Aylward, E.H., Ross, C.A., Mills, J.A., Langbehn, D.R., Johnson, H.J., 

Magnotta, V.A., Pierson, R.K., Beglinger, L.J., Nance, M.A., Barker, R.A., Paulsen, J.S., 

2011. Smaller intracranial volume in prodromal Huntington’s disease: evidence for 

abnormal neurodevelopment. Brain 134, 137–142. https://doi.org/10.1093/brain/awq280 



222 
 

Novak, M.J.U., Seunarine, K.K., Gibbard, C.R., Hobbs, N.Z., Scahill, R.I., Clark, C.A., Tabrizi, 

S.J., 2014. White matter integrity in premanifest and early Huntington’s disease is related 

to caudate loss and disease progression. Cortex 52, 98–112. 

https://doi.org/10.1016/j.cortex.2013.11.009 

Novak, M.J.U., Seunarine, K.K., Gibbard, C.R., McColgan, P., Draganski, B., Friston, K., Clark, 

C.A., Tabrizi, S.J., 2015. Basal ganglia-cortical structural connectivity in Huntington’s 

disease. Hum. Brain Mapp. 36, 1728–1740. https://doi.org/10.1002/hbm.22733 

Novak, M.J.U., Tabrizi, S.J., 2010. Huntington’s disease. BMJ 340, c3109. 

https://doi.org/10.1136/bmj.c3109 

Novak, U., Kaye, A.H., 2000. Extracellular matrix and the brain: components and function. J. 

Clin. Neurosci. 7, 280–90. https://doi.org/10.1054/jocn.1999.0212 

O’Leary, D.D.M., Nakagawa, Y., 2002. Patterning centers, regulatory genes and extrinsic 

mechanisms controlling arealization of the neocortex. Curr. Opin. Neurobiol. 12, 14–25. 

Orefice, L.L., Waterhouse, E.G., Partridge, J.G., Lalchandani, R.R., Vicini, S., Xu, B., 2013. 

Distinct Roles for Somatically and Dendritically Synthesized Brain-Derived Neurotrophic 

Factor in Morphogenesis of Dendritic Spines. J. Neurosci. 33, 11618–11632. 

https://doi.org/10.1523/JNEUROSCI.0012-13.2013 

Park, I.-H., Lerou, P.H., Zhao, R., Huo, H., Daley, G.Q., 2008. Generation of human-induced 

pluripotent stem cells. Nat. Protoc. 3, 1180–1186. https://doi.org/10.1038/nprot.2008.92 

Park, J., Wetzel, I., Marriott, I., Dréau, D., D’Avanzo, C., Kim, D.Y., Tanzi, R.E., Cho, H., 2018. 

A 3D human triculture system modeling neurodegeneration and neuroinflammation in 

Alzheimer’s disease. Nat. Neurosci. 21, 941–951. https://doi.org/10.1038/s41593-018-

0175-4 

Park, J.W., Vahidi, B., Taylor, A.M., Rhee, S.W., Jeon, N.L., 2006. Microfluidic culture platform 

for neuroscience research. Nat. Protoc. 1, 2128–2136. 

https://doi.org/10.1038/nprot.2006.316 

Parsons, M.P., Kang, R., Buren, C., Dau, A., Southwell, A.L., Doty, C.N., Sanders, S.S., 

Hayden, M.R., Raymond, L.A., 2013. Bidirectional Control of Postsynaptic Density-95 

(PSD-95) Clustering by Huntingtin *. https://doi.org/10.1074/jbc.M113.513945 

Paulsen, J.S., Langbehn, D.R., Stout, J.C., Aylward, E., Ross, C.A., Nance, M., Guttman, M., 

Johnson, S., MacDonald, M., Beglinger, L.J., Duff, K., Kayson, E., Biglan, K., Shoulson, I., 

Oakes, D., Hayden, M., 2008. Detection of Huntington’s disease decades before 

diagnosis: the Predict-HD study. J. Neurol. Neurosurg. Psychiatry 79, 874–880. 

https://doi.org/10.1136/jnnp.2007.128728 

Pecho-Vrieseling, E., Rieker, C., Fuchs, S., Bleckmann, D., Esposito, M.S., Botta, P., Goldstein, 



223 
 

C., Bernhard, M., Galimberti, I., Müller, M., Lüthi, A., Arber, S., Bouwmeester, T., van der 

Putten, H., Di Giorgio, F.P., 2014. Transneuronal propagation of mutant huntingtin 

contributes to non–cell autonomous pathology in neurons. Nat. Neurosci. 17, 1064–1072. 

https://doi.org/10.1038/nn.3761 

Penrod, R.D., Campagna, J., Panneck, T., Preese, L., Lanier, L.M., 2015. The presence of 

cortical neurons in striatal-cortical co-cultures alters the effects of dopamine and BDNF on 

medium spiny neuron dendritic development. Front. Cell. Neurosci. 9, 269. 

https://doi.org/10.3389/fncel.2015.00269 

Perea, G., Navarrete, M., Araque, A., 2009. Tripartite synapses: astrocytes process and control 

synaptic information. Trends Neurosci. 32, 421–431. 

https://doi.org/10.1016/j.tins.2009.05.001 

Petrasch-Parwez, E., Habbes, H.-W., L bbecke-Schumacher, M., Saft, C., Niescery, J., 2012. 

The Ventral Striatopallidum and Extended Amygdala in Huntington Disease. Intech 13. 

https://doi.org/http://dx.doi.org/10.5772/57353 

Pla, P., Orvoen, S., Saudou, F., David, D.J., Humbert, S., 2014. Mood disorders in Huntington’s 

disease: from behavior to cellular and molecular mechanisms. Front. Behav. Neurosci. 8, 

135. https://doi.org/10.3389/fnbeh.2014.00135 

Podleśny-Drabiniok, A., Sobska, J., De Lera, A.R., Gołembiowska, K., Kamińska, K., Dollé, P., 

Cebrat, M., Krȩzel, W., 2017. Distinct retinoic acid receptor (RAR) isotypes control 

differentiation of embryonal carcinoma cells to dopaminergic or striatopallidal medium 

spiny neurons. Sci. Rep. 7. https://doi.org/10.1038/s41598-017-13826-x 

Politis, M., Lahiri, N., Niccolini, F., Su, P., Wu, K., Giannetti, P., Scahill, R.I., Turkheimer, F.E., 

Tabrizi, S.J., Piccini, P., 2015. Increased central microglial activation associated with 

peripheral cytokine levels in premanifest Huntington’s disease gene carriers. Neurobiol. 

Dis. 83, 115–121. https://doi.org/10.1016/j.nbd.2015.08.011 

Pollock, K., Stroemer, P., Patel, S., Stevanato, L., Hope, A., Miljan, E., Dong, Z., Hodges, H., 

Price, J., Sinden, J.D., 2006. A conditionally immortal clonal stem cell line from human 

cortical neuroepithelium for the treatment of ischemic stroke. Exp. Neurol. 199, 143–155. 

https://doi.org/10.1016/j.expneurol.2005.12.011 

Poudel, G.R., Egan, G.F., Churchyard, A., Chua, P., Stout, J.C., Georgiou-Karistianis, N., 2014. 

Abnormal synchrony of resting state networks in premanifest and symptomatic Huntington 

disease: the IMAGE-HD study. J. Psychiatry Neurosci. 39, 87–96. 

https://doi.org/10.1503/JPN.120226 

Precious, S.V., Kelly, C.M., Reddington, A.E., Vinh, N.N., Stickland, R.C., Pekarik, V., Scherf, 

C., Jeyasingham, R., Glasbey, J., Holeiter, M., Jones, L., Taylor, M.V., Rosser, A.E., 2016. 

FoxP1 marks medium spiny neurons from precursors to maturity and is required for their 

differentiation. Exp. Neurol. 282, 9–18. https://doi.org/10.1016/j.expneurol.2016.05.002 



224 
 

Puig, B., Brenna, S., Magnus, T., 2018. Molecular Communication of a Dying Neuron in Stroke. 

Int. J. Mol. Sci. 19, 2834. https://doi.org/10.3390/ijms19092834 

Qiao, H., An, S.-C., Xu, C., Ma, X.-M., 2017. Role of proBDNF and BDNF in dendritic spine 

plasticity and depressive-like behaviors induced by an animal model of depression. Brain 

Res. 1663, 29–37. https://doi.org/10.1016/J.BRAINRES.2017.02.020 

Ramanathan, S., Hanley, J.J., Deniau, J.-M., Bolam, J.P., 2002. Synaptic convergence of motor 

and somatosensory cortical afferents onto GABAergic interneurons in the rat striatum. J. 

Neurosci. 22, 8158–69. 

Rangel-Barajas, C., Rebec, G. V, 2016. Dysregulation of Corticostriatal Connectivity in 

Huntington’s Disease: A Role for Dopamine Modulation. J. Huntingtons. Dis. 5, 303–331. 

https://doi.org/10.3233/JHD-160221 

Rawlins, M.D., Wexler, N.S., Wexler, A.R., Tabrizi, S.J., Douglas, I., Evans, S.J.W., Smeeth, L., 

2016. The Prevalence of Huntington’s Disease. Neuroepidemiology 46, 144–153. 

https://doi.org/10.1159/000443738 

Raymond, L.A., André, V.M., Cepeda, C., Gladding, C.M., Milnerwood, A.J., Levine, M.S., 2011. 

Pathophysiology of Huntington’s disease: time-dependent alterations in synaptic and 

receptor function. Neuroscience 198, 252–273. 

https://doi.org/10.1016/j.neuroscience.2011.08.052 

Raymond, L A, André, V.M., Cepeda, C., Gladding, C.M., Milnerwood, A.J., Levine, M.S., 2011. 

Pathophysiology of Huntington’s disease: time-dependent alterations in synaptic and 

receptor function. Neuroscience 198, 252–73. 

https://doi.org/10.1016/j.neuroscience.2011.08.052 

Rebec, G.V., Conroy, S.K., Barton, S.J., 2006. Hyperactive striatal neurons in symptomatic 

Huntington R6/2 mice: Variations with behavioral state and repeated ascorbate treatment. 

Neuroscience 137, 327–336. https://doi.org/10.1016/J.NEUROSCIENCE.2005.08.062 

Reddington, A.E., Rosser, A.E., Dunnett, S.B., Leão, R.N., 2014. Differentiation of pluripotent 

stem cells into striatal projection neurons: a pure MSN fate may not be sufficient. Cell. 

Neurosci. https://doi.org/10.3389/fncel.2014.00398 

Reddy, P.H., Shirendeb, U.P., 2012. Mutant huntingtin, abnormal mitochondrial dynamics, 

defective axonal transport of mitochondria, and selective synaptic degeneration in 

Huntington’s disease. Biochim. Biophys. Acta 1822, 101–10. 

https://doi.org/10.1016/j.bbadis.2011.10.016 

Reimers, J.M., Loweth, J.A., Wolf, M.E., 2014. BDNF contributes to both rapid and homeostatic 

alterations in AMPA receptor surface expression in nucleus accumbens medium spiny 

neurons. Eur. J. Neurosci. 39, 1159–69. https://doi.org/10.1111/ejn.12422 



225 
 

Reiner, A., Dragatsis, I., Dietrich, P., 2011. Genetics and neuropathology of Huntington’s 

disease. Int. Rev. Neurobiol. 98, 325–72. https://doi.org/10.1016/B978-0-12-381328-

2.00014-6 

Reiner, A., Hart, N.M., Lei, W., Deng, Y., 2010. Corticostriatal projection neurons - dichotomous 

types and dichotomous functions. Front. Neuroanat. 4, 142. 

https://doi.org/10.3389/fnana.2010.00142 

Reis, S.A., Thompson, M.N., Lee, J.-M., Fossale, E., Kim, H.-H., Liao, J.K., Moskowitz, M.A., 

Shaw, S.Y., Dong, L., Haggarty, S.J., MacDonald, M.E., Seong, I.S., 2011. Striatal 

neurons expressing full-length mutant huntingtin exhibit decreased N-cadherin and altered 

neuritogenesis. Hum. Mol. Genet. 20, 2344–2355. https://doi.org/10.1093/hmg/ddr127 

Risher, W.C., Ustunkaya, T., Singh Alvarado, J., Eroglu, C., 2014. Rapid Golgi Analysis Method 

for Efficient and Unbiased Classification of Dendritic Spines. PLoS One 9, e107591. 

https://doi.org/10.1371/journal.pone.0107591 

Rosas, H.D., Koroshetz, W.J., Chen, Y.I., Skeuse, C., Vangel, M., Cudkowicz, M.E., Caplan, K., 

Marek, K., Seidman, L.J., Makris, N., Jenkins, B.G., Goldstein, J.M., 2003. Evidence for 

more widespread cerebral pathology in early HD. Neurology 60, 1615 LP – 1620. 

https://doi.org/10.1212/01.WNL.0000065888.88988.6E 

Rosas, H.D., Liu, A.K., Hersch, S., Glessner, M., Ferrante, R.J., Salat, D.H., van der Kouwe, A., 

Jenkins, B.G., Dale, A.M., Fischl, B., 2002. Regional and progressive thinning of the 

cortical ribbon in Huntington’s disease. Neurology 58, 695–701. 

https://doi.org/10.1212/wnl.58.5.695 

Rosas, H.D., Salat, D.H., Lee, S.Y., Zaleta, A.K., Pappu, V., Fischl, B., Greve, D., Hevelone, N., 

Hersch, S.M., 2008. Cerebral cortex and the clinical expression of Huntington’s disease: 

complexity and heterogeneity. Brain 131, 1057–68. https://doi.org/10.1093/brain/awn025 

Ross, C.A., Tabrizi, S.J., 2011. Huntington’s disease: from molecular pathogenesis to clinical 

treatment. Lancet Neurol. 10, 83–98. https://doi.org/10.1016/S1474-4422(10)70245-3 

Rüb, U., Hoche, F., Brunt, E.R., Heinsen, H., Seidel, K., Del Turco, D., Paulson, H.L., Bohl, J., 

von Gall, C., Vonsattel, J.-P., Korf, H.-W., den Dunnen, W.F., 2013. Degeneration of the 

Cerebellum in Huntington’s Disease (HD): Possible Relevance for the Clinical Picture and 

Potential Gateway to Pathological Mechanisms of the Disease Process. Brain Pathol. 23, 

165–177. https://doi.org/10.1111/j.1750-3639.2012.00629.x 

Ruzo, A., Croft, G.F., Metzger, J.J., Galgoczi, S., Gerber, L.J., Pellegrini, C., Wang, H., Fenner, 

M., Tse, S., Marks, A., Nchako, C., Brivanlou, A.H., 2018. Chromosomal instability during 

neurogenesis in Huntington’s disease. Development 145, dev156844. 

https://doi.org/10.1242/dev.156844 

Sapp, E., Kegel, K.B., Aronin, N., Hashikawa, T., Uchiyama, Y., Tohyama, K., Bhide, P.G., 



226 
 

Vonsattel, J.P., Difiglia, M., 2001. Early and Progressive Accumulation of Reactive 

Microglia in the Huntington Disease Brain. J. Neuropathol. Exp. Neurol. 60, 161–172. 

https://doi.org/10.1093/jnen/60.2.161 

Saudou, F., Humbert, S., 2016. The Biology of Huntingtin. 

https://doi.org/10.1016/j.neuron.2016.02.003 

Schmidt, M.E., Buren, C., Mackay, J.P., Cheung, D., Dal Cengio, L., Raymond, L.A., Hayden, 

M.R., 2018. Altering cortical input unmasks synaptic phenotypes in the YAC128 cortico-

striatal co-culture model of Huntington disease. BMC Biol. 16, 58. 

https://doi.org/10.1186/s12915-018-0526-3 

Schulte, J., Littleton, J.T., 2011. The biological function of the Huntingtin protein and its 

relevance to Huntington’s Disease pathology. Curr. Trends Neurol. 5, 65–78. 

Shaltouki, A., Peng, J., Liu, Q., Rao, M.S., Zeng, X., 2013. Efficient Generation of Astrocytes 

from Human Pluripotent Stem Cells in Defined Conditions. Stem Cells 31, 941–952. 

https://doi.org/10.1002/stem.1334 

Shehadeh, J., Fernandes, H.B., Zeron Mullins, M.M., Graham, R.K., Leavitt, B.R., Hayden, 

M.R., Raymond, L.A., 2006. Striatal neuronal apoptosis is preferentially enhanced by 

NMDA receptor activation in YAC transgenic mouse model of Huntington disease. 

Neurobiol. Dis. 21, 392–403. https://doi.org/10.1016/J.NBD.2005.08.001 

Shelbourne, P.F., Killeen, N., Hevner, R.F., Johnston, H.M., Tecott, L., Lewandoski, M., Ennis, 

M., Ramirez, L., Li, Z., Iannicola, C., Littman, D.R., Myers, R.M., 1999. A Huntington’s 

Disease CAG Expansion at the Murine Hdh Locus Is Unstable and Associated with 

Behavioural Abnormalities in Mice. Hum. Mol. Genet. 8, 763–774. 

https://doi.org/10.1093/hmg/8.5.763 

Shi, Y., Kirwan, P., Smith, J., Robinson, H.P.C., Livesey, F.J., 2012. Human cerebral cortex 

development from pluripotent stem cells to functional excitatory synapses. (Supplementary 

Info). Nat. Neurosci. 15, 477–86, S1. https://doi.org/10.1038/nn.3041 

Silberberg, G., Bolam, J.P., 2015. Local and afferent synaptic pathways in the striatal 

microcircuitry. Curr. Opin. Neurobiol. 33, 182–187. 

https://doi.org/10.1016/j.conb.2015.05.002 

Singh‐ Bains, M.K., Mehrabi, N.F., Sehji, T., Austria, M.D.R., Tan, A.Y.S., Tippett, L.J., 

Dragunow, M., Waldvogel, H.J., Faull, R.L.M., 2019. Cerebellar degeneration correlates 

with motor symptoms in Huntington disease. Ann. Neurol. 85, ana.25413. 

https://doi.org/10.1002/ana.25413 

Smith, G.A., Rocha, E.M., McLean, J.R., Hayes, M.A., Izen, S.C., Isacson, O., Hallett, P.J., 

2014. Progressive axonal transport and synaptic protein changes correlate with behavioral 

and neuropathological abnormalities in the heterozygous Q175 KI mouse model of 



227 
 

Huntington’s disease. Hum. Mol. Genet. 23, 4510–4527. 

https://doi.org/10.1093/hmg/ddu166 

Sohur, U.S., Padmanabhan, H.K., Kotchetkov, I.S., Menezes, J.R.L., Macklis, J.D., 2014. 

Anatomic and Molecular Development of Corticostriatal Projection Neurons in Mice. 

Cereb. Cortex 24, 293–303. https://doi.org/10.1093/cercor/bhs342 

Steffan, J.S., Kazantsev, A., Spasic-Boskovic, O., Greenwald, M., Zhu, Y.-Z., Gohler, H., 

Wanker, E.E., Bates, G.P., Housman, D.E., Thompson, L.M., 2000. The Huntington’s 

disease protein interacts with p53 and CREB-binding protein and represses transcription. 

Proc. Natl. Acad. Sci. 97, 6763–6768. https://doi.org/10.1073/pnas.100110097 

Stiles, J., Jernigan, T.L., 2010. The basics of brain development. Neuropsychol. Rev. 

https://doi.org/10.1007/s11065-010-9148-4 

Stout, J.C., Paulsen, J.S., Queller, S., Solomon, A.C., Whitlock, K.B., Campbell, J.C., Carlozzi, 

N., Duff, K., Beglinger, L.J., Langbehn, D.R., Johnson, S.A., Biglan, K.M., Aylward, E.H., 

2011. Neurocognitive signs in prodromal Huntington disease. Neuropsychology 25, 1–14. 

https://doi.org/10.1037/a0020937 

Tabrizi, S.J., Leavitt, B.R., Landwehrmeyer, G.B., Wild, E.J., Saft, C., Barker, R.A., Blair, N.F., 

Craufurd, D., Priller, J., Rickards, H., Rosser, A., Kordasiewicz, H.B., Czech, C., Swayze, 

E.E., Norris, D.A., Baumann, T., Gerlach, I., Schobel, S.A., Paz, E., Smith, A. V., Bennett, 

C.F., Lane, R.M., 2019. Targeting Huntingtin Expression in Patients with Huntington’s 

Disease. N. Engl. J. Med. 380, 2307–2316. https://doi.org/10.1056/NEJMoa1900907 

Tabrizi, S.J., Scahill, R.I., Durr, A., Roos, R.A., Leavitt, B.R., Jones, R., Landwehrmeyer, G.B., 

Fox, N.C., Johnson, H., Hicks, S.L., Kennard, C., Craufurd, D., Frost, C., Langbehn, D.R., 

Reilmann, R., Stout, J.C., TRACK-HD Investigators, 2011. Biological and clinical changes 

in premanifest and early stage Huntington’s disease in the TRACK-HD study: the 12-

month longitudinal analysis. Lancet. Neurol. 10, 31–42. https://doi.org/10.1016/S1474-

4422(10)70276-3 

Takahashi, K., Yamanaka, S., 2006. Induction of pluripotent stem cells from mouse embryonic 

and adult fibroblast cultures by defined factors. Cell 126, 663–76. 

https://doi.org/10.1016/j.cell.2006.07.024 

Tan, Z., Dai, W., Van Erp, T.G.M., Overman, J., Demuro, A., Digman, M.A., Hatami, A., Albay, 

R., Sontag, E.M., Potkin, K.T., Ling, S., Macciardi, F., Bunney, W.E., Long, J.D., Paulsen, 

J.S., Ringman, J.M., Parker, I., Glabe, C., Thompson, L.M., Chiu, W., Potkin, S.G., 2015. 

Huntington’s disease cerebrospinal fluid seeds aggregation of mutant huntingtin. Mol. 

Psychiatry 20, 1286–1293. https://doi.org/10.1038/mp.2015.81 

Tcw, J., Wang, M., Pimenova, A.A., Bowles, K.R., Hartley, B.J., Lacin, E., Machlovi, S.I., 

Abdelaal, R., Karch, C.M., Phatnani, H., Slesinger, P.A., Zhang, B., Goate, A.M., 

Brennand, K.J., 2017. An Efficient Platform for Astrocyte Differentiation from Human 



228 
 

Induced Pluripotent Stem Cells. Stem cell reports 9, 600–614. 

https://doi.org/10.1016/j.stemcr.2017.06.018 

The HD iPSC Consortium, 2012. Induced Pluripotent Stem Cells from Patients with Huntington’s 

Disease Show CAG-Repeat-Expansion-Associated Phenotypes. Cell Stem Cell 11, 264–

278. https://doi.org/10.1016/j.stem.2012.04.027 

Thomsen, L.B., Burkhart, A., Moos, T., 2015. A Triple Culture Model of the Blood-Brain Barrier 

Using Porcine Brain Endothelial cells, Astrocytes and Pericytes. PLoS One 10, e0134765. 

https://doi.org/10.1371/journal.pone.0134765 

Thu, D.C. V., Oorschot, D.E., Tippett, L.J., Nana, A.L., Hogg, V.M., Synek, B.J., Luthi-Carter, R., 

Waldvogel, H.J., Faull, R.L.M., 2010. Cell loss in the motor and cingulate cortex correlates 

with symptomatology in Huntington’s disease. Brain 133, 1094–1110. 

https://doi.org/10.1093/brain/awq047 

Tinterri, A., 2016. From fate specification to circuit formation within the basal ganglia. Université 

Pierre et Marie Curie. 

Tippett, L.J., Waldvogel, H.J., Thomas, S.J., Hogg, V.M., Roon-Mom, W. van, Synek, B.J., 

Graybiel, A.M., Faull, R.L.M., 2007. Striosomes and mood dysfunction in Huntington’s 

disease. Brain 130, 206–221. https://doi.org/10.1093/brain/awl243 

Tousley, A., Kegel-Gleason, K.B., 2016. Induced Pluripotent Stem Cells in Huntington’s Disease 

Research: Progress and Opportunity. J. Huntingtons. Dis. 5, 99–131. 

https://doi.org/10.3233/JHD-160199 

Trettel, F., Rigamonti, D., Hilditch-Maguire, P., Wheeler, V.C., Sharp, A.H., Persichetti, F., 

Cattaneo, E., MacDonald, M.E., 2000. Dominant phenotypes produced by the HD 

mutation in STHdhQ111 striatal cells. Hum. Mol. Genet. 9, 2799–2809. 

https://doi.org/10.1093/hmg/9.19.2799 

Tyzack, G.E., Luisier, R., Taha, D.M., Neeves, J., Modic, M., Mitchell, J.S., Meyer, I., 

Greensmith, L., Newcombe, J., Ule, J., Luscombe, N.M., Patani, R., 2019. Widespread 

FUS mislocalization is a molecular hallmark of amyotrophic lateral sclerosis. Brain 142, 

2572–2580. https://doi.org/10.1093/brain/awz217 

Unschuld, P.G., Joel, S.E., Liu, X., Shanahan, M., Margolis, R.L., Biglan, K.M., Bassett, S.S., 

Schretlen, D.J., Redgrave, G.W., van Zijl, P.C.M., Pekar, J.J., Ross, C.A., 2012. Impaired 

cortico-striatal functional connectivity in prodromal Huntington’s Disease. Neurosci. Lett. 

514, 204–209. https://doi.org/10.1016/j.neulet.2012.02.095 

Van Raamsdonk, J.M., Gibson, W.T., Pearson, J., Murphy, Z., Lu, G., Leavitt, B.R., Hayden, 

M.R., 2006. Body weight is modulated by levels of full-length Huntingtin. Hum. Mol. Genet. 

15, 1513–1523. https://doi.org/10.1093/hmg/ddl072 



229 
 

Victor, M.B., Richner, M., Hermanstyne, T.O., Ransdell, J.L., Sobieski, C., Deng, P.-Y., 

Klyachko, V.A., Nerbonne, J.M., Yoo, A.S., 2014. Generation of Human Striatal Neurons 

by MicroRNA-Dependent Direct Conversion of Fibroblasts. Neuron 84, 311–323. 

https://doi.org/10.1016/j.neuron.2014.10.016 

Victor, M.B., Richner, M., Olsen, H.E., Lee, S.W., Monteys, A.M., Ma, C., Huh, C.J., Zhang, B., 

Davidson, B.L., Yang, X.W., Yoo, A.S., 2018. Striatal neurons directly converted from 

Huntington’s disease patient fibroblasts recapitulate age-associated disease phenotypes. 

Nat. Neurosci. 21, 341–352. https://doi.org/10.1038/s41593-018-0075-7 

Virlogeux, A., Moutaux, E., Christaller, W., Genoux, A., Bruyère, J., Fino, E., Charlot, B., 

Cazorla, M., Saudou, F., 2018. Reconstituting Corticostriatal Network on-a-Chip Reveals 

the Contribution of the Presynaptic Compartment to Huntington’s Disease. Cell Rep. 22, 

110–122. https://doi.org/10.1016/j.celrep.2017.12.013 

Volpato, V., Smith, J., Sandor, C., Ried, J.S., Baud, A., Handel, A., Newey, S.E., Wessely, F., 

Attar, M., Whiteley, E., Chintawar, S., Verheyen, A., Barta, T., Lako, M., Armstrong, L., 

Muschet, C., Artati, A., Cusulin, C., Christensen, K., Patsch, C., Sharma, E., Nicod, J., 

Brownjohn, P., Stubbs, V., Heywood, W.E., Gissen, P., De Filippis, R., Janssen, K., 

Reinhardt, P., Adamski, J., Royaux, I., Peeters, P.J., Terstappen, G.C., Graf, M., Livesey, 

F.J., Akerman, C.J., Mills, K., Bowden, R., Nicholson, G., Webber, C., Cader, M.Z., Lakics, 

V., 2018. Reproducibility of Molecular Phenotypes after Long-Term Differentiation 

to Human iPSC-Derived Neurons: A Multi-Site Omics Study. Stem Cell Reports 11, 897–

911. https://doi.org/10.1016/j.stemcr.2018.08.013 

Vonsattel, J.-P., Myers, R.H., Stevens, T., Ferrante, R.J., Bird, E.D., Richardson, E.P., 1985. 

Neuropathological Classification of Huntingtonʼs Disease. J. Neuropathol. Exp. Neurol. 44, 

559–577. https://doi.org/10.1097/00005072-198511000-00003 

Vonsattel, J.P.G., Keller, C., Cortes Ramirez, E.P., 2011. Huntington’s disease - 

neuropathology. Handb. Clin. Neurol. 100, 83–100. https://doi.org/10.1016/B978-0-444-

52014-2.00004-5 

Waldvogel, H.J., Kim, E.H., Thu, D.C. V, Tippett, L.J., Faull, R.L.M., 2012. New Perspectives on 

the Neuropathology in Huntington’s Disease in the Human Brain and its Relation to 

Symptom Variation. J. Huntingtons. Dis. 1, 143–153. https://doi.org/10.3233/JHD-2012-

120018 

Walker, A.G., Miller, B.R., Fritsch, J.N., Barton, S.J., Rebec, G. V, 2008. Neurobiology of 

Disease Altered Information Processing in the Prefrontal Cortex of Huntington’s Disease 

Mouse Models. https://doi.org/10.1523/JNEUROSCI.2804-08.2008 

Webb, S.J., Monk, C.S., Nelson, C.A., 2001. Mechanisms of Postnatal Neurobiological 

Development: Implications for Human Development. Dev. Neuropsychol. 19, 147–171. 

https://doi.org/10.1207/S15326942DN1902_2 



230 
 

White, J.A., Anderson, E., Zimmerman, K., Zheng, K.H., Rouhani, R., Gunawardena, S., 2015. 

Huntingtin differentially regulates the axonal transport of a sub-set of Rab-containing 

vesicles in vivo. Hum. Mol. Genet. 24, 7182–7195. https://doi.org/10.1093/hmg/ddv415 

Whitwell, J.L., Crum, W.R., Watt, H.C., Fox, N.C., Wild, E.J., Macdonald, K., Barker, R.A., 

Scahill, R.I., Fox, N.C., Tabrizi, S.J., 2001. Normalization of cerebral volumes by use of 

intracranial volume: implications for longitudinal quantitative MR imaging. AJNR. Am. J. 

Neuroradiol. 22, 1483–9. https://doi.org/10.3174/ajnr.a2018 

Wiatr, K., Szlachcic, W.J., Trzeciak, M., Figlerowicz, M., Figiel, M., 2018. Huntington Disease as 

a Neurodevelopmental Disorder and Early Signs of the Disease in Stem Cells. Mol. 

Neurobiol. 55, 3351–3371. https://doi.org/10.1007/s12035-017-0477-7 

Wichmann, T., Dostrovsky, J.O., 2011. Pathological basal ganglia activity in movement 

disorders. Neuroscience 198, 232–44. https://doi.org/10.1016/j.neuroscience.2011.06.048 

Wild, E.J., Tabrizi, S.J., 2014. Targets for future clinical trials in Huntington’s disease: what’s in 

the pipeline? Mov. Disord. 29, 1434–45. https://doi.org/10.1002/mds.26007 

Wilkes, F.A., Abaryan, Z., Ching, C.R.K., Gutman, B.A., Madsen, S.K., Walterfang, M., 

Velakoulis, D., Stout, J.C., Chua, P., Egan, G.F., Thompson, P.M., Looi, J.C.L., Georgiou-

Karistianis, N., 2019. Striatal morphology and neurocognitive dysfunction in Huntington 

disease: The IMAGE-HD study. Psychiatry Res. Neuroimaging 291, 1–8. 

https://doi.org/10.1016/j.pscychresns.2019.07.003 

Wilson, H., De Micco, R., Niccolini, F., Politis, M., 2017. Molecular Imaging Markers to Track 

Huntington’s Disease Pathology. Front. Neurol. 8, 11. 

https://doi.org/10.3389/fneur.2017.00011 

Wood, T.E., Barry, J., Yang, Z., Cepeda, C., Levine, M.S., Gray, M., 2019. Mutant huntingtin 

reduction in astrocytes slows disease progression in the BACHD conditional Huntington’s 

disease mouse model. Hum. Mol. Genet. 28, 487–500. 

https://doi.org/10.1093/hmg/ddy363 

Wu, D., Faria, A. V, Younes, L., Mori, S., Brown, T., Johnson, H., Paulsen, J.S., Ross, C.A., 

Miller, M.I., PREDICT-HD Investigators and Coordinators of the Huntington Study Group,  

the P.-H.I. and C. of the H.S., 2017. Mapping the order and pattern of brain structural MRI 

changes using change-point analysis in premanifest Huntington’s disease. Hum. Brain 

Mapp. 38, 5035–5050. https://doi.org/10.1002/hbm.23713 

Wu, Y.-Y., Chiu, F.-L., Yeh, C.-S., Kuo, H.-C., 2019. Opportunities and challenges for the use of 

induced pluripotent stem cells in modelling neurodegenerative disease. Open Biol. 9, 

180177. https://doi.org/10.1098/rsob.180177 

Wu, Y.J., Krü, A., Mö, J.C., Shine, D., Chan, J.R., Shooter, E.M., Cosgaya, J.M., 2004. Nerve 

Growth Factor, Brain-Derived Neurotrophic Factor, and Neurotrophin-3 Are Sorted to 



231 
 

Dense-Core Vesicles and Released Via the Regulated Pathway in Primary Rat Cortical 

Neurons. 

Xu, X., Radulescu, C.I., Hana Utami, K., Pouladi, M.A., 2017a. Obtaining Multi-electrode Array 

Recordings from Human Induced Pluripotent Stem Cell–Derived Neurons 7. 

https://doi.org/10.21769/BioProtoc.2609 

Xu, X., Tay, Y., Sim, B., Yoon, S.-I., Huang, Y., Ooi, J., Utami, K.H., Ziaei, A., Ng, B., 

Radulescu, C., Low, D., Ng, A.Y.J., Loh, M., Venkatesh, B., Ginhoux, F., Augustine, G.J., 

Pouladi, M.A., 2017b. Reversal of Phenotypic Abnormalities by CRISPR/Cas9-Mediated 

Gene Correction in Huntington Disease Patient-Derived Induced Pluripotent Stem Cells. 

Stem Cell Reports 8, 619–633. https://doi.org/10.1016/j.stemcr.2017.01.022 

Yan, S., Tu, Z., Liu, Z., Fan, N., Yang, Huiming, Yang, S., Yang, W., Zhao, Y., Ouyang, Z., Lai, 

C., Yang, Huaqiang, Li, L., Liu, Q., Shi, H., Xu, G., Zhao, H., Wei, H., Pei, Z., Li, S., Lai, L., 

Li, X.-J., 2018. A Huntingtin Knockin Pig Model Recapitulates Features of Selective 

Neurodegeneration in Huntington’s Disease. Cell 173, 989-1002.e13. 

https://doi.org/10.1016/j.cell.2018.03.005 

Yang, D., Wang, C.-E., Zhao, B., Li, W., Ouyang, Z., Liu, Z., Yang, H., Fan, P., O’Neill, A., Gu, 

W., Yi, H., Li, S., Lai, L., Li, X.-J., 2010. Expression of Huntington’s disease protein results 

in apoptotic neurons in the brains of cloned transgenic pigs. Hum. Mol. Genet. 19, 3983–

94. https://doi.org/10.1093/hmg/ddq313 

Yang, H.-M., Yang, S., Huang, S.-S., Tang, B.-S., Guo, J.-F., 2017. Microglial Activation in the 

Pathogenesis of Huntington’s Disease. Front. Aging Neurosci. 9, 193. 

https://doi.org/10.3389/fnagi.2017.00193 

Yang, J., Harte-Hargrove, L.C., Siao, C.-J., Marinic, T., Clarke, R., Ma, Q., Jing, D., LaFrancois, 

J.J., Bath, K.G., Mark, W., Ballon, D., Lee, F.S., Scharfman, H.E., Hempstead, B.L., 2014. 

proBDNF Negatively Regulates Neuronal Remodeling, Synaptic Transmission, and 

Synaptic Plasticity in Hippocampus. Cell Rep. 7, 796–806. 

https://doi.org/10.1016/J.CELREP.2014.03.040 

Yang, J., Siao, C.-J., Nagappan, G., Marinic, T., Jing, D., McGrath, K., Chen, Z.-Y., Mark, W., 

Tessarollo, L., Lee, F.S., Lu, B., Hempstead, B.L., 2009. Neuronal release of proBDNF. 

Nat. Neurosci. 12, 113–115. https://doi.org/10.1038/nn.2244 

Yang, M., Lim, Y., Li, X., Zhong, J.-H., Zhou, X.-F., 2011. Precursor of Brain-derived 

Neurotrophic Factor (proBDNF) Forms a Complex with Huntingtin-associated Protein-1 

(HAP1) and Sortilin That Modulates proBDNF Trafficking, Degradation, and Processing. J. 

Biol. Chem. 286, 16272–16284. https://doi.org/10.1074/jbc.M110.195347 

Yu, C., Li, C.H., Chen, S., Yoo, H., Qin, X., Park, H., 2018. Decreased BDNF Release in 

Cortical Neurons of a Knock-in Mouse Model of Huntington’s Disease. Sci. Rep. 8, 16976. 

https://doi.org/10.1038/s41598-018-34883-w 



232 
 

Zhang, J., Peng, Q., Li, Q., Jahanshad, N., Hou, Z., Jiang, M., Masuda, N., Langbehn, D.R., 

Miller, M.I., Mori, S., Ross, C.A., Duan, W., 2010. Longitudinal characterization of brain 

atrophy of a Huntington’s disease mouse model by automated morphological analyses of 

magnetic resonance images. Neuroimage 49, 2340–51. 

https://doi.org/10.1016/j.neuroimage.2009.10.027 

Zhang, Y., Leavitt, B.R., van Raamsdonk, J.M., Dragatsis, I., Goldowitz, D., MacDonald, M.E., 

Hayden, M.R., Friedlander, R.M., 2006. Huntingtin inhibits caspase-3 activation. EMBO J. 

25, 5896–906. https://doi.org/10.1038/sj.emboj.7601445 

Zhang, Y., Long, J.D., Mills, J.A., Warner, J.H., Lu, W., Paulsen, J.S., PREDICT-HD 

Investigators and Coordinators of the Huntington Study Group,  the P.-H.I. and C. of the 

H.S., 2011. Indexing disease progression at study entry with individuals at-risk for 

Huntington disease. Am. J. Med. Genet. B. Neuropsychiatr. Genet. 156B, 751–63. 

https://doi.org/10.1002/ajmg.b.31232 

Zhao, X., Chen, X.-Q., Han, E., Hu, Y., Paik, P., Ding, Z., Overman, J., Lau, A.L., 

Shahmoradian, S.H., Chiu, W., Thompson, L.M., Wu, C., Mobley, W.C., 2016. TRiC 

subunits enhance BDNF axonal transport and rescue striatal atrophy in Huntington’s 

disease. Proc. Natl. Acad. Sci. U. S. A. 113, E5655-64. 

https://doi.org/10.1073/pnas.1603020113 

Zhao, X., Zhou, Y., Weissmiller, A.M., Pearn, M.L., Mobley, W.C., Wu, C., 2014. Real-time 

imaging of axonal transport of quantum dot-labeled BDNF in primary neurons. J. Vis. Exp. 

51899. https://doi.org/10.3791/51899 

Zuccato, ( C, Cattaneo, E, Zuccato, C., Cattaneo, Elena, 2009. Brain-derived neurotrophic 

factor in neurodegenerative diseases. Nat. Publ. Gr. 5. 

https://doi.org/10.1038/nrneurol.2009.54 

Zuccato, C., Cattaneo, E., 2014. Huntington’s Disease, 4th Editio. ed. Oxford University Press. 

https://doi.org/10.1093/med/9780199929146.001.0001 

Zuccato, C., Cattaneo, E., 2007. Role of brain-derived neurotrophic factor in Huntington’s 

disease. Prog. Neurobiol. 81, 294–330. https://doi.org/10.1016/j.pneurobio.2007.01.003 

Zuccato, C., Ciammola, A., Rigamonti, D., Leavitt, B.R., Goffredo, D., Conti, L., MacDonald, 

M.E., Friedlander, R.M., Silani, V., Hayden, M.R., Timmusk, T., Sipione, S., Cattaneo, E., 

2001. Loss of huntingtin-mediated BDNF gene transcription in Huntington’s disease. 

Science 293, 493–8. https://doi.org/10.1126/science.1059581 

Zuccato, C., Liber, D., Ramos, C., Tarditi, A., Rigamonti, D., Tartari, M., Valenza, M., Cattaneo, 

E., 2005. Progressive loss of BDNF in a mouse model of Huntington’s disease and rescue 

by BDNF delivery. Pharmacol. Res. 52, 133–9. https://doi.org/10.1016/j.phrs.2005.01.001 

Zuccato, C., Marullo, M., Conforti, P., MacDonald, M.E., Tartari, M., Cattaneo, E., 2007. 



233 
 

Systematic Assessment of BDNF and Its Receptor Levels in Human Cortices Affected by 

Huntington’s Disease. Brain Pathol. 18, 225–238. https://doi.org/10.1111/j.1750-

3639.2007.00111.x 

Zuccato, C., Tartari, M., Crotti, A., Goffredo, D., Valenza, M., Conti, L., Cataudella, T., Leavitt, 

B.R., Hayden, M.R., Timmusk, T., Rigamonti, D., Cattaneo, E., 2003. Huntingtin interacts 

with REST/NRSF to modulate the transcription of NRSE-controlled neuronal genes. Nat. 

Genet. 35, 76–83. https://doi.org/10.1038/ng1219 

 


