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Abstract 

Huntington’s disease (HD) is an inherited neurodegenerative disorder caused by a 

mutation in the huntingtin (HTT) gene. Clinical symptoms encompass motor dysfunction, 

cognitive decline and psychiatric disturbances, and no approved therapy exists that delays 

disease progression. Atrophy in the caudate nucleus (CN) and putamen are neuropathological 

hallmarks of HD. A major site of neuroplasticity – the subventricular zone (SVZ) – is adjacent 

to the CN and shows promising albeit inefficient neurogenic responses in HD. The molecular 

mechanisms underlying the pathogenesis of HD and the neurogenic response of the SVZ are 

incompletely understood. 

Lipids are involved in both the regulation of adult neural stem cells in the SVZ and in 

neurodegeneration. Moreover, mutant HTT strongly associates with membranes, which are 

predominantly comprised of glycerophospholipids, sphingolipids and cholesterol. 

Dysregulation in some lipids has been reported in HD; however, the involvement of lipids in 

HD is poorly understood and the lipidomic profile of the cytoarchitecturally-unique SVZ has 

never been investigated. 

Accordingly, in this thesis I characterised the abundance and spatial distribution of 

hundreds of glycerophospholipids and sphingolipids in the CN and SVZ of human post-mortem 

HD and neurologically-normal brains. Matrix-assisted laser desorption/ionisation imaging 

mass spectrometry was employed for unbiased lipidomic analysis of these regions, with a 

bespoke statistical pipeline developed to identify lipids of pathological or anatomical interest, 

which were assigned using Fourier-transform ion cyclotron resonance and liquid 

chromatographytandem mass spectrometry.  

The HD CN showed a lower abundance of docosahexaenoic and adrenic acid and also 

the key mitochondrial lipids, cardiolipins. The SVZ displayed a highly-conserved lipidomic 

architecture that anatomically corresponded to its cytoarchitecture, with defined lipid classes 

enriched in three of its four constituent laminae. The molecular functions of these lipids were 

in keeping with the neurobiology of resident cell populations. This lipidomic specialisation was 

profoundly disrupted in HD, with a higher abundance of proinflammatory and proliferative 

sphingomyelin also observed. 

This thesis provides evidence of significant lipidomic changes in HD that are 

biochemically consistent with mitochondrial dysfunction and oxidative stress in the CN, and 

with inflammation in the SVZ. These findings offer new avenues of investigation into the 

pathogenesis and ultimately the treatment of HD.  
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Chapter 1. General Introduction 

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

debilitating symptoms that encompass physical, psychiatric and cognitive dysfunction (1). 

Death ensues approximately 10-20 years after clinical onset and follows a progressive phase 

during which the quality of life is severely compromised (2). The disease is autosomal 

dominant and caused by a trinucleotide repeat expansion in the Huntingtin gene (HTT) (3). 

Current therapies target symptom alleviation and no disease-modifying interventions have yet 

demonstrated efficacy in pivotal clinical trials. 

Despite 25 years of scientific inquiry since the discovery of the HTT mutation, the molecular 

mechanisms driving the pathology of HD remain poorly understood (4). Loss of wild type 

function of the HTT protein and gain of aberrant function in its elongated, mutant form lead to 

a series of cellular irregularities that eventuate in mitochondrial dysfunction, 

neuroinflammation and neuro-excitotoxicity. These mechanisms subsequently lead to selective 

cell degeneration in the caudate nucleus (CN) and putamen (collectively the striatum) and later 

in the cortex (5–7). The HTT protein is multifunctional and significant areas of uncertainty in 

the molecular and cellular pathogenesis of HD have impeded the development of interventions 

that directly antagonise these processes.  

One area of research in HD concerns the capacity of the adult brain for endogenous plasticity 

and neurogenesis, including neurogenic responses to the degeneration seen in HD. The adult 

human brain conserves specialised microenvironments that harbour neural stem cells (NSCs) 

(8,9). Quiescent NSCs have the capacity to become proliferative and generate daughter cells 

that differentiate into neuronal and glial lineages, migrate and eventually integrate into existing 

neuronal circuits (10,11). The process of neurogenesis is finely tuned and relies heavily on 

extrinsic and cell-autonomous cues and thus the normal homeostasis of the neurogenic niches 

in which the NSCs reside (12,13).  

The subventricular zone (SVZ), which is the largest cache of NSCs in the adult brain, directly 

neighbours the CN, the major site of neurodegeneration in HD, and provides a reservoir for 

potential endogenous neural repair (14). The neurogenic activity of the SVZ is significantly 

increased in HD, potentially reflecting an attempt by the brain to compensate for the 

degeneration in adjacent sites (15,16). While this neurogenic response is promising, the process 

is inefficient, and the underlying molecular organisation of the SVZ and its response to 
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degeneration remain incompletely characterised. Recent studies have shown that lipids play a 

critical role in regulating adult neurogenesis and that the lipid metabolome and activation of 

lipid-related genes discriminate activated from quiescent adult NSCs (17–19). Lipids are 

critical in the pathology of HD as growing literature indicates that wild type HTT is principally 

a membrane-associated protein (20). Interestingly, a highly conserved series of nucleotides 

directly preceding the trinucleotide expansion domain in HTT encode a lipid-binding domain. 

This domain regulates the localisation of HTT between the cytoplasm, nucleus and association 

with the primary cilium and its interaction with other proteins (21,22).  

In addition to direct interaction with HTT, lipids are also involved in the regulation of cellular 

processes required for normal physiology. As key mediators and regulators of 

neurodegenerative processes such as neuroinflammation, lipids are also implicated in the 

underlying cell loss seen in HD (23–26). A number of studies have reported lipid aberrations 

in HD animal models and human post-mortem brains (27–30). However, these studies have 

largely only focused on particular families or classes of lipids and have used conventional mass 

spectrometry analysis of tissue homogenates, where the spatial resolution on lipid distribution 

is discarded. Therefore, comprehensive, high-throughput profiling where large numbers of 

lipid species across classes can be interrogated simultaneously is crucial.  

Accordingly, the aim of this study was to take a novel ‘omic’ and unbiased approach to 

characterising the lipidome of two important sites in the human HD brain: (1) the SVZ, a 

neurogenic niche adjacent to the CN, which provides potential endogenous repair in HD and 

(2) the CN of the striatum itself, which is severely degenerated in this disease. To accomplish 

this, imaging mass spectrometry (IMS) techniques were utilised – predominantly matrix-

assisted laser desorption/ionisation (MALDI) time-of-flight (TOF) – to characterise the 

abundance and distribution of a wide range of lipids in situ in human brain sections (31). This 

recently-developed technology marries the sensitivity and selectivity of mass spectrometry 

with unbiased visualisation of the spatial arrangement of analytes directly within the tissue of 

interest. The technique enables the researcher to define a region of interest in the section, within 

which a high-energy laser ablates the tissue in a raster scanning mode to generate spatially-

resolved mass spectra comprised of hundreds of species. The major advantage of such 

technology is that it does not require tissue homogenisation and the abundance and distribution 

of many analytes are simultaneously acquired while the anatomical features are largely 

preserved (32). Additionally, it obviates the requirement for reagents such as antibodies, a 

feature that is particularly attractive for lipids, where immunohistochemistry analysis is 
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typically challenging due to the limited availability of antibodies. Accordingly, in this thesis, 

MALDIIMS was utilised to undertake the first comprehensive lipidomic analysis of the CN 

and SVZ – two key sites involved in the disease – in the human HD brain. 



 

4 

Chapter 2. Literature Review 

2.1 Huntington’s disease: A fatal neurodegenerative disorder 

The first authoritative characterisation of Huntington’s disease (HD) was by George 

Huntington in 1872 (33). Although not the first to report the disorder, Huntington’s insight was 

to delineate the disease as one entity and distinct from other involuntary movement disorders. 

Huntington’s 1872 treatise in the Medical and Surgical Reporter reported three generations of 

scientific investigation and clinical care provided by his grandfather, father and himself to 

affected patients over 78 years. These vivid longitudinal observations were successful in 

drawing attention to the disorder and led to its eponymous designation as ‘Huntington’s 

disease’. Huntington’s notes still resonate strongly with patient experiences today:  

“There are three marked peculiarities in this disease: 1. Its hereditary nature. 2. A 

tendency to insanity and suicide. 3. It manifesting itself as a grave disease only in 

adult life.” 

Huntington’s disease or, as previously known, Huntington’s chorea, is a neurodegenerative 

disorder of the central nervous system and is inherited in an autosomal dominant fashion (34). 

A single defective gene leads to selective neuronal loss in the CN and putamen of the basal 

ganglia, followed by the frontal cortex. Atrophy in these sites lead to a broad range of cognitive, 

motor and psychiatric deficits. With no effective treatment to cure or slow the progression of 

the disease, progressive degeneration leads to increasing disability and ultimately to death. The 

disease-causing mutation is an abnormal expansion of cytosine-adenine-guanine (CAG) 

repeats in the huntingtin (HTT) gene, which encodes the huntingtin (HTT) protein. Despite the 

ubiquitous expression of HTT throughout the body, the pathology of HD is predominantly 

confined to the brain. The selective localisation in the brain appears to be largely related to the 

neuroanatomical function of the select population of affected neurons, which renders them 

susceptible to the loss of critical functions of the wild type HTT protein and the acquired toxic 

functions of its mutant counterpart. Accordingly, substantial research effort has focused on 

elucidating the functions of mutant HTT (mHTT) and its pathological implications in the sites 

of the brain that are affected. 
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2.2 The multifaceted clinical features of Huntington’s disease 

Huntington’s disease typically encompasses slow and progressive deterioration of motor, 

cognitive and behavioural functions. Prior to the onset of symptoms, HD patients are healthy 

with no detectable clinical abnormalities. However, this period imperceptibly becomes 

intertwined with a pre-diagnostic phase, where subtle changes in behaviour, cognition and 

motor control begin to appear and are often only noticeable by those close to the affected 

individuals (35,36). The healthy and pre-diagnostic stages are referred to as ‘pre-symptomatic’ 

despite the presence of some clinical findings associated with this phase (35). In the pre-

diagnostic phase, patients may experience irritability, disinhibition, forgetfulness, anxiety, 

inability to multitask and restlessness (35). Eventually, this phase merges with the symptomatic 

phase, where diagnosis takes place upon the full development and clinical presentation of 

features that may include distinct chorea (dance-like involuntary movement), incoordination 

and motor impersistence (36–38).  

2.2.1 Motor dysfunction 

The motor symptoms of HD encompass increased involuntary movements such as chorea and 

impaired voluntary movements that include limb incoordination and hand function impairment 

(39). Loss of postural reflexes exacerbates these symptoms. The pattern of motor symptoms 

reverses with the progression of the disease, with chorea, an early motor symptom, becoming 

less pronounced as more functionally incapacitating symptoms such as dystonia, rigidity, 

spasticity and bradykinesia (slowness of movement) become more severe (40,41). Motor 

impersistence – the inability to maintain a voluntary muscle contraction at a constant level – is 

another symptom and progresses linearly independent of chorea (42,43). Difficulties in 

initiating and controlling movement also lead to dysarthria (speech deficits) and dysphagia 

(difficulties in swallowing), rendering patients susceptible to aspiration pneumonia (44), a 

common cause of death. 

2.2.2 Cognitive deficits 

The realisation that chorea is not the sole symptom in this disorder is reflected in its re-

designation from Huntington’s chorea to Huntington’s disease. In many instances, motor 

symptoms are less debilitating and distressing to the affected individual than the cognitive 

deficits. Cognitive abnormalities may arise surreptitiously from an early stage with profound 

effects (45). Patients often experience impaired executive functions in goal-oriented 
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behaviours such as organising, multitasking, planning and adapting, and also exhibit a delay in 

the acquisition of new motor skills (reviewed in Roos, 2010) (46). Speech deterioration occurs 

at a greater pace than that of comprehension. Patients are susceptible to developing frontal and 

subcortical dementia as cognitive dysfunction advances (47). Addtionally, patients frequently 

have challenges with attention, visual recognition, cognitive flexibility and adequate speed of 

mental processing, and develop psychomotor perseveration (48,49).  

2.2.3 The psychiatric and behavioural deficits 

As with the cognitive deficits, psychiatric symptoms frequently precede the motor disorder by 

more than 10 years (46,50). Depression is common amongst HD patients and embedded as part 

of the disease and not considered a secondary response to the diagnosis (46,51). Other 

psychiatric symptoms frequently include mania and psychosis, obsessive-compulsive 

behaviour, dysphoria, agitation, irritability, apathy, euphoria and delusions (52–54). Suicide 

contemplation is common and HD patients are at 5-10 fold greater risk of suicide than the 

demographically-matched general population (55).  

Most patients concomitantly experience a combination of motor, cognitive and behavioural 

deficits. However, despite being a monogenetic disease, remarkable variability is seen in the 

nature of symptoms experienced by HD patients (56). Some individuals exhibit predominantly 

early motor dysfunction and show very few, if any, behavioural symptoms. In contrast, some 

patients experience predominantly behavioural and psychiatric deficits. This heterogeneity in 

the symptomatology of HD has been studied in the context of monozygotic twins where, 

despite inheriting identical HTT alleles and other potential disease-modifying polymorphisms, 

symptoms experienced by such identical twins can be markedly different (57). This variability 

in the motor, cognitive and behaviour symptoms is considered as the classic triad of HD 

symptomatology (58). Understanding the symptomatology of HD is inseparable from the 

neuroanatomy of the disease. The CN and the putamen (collectively known as the striatum) 

and to a lesser extent the cortex are the primary anatomical regions degenerated in HD. As a 

control centre, the striatum receives, integrates and modulates incoming activity to produce a 

nuanced output that reflects movement, mood, motivation and expectation. As such, the clinical 

burden HD patients and their families experience is intimately linked with the anatomical 

regions and pathways the disease affects (59). 
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2.3 The basal ganglia 

While mHTT is ubiquitously expressed throughout the brain, the neuropathological changes in 

HD are strikingly selective, with cell loss predominantly observed in the CN and the putamen 

and, to a lesser extent, the cerebral cortex (1,60). Embedded deep in the brain, the striatum 

receives incoming information globally from the cerebral cortex. These inputs are processed in 

the striatum and substantiate into motor patterns that are based on the environment, desires and 

past experiences (59). The striatum is also the major input target to the basal ganglia, a set of 

subcortical brain nuclei that collectively control voluntary movement, patterns of behaviour, 

reward and motivation. Increasing evidence indicates that the circuitry architecture of the basal 

ganglia participates in the pathology of the striatal degeneration in HD (61–64). 

In addition to the CN and the putamen, other nuclei in the basal ganglia include the globus 

pallidus, which is divided into two parts: the external (GPe) and the internal segments (GPi), 

the subthalamic nucleus, which is located ventral to the thalamus, and finally the substantia 

nigra. The latter is comprised of two components: the substantia nigra pars reticulata (SNr) 

located ventral in the midbrain and the substantia nigra pars compacta (SNc) (65). Collectively, 

the dorsal striatum, subthalamic nucleus, GP and substantia nigra are known as the “dorsal 

division” of the basal ganglia and are principally involved in motor and associative functions 

(66). The “ventral division”, which consists of the ventral CN, putamen and nucleus 

accumbens, is associated with limbic and mood functions (66).  

2.3.1 Striatal anatomy 

The striatum is anatomically divided into the putamen and CN, which forms a rostral head, a 

central body and a posterior tail region that extends dorsally. A dense network of fibres of the 

internal capsule separates the CN from the putamen (Fig. 2.1). The striatum is comprised of 

GABAergic medium spiny neurons (MSNs, 95%) and interneurons (5%) (65). In HD, the most 

vulnerable cells are the striatal GABAergic MSNs with loss reaching as high as 95%, while the 

parvalbumin-expressing interneurons are less affected (67). As a core structure of the basal 

ganglia circuits, the striatum assimilates midbrain-originating dopaminergic and neocortical- 

and thalamic-originating glutamatergic inputs. The striatum consolidates these inputs and 

sends GABAergic (inhibitory) outputs to the target nuclei including the globus pallidus and 

substantia nigra (68). The interneurons act as local modulators of the MSN inhibitory output. 

Collectively, the striatum is a pivotal centre for regulating feedback and feedforward 

processing of information on motor function and goal- and reward-oriented behaviour.  
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Fig. 2.1. Schematic of the caudate nucleus (CN) and the putamen (Put)  in the coronal plane, which are separated by the 
internal capsule (IC). 

 

2.3.2 Direct and indirect motor circuits 

The striatum is replete with neurochemical receptors for molecules including dopamine, 

acetylcholine, endocannabinoids and endogenous opiates. Thus, based on their neurochemical 

expression, relevant striatal circuits are engaged for appropriate behaviours. The differential 

expression of dopamine receptor 1 (D1R), the excitability booster, and dopamine receptor 2 

(D2R), the excitability suppressor on MSNs, determines movement promotion or movement 

suppression, respectively (69). The D1R-enriched pathway is referred to as the direct whereas 

the D2R-enriched is referred to as the indirect pathway. Both pathways include a flow of 

excitatory glutamatergic cortico-striatal fibres terminating on the MSNs. In the direct pathway, 

outputs from MSNs containing GABA, dynorphin and substance P project to the GPi and SNr. 

Thereafter, the SNr and GPi project outputs to brainstem nuclei and motor thalamic 

components, resulting in excitation of cortical areas involved in motor control (59).  

In the indirect pathway, inhibitory GABAergic MSNs containing the neurotransmitter 

enkephalin project to the neurons of the GPe. This activates an inhibitory input to the STN and 

thereby initiates an excitatory output that arrives at the GPi. As a result, both the direct and 

indirect pathways converge on the GPi/SNr complex, substantiating the transmission of 

inhibitory GABAergic outputs to the thalamocortical pathway and the brainstem locomotor 

region including the pedunculopontine nucleus, a key structure involved in the reward system 
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(70). The two pathways, however, have opposing functions. Activation of the direct circuit 

leads to a feed-forward effect whereas the activation of the indirect circuit elicits a negative 

feedback effect. 

It is likely that in the early stages of HD when involuntary movement or chorea is pronounced, 

there is a selective loss of D2R-bearing MSNs of the indirect pathway projecting to the GPe 

(71). Hyperkinesia may also be related to the degeneration of D2R and enkephalin-expressing 

MSNs as these neurons function in movement inhibition (52,64). This selective degeneration 

of GPe-projecting neurons early in HD is likely to be due to their greater vulnerability to cell 

death (72). However, as the disease progresses, loss of substance P is seen in the GPi, reflecting 

the ablation of GABA- and substance P-positive projections to the GPi in the direct pathway. 

The quantification of immunolabelled substance P terminals of the GPi in a cohort of HD cases 

showing various degrees of degeneration indicated that the loss of striatal projections of the 

direct pathway to the GPi proceeded far more gradually than those of the indirect pathway 

terminating at the GPe (73).  

2.3.3 The limbic circuit 

The dorsal components of the basal ganglia predominantly contribute to direct/indirect motor 

circuits. In contrast, the ventral striatum, also known as the nucleus accumbens, along with the 

ventral pallidum constitute part of the limbic circuit, which is involved in the regulation of 

mood and emotion (70,74). Excitatory glutamatergic projections from the areas in the cortex 

involved in emotion, reward and decision making – the orbital and medial prefrontal cortical 

areas (OMPFC) – are received by GABAergic ventral striatal neurons. In return, these ventral 

neurons project to the GABAergic ventral pallidum, which leads to projections from the ventral 

pallidum toward the mediodorsal thalamic nucleus and a subsequent projection back to the 

OMPFC to complete the loop (75). 

2.3.4 Striatal compartmentalisation 

Within the striatum (Fig. 2.2), there are two neurocircuitry-distinct compartments known as 

the striosomes (or patches) and the matrix. The striosomes are a three-dimensional labyrinth 

embedded in the extrastriosomal matrix that constitute 10-20% of the striatum and are found 

across mammalian species (76,77). While both D1R- and D2R-enriched MSNs are found in the 

two compartments, the striosomes are comprised predominantly of the D1R MSN subtype, 

which innervates the habenula that projects to SNc dopaminergic neurons (68,78). Control over 
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the dopaminergic action of the striatum is, therefore, maintained by the nigral dopaminergic 

neurons that are themselves regulated by the reciprocal striosome-SNc innervation (68). In 

contrast, the matrix predominantly houses D2R-enriched MSNs (79). The matrix and striosome 

compartments are also distinct in terms of the cortical regions by which they are innervated. 

The striosomes are innervated by the prelimbic, infralimbic, caudal orbitofrontal and pregenual 

anterior cingulate cortices. The infralimbic cortex evaluates and regulates ongoing behaviours 

(80). The matrix is innervated by the sensorimotor cortices. An inter-compartmental line of 

communication is mediated by the cholinergic interneurons that are themselves innervated and 

modulated by the thalamic nuclei (81–83).  

 

 

Fig. 2.2. The major basal ganglia circuits. Large arrows indicate limbic, associative and sensorimotor circuitries flowing into 
the CN of the striatum, where these inputs are integrated. Arrows exiting the striatum indicate the flow of inhibitory MSN 
connections from striatal compartments, flowing to their respective downstream target nuclei. Modified, with permission, 
from (59). AC = nucleus accumbens, GPe = globus pallidus external, GPi = globus pallidus internal, SNc = substantia nigra 
compacta, SNr = substantia nigra reticulata. 

 

In summary, the incoming connections of the matrix are associated with sensorimotor and 

associative regions while the striosomes principally encompass limbic and reward-related 
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connections. Given that the matrix is larger than the striosome compartment, the target nuclei 

of both the direct and indirect pathways receive more inputs from the MSNs of the matrix than 

those of the striosomes. However, the balance between the direct and indirect pathways is 

highly affected by dopamine, giving the striosomal MSNs a capacity to regulate the 

aforementioned balance via their projections to the dopamine-rich neurons of the SNc. It 

appears that striosomes influence dopamine release in the matrix via a negative feedback 

mechanism. Differential activity in the striosomes may generate well-defined reinforcement-

related signals that result in repetitive behaviours seen in HD (84,85). Computational modelling 

encompassing anatomical and physiological evidence suggests that the matrix and striosomes 

are involved in motor focusing and scaling, respectively (86). 

2.3.6 Grading of striatal neuropathology 

The degenerative process in HD eventually encompasses the entire brain, with regional 

differences in severity. However, at the core of this gradual, progressive atrophy, the most 

affected region is the striatum. Concurrent with the striatal neurodegeneration, there is also 

distinct gliosis by astrocytes and oligodendrocytes in an ordered and topographic distribution 

(60). To standardise the measure of disease stage, Vonsattel et al. (1985) developed a 

histopathological grading system for HD based on gross and microscopic findings. The system 

assigns a grading nomenclature to the extent of striatal degeneration in post-mortem HD cases. 

The framework follows on the distinctive temporospatial pattern of degeneration in the HD 

striatum. The system has five grades (0-4) ordered by ascending severity of striatal 

involvement: 

Grade 0: Less than 1% of HD brains are classified as grade 0, with features indistinguishable 

from normal brains upon gross examination. However, microscopic examinations indicate a 

30-40% loss of neurons located in the head of the CN, without visible gliosis (60). 

Grade 1: Approximately 4% of HD brains are classified as grade 1. The degeneration 

progresses to the tail of the CN with a strong likelihood of a visibly smaller caudate body. 

Microscopic examinations indicate ≥50% neuronal loss located in the head of the CN. 

Concurrent gliosis is observed in the tail, body and the dorsum of the head of CN as well as the 

nearby dorsal putamen (60,87,88) 

Grade 2: Approximately 16% of HD brains are classified as grade 2. Macroscopic atrophy of 

the CN and putamen is apparent, with the head of the CN showing the most pronounced 
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atrophy. The medial outline of the head maintains a slightly convex appearance, bulging into 

the lateral ventricle. Microscopically, the dorsal striatum exhibits neuronal loss in parallel to 

astrocytosis (60).  

Grade 3: Approximately 52% of HD brains are classified as grade 3, in which the CN is 

severely atrophic. The medial outline of the head of the CN appears straight or slightly concave. 

The putamen exhibits a moderate reduction in size macroscopically and severe gliosis 

microscopically. Dramatic neuronal loss and astrocytosis are apparent in the CN. The nucleus 

accumbens remains unchanged (60,87,88). 

Grade 4: Approximately 28% of HD brains are classified as grade 4. The striatum is severely 

atrophic and presents a concave appearance alongside widened lateral ventricles. The putamen 

is also markedly smaller in size with widened perivascular space in its ventral aspect. In 

approximately 50% of grade 4 HD brains, the nucleus accumbens remains relatively preserved 

yet abnormal. Microscopically, the striatum shows neuronal loss of 90% (60) 

2.4 The genetics of Huntington’s disease 

In 1983, the genetic locus responsible for the transmission of HD was mapped to chromosome 

4 by analysing restriction fragment length polymorphism markers in affected Venezuelan and 

American families (89). A decade later, the affected gene within the 4p16.3 locus, designated 

interesting transcript #15 (IT15) but now known by the official gene symbol HTT (Huntingtin), 

was cloned in the first successful use of reverse genetics (3). Investigators of the Huntington's 

Disease Collaborative Research Group found that a dynamic expansion of the trinucleotide 

repeat CAGn within the N-terminus of HTT is translated into a prolonged polyglutamine 

(polyQ) stretch and determined the inheritance of this mutation to be the underlying cause of 

HD (3). The normal polymorphism of HTT CAG repeats in healthy individuals ranges from 6 

to 35 repeats (90,91). The disease is considered to have incomplete penetrance for those who 

harbour an allele between 36 to 40 repeats, whereas ≥40 repeats is pathognomonic for HD. The 

length of the CAG repeat is inversely correlated with the age of onset, with higher CAG repeats 

predicting an earlier presentation of clinical symptoms (92). However, there is no correlation 

between the CAG repeat and the heterogeneous symptomatology experienced by those affected 

(93). 

While the median age at onset is 37 years, HD patients can become symptomatic in early 

childhood through to the eighth decade of life. Affected individuals are disabled by early 
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functional decline and require care for up to 15 to 20 years, after which death ensues as a result 

of succumbing to the effects of severe mental and physical deterioration (94,95). The disease 

occurs worldwide affecting all races and ethnicities but is most common in people of Northern 

European origin and rarest amongst those of Asian descent. In the Western Hemisphere, HD 

has a prevalence of 5-10 cases per 100,000 (96).  

2.4.1 Huntington protein function 

Intracellularly, HTT associates with numerous organelles such as the nucleus, endoplasmic 

reticulum, Golgi apparatus and endosomes, and this dynamic subcellular localisation has 

frustrated efforts to clearly define its function (97,98). Despite the lack of clarity on the 

multifaceted function of HTT, the protein is essential for embryonic development as Htt 

knockout in mice is lethal (99). It also appears to be pivotal for neurogenesis and normal 

cellular physiology as HTT is associated with numerous cellular pathways including vesicle 

transport, neuronal transcription, synaptic transmission and anti-apoptotic processes (100). The 

challenge in understanding the pathogenesis of HD also stems from the notion of loss of wild 

type HTT functions, whose physiological roles are not well understood, as well as gain of 

aberrant functions by the elongated mHTT. As such, it is likely that a complex combination of 

the two scenarios is responsible for the observed neurodegeneration, with some research giving 

the acquired functions of mHTT a greater weighting in driving the pathogenesis.  

Human HTT is composed of 3,144 amino acids and is largely localised to the cytoplasm, with 

approximately half of cellular HTT associating with membranes (101). While the exact 

mechanisms and significance of this intracellular distribution are still being investigated, 

several membrane-related functions have been attributed to the wild type HTT (102–106). The 

protein may act as a scaffold for cytoskeletalmembrane communication and facilitate 

temporo-spatial microtubule-dependent vesicle transport in the secretory and endocytic 

pathways through associations with clathrin-coated vesicles (107). This function may be 

particularly salient as wild type HTT plays an important role in regulating neurotrophic support 

and the survival of neurons by enhancing the microtube-dependent vesicular transport of brain-

derived neurotrophic factor (BDNF), a widely appreciated neuroprotective protein. 

Additionally, HTT is required for secretory vesicle fusion at the plasma membrane (108). The 

protein is also essential for the appropriate development of nuclear and perinuclear membrane 

organelles such as mitochondria and the endoplasmic reticulum (109,110). Studies using in 
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vitro models have also implicated functions in motility, cell adhesion and Rab11-dependent 

vesicle budding and cholesterol and energy homeostasis (111–114). 

Extensive studies have demonstrated that wild type HTT intimately associates with a variety 

of membrane lipid constituents, particularly anionic phosphatidylinositol phosphates in 

keeping with an electrostatic-based mechanism for membrane association (115–118). As such, 

it is unsurprising that HTT localises with brain membrane fractions (119). The polyQ domain 

that is elongated in HD is contained in the first (5’) exon of HTT. Preceding this sequence, the 

first 17 amino acids, known as Nt17, functions as a lipid-binding domain by forming a highly 

conserved amphipathic α-helix. The affinity of HTT for lipid membranes is regulated by post-

translation modifications of Nt17 such that HTT can be dynamically localised between the 

cytoplasm, nucleus and association with the primary cilium (120). In HD, mHTT has a similar 

intracellular distribution in association with the plasma membrane, the synaptic sites, 

endosomes and endoplasmic reticulum. It is, therefore, plausible that mHTT acquires altered 

function at membranes and in membrane-associated processes. 

2.5 Pathogenesis of Huntington’s disease 

2.5.1 Protein aggregation 

The trinucleotide repeat expansion in the HTT gene when translated in the HTT protein results 

in an expanded polyglutamine stretch (3). This expansion of a polar (hydrophilic) residue 

disrupts the native folding of HTT, affecting the conformation of the protein and confers novel 

toxic functions on mHTT. The surprising difficulty of elucidating the cellular effects of a single 

gene mutation reflects the sheer number of cellular functions in which HTT is involved. The 

altered conformation of mHTT changes the chemistry of the protein to favour aggregation, 

resulting in the formation of the mHTT inclusions that are the neuropathological hallmark of 

HD (Fig. 2.3) (121). These protein aggregates, which are visible on pathologic examination 

with circular and dense or diffuse and fibrillary appearances, were first described in mouse 

models of HD prior to being detected in the human HD post-mortem brain (122). These 

intraneuronal inclusions are located in the striatum, cerebral cortex, cerebellum and the spinal 

cord yet are more common in the cerebral cortex, particularly during the stage of the disease 

when striatal degeneration is considerably more severe than the cortical neuronal loss (123). 

Within the striatum, inclusion bodies appear to be more frequent amongst the interneurons that 

are largely spared in HD as compared to the more vulnerable MSNs (124). Accordingly, there 



 

15 

is ongoing dialogue and interest amongst the HD research community as to whether these 

inclusions are toxic, incidental or in part, beneficial.  

 

 

Fig. 2.3. The pathogenesis of HD. The HD allele with more than 35 CAG repeats in the HTT gene produces a mutant huntingtin 
protein (mHTT) that contains an expanded polyglutamine stretch. The elongated protein adopts an abnormal conformation 
that leads to protein aggregation as shown by 1C2 antibody and immunostaining and cell nuclei Nissl staining in the CN of 
an HD patient post‐mortem brain. 

 

2.5.2 Neuroinflammation 

Within the CNS, chronic neuroinflammation is characterised by prolonged or dysregulated 

activation of glial cells which are the predominant source of cytokine production. 

Neuroinflammation leads to both neuronal and glial death (125). Substantial evidence suggests 

that neuroinflammation is a mechanism of cell death in HD and expression of mHTT protein 

results in a cell-autonomous activation of neuroinflammation (reviewed by Crotti. A and Glass. 

C, 2014 and Rocha et al. 2016 (25,126). As previously described, the neuronal loss is correlated 

with concomitant microglial activation in the CN, putamen and the cortex (section 2.3.6) 

(87,88). The microglial activation parallels an increase in the number of astrocytes, although it 

does not appear that the two processes have a similar onset of activation (60,87). Analogous 

observations have been recapitulated in the striatum of the R6/2 mouse, a transgenic model of 

HD in which the human mHTT exon 1 containing 150 CAG repeats is expressed (127). 

Microglial activation and astrocytosis elevate the production of inflammatory mediators of 

which numerous species are significantly increased in HD (128). Collectively this implicates 

neuroinflammation for eliciting profound effects in driving neurodegeneration in HD.  
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Curiously, sphingolipids, an important category of lipid molecules and membrane constituents 

(described in section 2.7.6) have recently gained attention as important regulators of 

neuroinflammation (129–132). Together, the sphingolipid derivatives, particularly ceramide 

and sphingosine-1-phosphate, and their membrane G-protein-coupled receptors are involved 

in a broad range of fundamental cellular processes such as growth, differentiation, apoptosis 

and intracellular communication, in addition to processes of inflammation (133). Under stress, 

increased expression of some sphingolipid species with concomitant reduction of others could 

lead to profound effects on proliferation, activation or augmentation of production of molecular 

mediators such as cytokines and chemokines. These effects are exerted via a range of 

transcription factors such as nuclear factor kappa light chain enhancer of activated B cells (NF-

қB) and CCAAT-enhancer binding proteins (c/EBP) (134,135). Dysregulated sphingolipid 

metabolism itself can be triggered by the presence of cytokines and chemokines which in return 

could lead to the release of potent mediators that subsequently further activate microglia, 

increase their proliferation in addition to enhancing the production of pro-inflammatory 

cytokines and neurotoxic substances such as nitric oxide (NO) and reactive oxygen species 

(ROS) (136,137). It is unclear whether the neuroinflammation seen in HD is related to the 

aberrant interaction of sphingolipids with mHTT. 

 2.5.3 Mitochondrial dysfunction 

Mitochondrial dysfunction has been implicated in the pathogenesis of HD. Notably, ingestion 

of 3-nitropropionic acid, an irreversible inhibitor of mitochondrial succinate dehydrogenase 

(complex II) causes neuropathology reminiscent of HD, leading to the hypothesis that the 

specific pattern of neuropathology in HD may be due to the unique sensitivity of these tissues 

to energetic compromise (138,139). Mitochondria are key organelles that are severely affected 

by mHTT (140). Mitochondrial dysfunction in HD exacerbates neuronal susceptibility to insult 

since neurons are heavily reliant on their mitochondria due to their high energy demands (141). 

Excessive mitochondrial fragmentation has been observed in HD and it is likely that 

mitochondrial deficits in the disease are due to aberrant mHTT mitochondrial interactions as 

well as transcriptional dysregulation affecting mitochondria bioenergetics and trafficking 

(142). Importantly, lipid peroxidation appears to be implicated in mitochondrial permeability 

and an increase in inflammatory factors such as ROS as a result of inflammation is also likely 

to impact mitochondrial integrity via lipid susceptibility to peroxidation and oxidative stress 

(143,144).  
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2.5.2 Dysregulation of transcription and vesicle transport  

Wild type HTT has numerous functions in transcriptional regulation. For instance, it plays a 

critical pro-survival role in the CNS by directly regulating the transcription and transport of 

BDNF, a neurotrophin that is critical to the survival of striatal cells (145). BDNF in the brain 

is expressed by pyramidal cells of the cerebral cortex and anterogradely transported to the 

striatal neurons, protecting from glutamate-mediated excitotoxic neurodegeneration (146). Due 

to loss of the function of wild type HTT in sequestering RE1-silencing transcription factor 

(REST, also known as neuron-restrictive silencer factor NRSF) in the cytoplasm, the complex 

is free to translocate to the nucleus and repress BDNF transcription (147–149). In addition to 

transcriptional reduction, mHTT further inhibits the striatal supply of BDNF by actively 

repressing vesicular trafficking along microtubules (103). As such, cortical-striatal BDNF 

production and delivery to striatal neurons is profoundly reduced in HD, rendering these cells 

vulnerable to insult. Mouse models with conditional knockout of Bdnf in the cortex support 

this hypothesis as they show morphological aberration of MSNs as well as a reduction in both 

striatal and cortical volumes (150). Additionally, in R6/1 mice, the presence of only one 

functional Bdnf allele results in an earlier onset of HD-like symptoms and motor abnormalities 

(151). Desplats et al. reported a downregulation of approximately 80% in striatal-enriched 

genes in human HD CN samples as well as mouse models of HD (6), implying widespread 

effects of mHTT on gene expression within the striatum alone. 

Collectively, it appears that neuroinflammation, mitochondrial dysfunction and a lack of 

neuroprotective mediators are contributing pathogenic mechanisms in HD that are each 

supported by multiple lines of experimental and clinical evidence. Unfortunately, despite 25 

years of research, there is still no approved therapy that exploits any of these pathogenic 

mechanisms. The challenge in developing such interventions is a testament to the complexity 

of the HTT protein and its diverse functions.  

2.6 The subventricular zone: A neurogenic niche 

The most affected region in HD, the CN, is adjacent to the SVZ that lies along the lateral walls 

of the lateral ventricles (Fig. 2.4) (152). The SVZ is the major source of newly-generated 

neurons in the adult brain through a process known as neurogenesis (153–155). Despite the 

first observation of neural stem cells (NSCs) in the human brain in the 1940s (156) and the 

description of neurogenesis in the rat brain in 1965 (153,157), the scientific consensus until the 
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mid-1990s was that the mature human brain is incapable of generating new neurons. The Nobel 

prize winner and renowned neuroanatomist, Santiago Ramón y Cajal once wrote: 

“…the functional specialisation of the brain imposes on the neurons two great 

lacunae; proliferation inability and irreversibility of intraprotoplasmic 

differentiation. It is for this reason that, once the development was ended, the founts 

of growth and regeneration of axons and dendrites dried up irrevocably”  

(158).  

This dogma has since been overturned and we now understand that the SVZ is a reservoir of 

endogenous NSCs with neurogenic potential (159). The subgranular zone within the dentate 

gyrus (DG) of the hippocampus also harbours NSCs (8), though the extent of its contribution 

to neurogenesis in adults has recently been challenged (160). In these specialised 

microenvironments, intermittently dividing NSCs maintain the pool of highly proliferative 

transit-amplifying progenitors (TAPs) that eventually differentiate into fate-committed 

neuronal or glial progenitors. The fate-committed TAPs migrate to their final destinations to 

differentiate into functional neurons and glial cells and integrate into the existing circuitry to 

maintain plasticity (161–163).  

Due to its direct proximity to the critical site of degeneration in HD and the neurogenerative 

capacity it possesses, the SVZ offers potential for endogenous repair (9). Accordingly, 

favourable neurogenic responses have been observed in the SVZ in HD (164), a promising 

observation that remains ineffective as a sole repair agent. Favourable yet ineffective 

neurogenic responses by the SVZ are also observed in stroke (165), an acute neuronal loss 

injury. However, pharmacological manipulation such as the use of neurogenesis-enhancing 

drugs has shown promise as a therapeutic strategy for stroke, and creates interest in 

investigating similar interventional possibilities in HD (166). Understanding the molecular 

processes involved in mediating the neurogenic responses in HD is, therefore, key for 

therapeutic target identification.  
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Fig. 2.4. Schematic presentation of the anatomical locations of the neurogenic niches in relation to the striatum. The SVZ 
lines the lateral ventricle and neighbours the CN of the striatum. The subgranular zone is within the dentate gyrus (DG) of 
the hippocampus. LV = lateral ventricle. 

 

2.6.1 Cytoarchitecture of the adult human SVZ 

The adult human SVZ differs significantly from that of model vertebrates in its organisation 

(167–169). The human SVZ consists of four discrete (Fig. 2.5) layers that each harbour 

characteristic resident cell populations (170). The superficial layer of the SVZ, also known as 

layer I, is a monolayer of tightly-packed ependymal cells – also known as type E cells (171) – 

that line the ventricular surface. The directional beating of their apical cilia circulates the 

cerebrospinal fluid (CSF) and has been suggested to assist with the migration of newly-

generated NSCs toward their final destination, the olfactory bulb (OB) (172). In addition to 

their ciliated function and acting as a barrier between the ventricular cavity and the SVZ, type 

E cells secrete signalling factors such as noggin, an inhibitor of bone morphogenetic protein 

signalling that permits NSC activation (173). As such, these ependymal cells also have 

regulatory effects on the activity of NSCs within the SVZ. Absent in rodents, layer II in humans 

is a hypocellular gap that is largely devoid of cell bodies yet has a dense network of glial 

fibrillary acidic protein (GFAP) positive processes (170). It remains unclear what function this 

layer serves. Layer III, also known as the astrocytic ribbon, has many cell bodies with astrocytic 

characteristics. This layer also consists of quiescent (type B) cells or activated NSCs (174). 



 

20 

Type B cells extend a single cilium through the ependymal cells and contact the CSF in the 

ventricular space (175). They are also closely associated with blood vessels via their extending 

process. Upon receipt of mitogenic signals, B cells become activated and generate TAPs (type 

C cells). Following several rounds of division, TAPs become neuroblasts (type A cells) and 

potentially give rise to neurons or non-neuronal cells (161,162). The neuroblasts generated 

within the astrocytic ribbon form complex chains and migrate tangentially into the rostral 

migratory stream, a major pathway to their final destination, the OB, where these cells 

ultimately differentiate into various types of interneurons (176,177). It appears that layer II (the 

hypocellular layer) and layer III (the astrocytic layer) show variability in thickness along the 

rostrocaudal axis of the lateral wall (170). Proceeding further away from the ventricular 

surface, layer IV, a distinctive myelin-enriched layer, serves as the transitional zone between 

the SVZ and the parenchyma of the CN of the striatum.  

 

 

Fig. 2.5. The histological and cytological structure of the human SVZ and its four constituent laminae. 

 

 

Population fate-mapping and other studies of the adult SVZ have shown that endogenous adult 

NSCs have an intrinsic tri-lineage potential and can give rise to both neurons via neurogenesis 

and oligodendrocytes and astrocytes via gliogenesis (154,178). However, this appears to be a 

point of debate as in vitro time-lapse analysis has revealed the generation of either neurons or 

oligodendrocytes, but not both, from acutely cultured individual NSCs (179). It may be that 

adult NSCs are intrinsically tri-potent and can ultimately support gliogenesis and neurogenesis, 
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but with some latent lineage potentials suppressed by the niche either constitutively or 

facultatively.  

2.6.2 The function of the SVZ as a neurogenic niche 

The rodent SVZ supports the generation of more than 30,000 OB-destined neuroblasts, of 

which only half survive to differentiate into periglomerular and granule olfactory interneurons 

and ultimately integrate into the OB circuit (154). As shown by previous work in the Curtis 

laboratory, newly-generated SVZ neuroblasts in humans are also OB-destined but migrate via 

a lateral ventricular extension pathway (177). Relevant to HD in particular, an elegant carbon 

dating study of the neurons residing in the neurologically-normal adult human striatum 

revealed that 25% of striatal interneurons are postnatally generated, suggesting that in primates, 

the striatum may represent a target of neurogenesis in the adjacent SVZ (11). Additionally, 

integration of olig2-expressing migratory progenitors and subsequent differentiation into 

oligodendrocytes in the adjacent corpus callosum and striatum from a population of TAPs (type 

C cells) has also been observed (180). Maintenance of such important physiological functions 

requires a specialised microenvironment (niche) that tightly regulates NSC activity in 

adulthood. The cytoarchitecture and positioning of the SVZ provide an ideal microenvironment 

for the NSC to be regulated by a myriad of factors. Apically, NSCs receive combinatorial 

signals (acetylcholine, serotonin, dopamine, norepinephrine and GABA) (181), circulating 

factors within the CSF and paracrine signalling factors from ependymal cells involving 

molecules such as noggin (173). Additionally, the vasculature of the SVZ is highly organised 

and has a unique architecture. Through their processes, NSCs are closely associated with the 

systemic milieu and the paracrine factors released by endothelial cells such as vascular 

endothelial growth factor (VEGF) and neurotrophin-3 (NT-3), which promote quiescence and 

long-term maintenance (182). Other paracrine and autocrine signals include those from NSCs 

and their progeny, microglia (the resident immune cells) and extracellular matrix molecules. In 

summary, the local environment of the SVZ may be considered vitally important in the proper 

functioning of adult neurogenesis. As such, it is critical to understand the factors that regulate 

the intricate process of neurogenesis under both physiological and pathological conditions to 

better understand the processes of brain plasticity. This is important as the adult brain has been 

shown to act favourably by increasing its neurogenic response to initiate repair following acute 

insults such as stroke or traumatic brain injury (183,184). These promising pro-neurogenic 

responses in the context of acute injury appear unanimous amongst studies. Conversely, pro-
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neurogenic responses of this type are inconsistently found in the context of chronic damage, 

such as that seen in neurodegeneration (Curtis, Faull, & Eriksson, 2007). While some molecular 

changes in neurogenic niches have been observed in association with ageing (186), very little 

is understood about the disparity in neurogenic responses observed in neurodegenerative 

conditions.  

2.6.4 Neurogenesis in Huntington’s disease 

The Curtis laboratory was the first to examine SVZ responses to HD in human post-mortem 

brains. When compared with age-matched, neurologically-normal brains, the SVZ of HD 

patients exhibited a significant increase in cell proliferation as shown by immunostaining for 

the S-phase marker proliferating cell nuclear antigen (PCNA). Augmented neurogenesis was 

found by assessing the immature neuronal marker ßIII-tubulin and the mature neuronal marker 

neuronal nuclear antigen (NeuN), whereas an increase in gliosis was revealed by the glial cell 

markers glial fibrillary acidic protein (GFAP) and vimentin (164). The degree of cell 

proliferation correlated with the number of CAG repeats in the expanded HTT allele and with 

the severity of neurodegeneration (as measured by the Vonsattel pathological grade). A 2.8-

fold increase in progenitor cells was observed in grade 3 HD cases, predominantly in layer III. 

This increased proliferation altered the cellular composition of the SVZ. Despite an overall 

increase in the number of proliferating type A, B and C cells, the largest increase was in the B 

cell population, shifting the type A:B:C ratio from 1:3:1 in the normal brain to 2:15:2 in a 

representative HD grade 3 brain (187). Interestingly, the majority of cells co-expressing PCNA 

and ß-tubulin were localised proximal to the CN and distal from the ependymal layer, 

suggesting that the increased level of plasticity in the HD SVZ is likely to be a response to the 

degenerating CN (164). This view is further supported by the observation that the magnitude 

of the neurogenic phenotype increases with the severity of striatal degeneration. In contrast to 

the SVZ, there appears to be no significant difference in the proliferation of NSCs in the 

hippocampal DG in HD patients (14). This absence of a pro-neurogenic response was also 

apparent in the DG of HD patients with predominantly mood symptoms, despite the fact that 

the important role of the hippocampus in depression and anxiety (both key mood symptoms in 

HD) could elicit predictions of a neurogenic response in this site. The SVZ, therefore, plays a 

unique role in HD and focused investigation of its characteristic, highly-organised cytological 

and molecular architecture may provide vital clues on the molecular and cellular mechanism 
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by which neurogenesis is regulated – and thus how it may be harnessed – under normal and 

neurodegenerative conditions. 

2.7 Lipids  

Lipids are one of the principal classes of biomolecules necessary for all life, yet they are among 

the least understood and investigated. Over the past decade, there has been an explosion of 

activity in the field of lipid biochemistry, providing new understanding of the critical role these 

molecules play in normal and pathological physiology (188). This renaissance in the 

investigation of lipids has led to insights across multiple areas of biology, notably including 

the biology of stem cells and neural stem cells in particular, both in terms of development and 

more recently their roles in adult neuroplasticity (189,190). The varied and important 

contributions of lipids to CNS physiology and their disruption in brain disorders is also 

increasingly appreciated, highlighting both the importance of these molecules and the need for 

further concerted research. While lipids have been investigated relatively extensively in 

neurodegenerative diseases such as Alzheimer’s and multiple sclerosis, the potential 

involvement of lipids in HD remains much less well understood (191–193).  

2.7.1 Definition and classification of lipids 

The concept of “lipids” loosely refers to a group of biomolecules that are insoluble in water 

but soluble in organic solvents such as chloroform or methanol or, in chemistry lexicon, are 

hydrophobic or amphiphilic (194). Although such a definition aptly describes membrane lipids, 

none of which are soluble in water, the definition is insufficient in light of the many examples 

of lipid molecules that are indeed soluble in water. Therefore, a definition based on biosynthetic 

origin is arguably more appropriate (195). Another consideration in defining lipids is their 

relatively low molecular weight. Cholesterol, for instance, has a molecular weight of 386 g.mol-

1 whereas proteins are typically much higher in mass (194). In 2001, the term ‘lipidomics’ was 

first used by Kishimoto et al. (2001), and later in 2003, the limits were defined by Han and 

Gross and henceforth the definitions for the discipline have been set (196–198). Current 

understanding of lipidomics is the study of the whole range of lipids (the lipidome), and of the 

interacting molecules such as proteins, carbohydrates, etc., in an effort to better understand the 

role lipids play in system biology (199) 

In a concerted effort to progress lipidomics research, the work of the Lipid Metabolites and 

Pathways Strategy (LIPID MAPS) consortium is noteworthy in formulating an integrative 
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approach to the systems-level detection, quantitation, databasing and pathway analysis of lipids 

and associated genes (200). The International Lipid Classification and Nomenclature 

Committee has established a classification system that is well aligned with the biochemical 

principles of lipids, and provides associated bioinformatics tools for lipidomics analysis (200). 

This classification discriminates eight categories of lipids: (1) Sterol lipids such as cholesterol, 

(2) glycerophospholipids (GP), (3) sphingolipids (SPs); (4) Fatty acyls (FA), which include 

fatty acids and conjugates, (5) glycerolipids (GL), (6) prenol lipids, (7) saccharolipids and (8) 

polyketides (200). 

One feature of lipids is their remarkable structural diversity. This stems from multiple 

dimensions of variation including ketoacyl or isoprene chain length, the presence of moieties 

such as glycerol, phosphocholine, sphingosine or sugars, biochemical modifications including 

carbon bond oxidation, substitutions and ring formation as well as glycosylation (201). Minute 

variations such as the altered positioning of carbon-carbon double bonds can discriminate lipid 

species involved in different biosynthetic pathways or functions and with discrete tissue or 

cellular distributions (200). Due to such vast structural diversity, the technical challenges of 

resolving the chemical structures of lipids have encumbered efforts to discern the number of 

discrete lipid molecules that occur naturally, and may have contributed to delays in the 

maturation of lipidomic research against a background in which proteomics and genomics have 

leaped ahead (202). Due to their staggering diversity, it is unknown precisely how many 

naturally-occurring lipid species exist. At least 180,000 species are theoretically possible 

without accounting for stereochemistry, substitutions and double-bond positions (203), and 

several million if these parameters are considered (204). 

2.7.2 Lipids in the human brain 

Human nervous tissue is particularly rich in lipid content. The brain owes 10-12% of its fresh 

mass (and 50% of its dry mass) to lipids, second only to adipose tissue in lipid content (205). 

Additionally, of all organs, the broadest diversity of lipid classes and sub-classes – particularly 

those that are less abundant – is seen in the brain (206). Given this massive diversity, we remain 

far from having a comprehensive topographical description of the adult human brain lipidome 

including the complete lipid profile within the brain itself, its constituent tissues, cells, 

organelles and subcellular membranes as well as the CSF (193).  

Recent technical advancements in bioinformatics and strong interest in metabolomics have 

escalated the interest in brain lipidomics, leading to the emergence of the subdiscipline of 
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“neurolipidomics”. The latter is defined as the complete characterisation of lipid species, their 

metabolism and functional interactions with proteins and nucleic acids within the context of 

the nervous system (26). A related field of investigation studies sphingolipid classes or the 

“sphingolipidome” specifically, reflecting the great diversity of lipid species that is expressed 

in the brain (207,208). As recent transcriptomic work has demonstrated the existence of 900 

distinct neuroanatomical divisions within the human brain (209), it is speculated such 

staggering functional neuroanatomy is likely to be, in part, a consequence of its lipidome. 

Neural membranes are highly dynamic and interactive structures that exhibit polarisation, 

morphological diversification and functional sub-compartmentalisation (210). These 

sophisticated membranes are composed of GPs, sphingolipids, cholesterol and transmembrane 

and peripheral proteins of various shapes, molecular masses and functions (211). The binding 

of phospholipids to proteins ensures appropriate scaffolding of the latter into the membrane 

(212). Together, phospholipids and sphingolipids contribute to lipid bilayer asymmetry, while 

cholesterol and sphingolipids constitute lipid rafts or membrane platforms where the processes 

of molecular sorting, trafficking and signal transduction occur (213,214). Lipids are also found 

in vesicles such as exosomes and are thus intimately involved in intercellular communication. 

In addition to molecules involved in energy storage and membrane structure, those referred to 

as ‘bioactive’ lipids act as chemical messengers and are released from membrane 

phospholipids, sphingolipids and cholesterol in response to stimulation (211,215,216). These 

species are crucial in mediating intracellular and intercellular communication and the 

modulation of an array of biological responses including inflammation, cell growth and polarity 

and cell fate determination (217,218). Bioactive lipids exert their effect directly by engaging 

with cognate receptors to activate a cascade of downstream signalling pathways or indirectly 

through lipid rafts (211).  

The most abundant lipids in the human brain belong to one of the first three categories listed 

above (section 2.6.1). These include (1) cholesterol, (2) GPs, which are further classified into 

phosphatidic acid (PA), phosphatidylinositol (PI), phosphatidylethanolamine (PE), 

phosphatidylcholine (PC) and phosphatidylserine (PS), and (3) sphingolipids, which 

encompass species such as sphingosine, ceramide, sphingomyelin and glycosphingolipids 

(219,220). However, in recent years, FA have gained particular attention as studies have 

illuminated the role these lipids play in regulating adult NSC activity in the human brain 

(19,221,222). 
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2.7.3 Fatty acids and triglycerides 

Fatty acids contain a carboxylic acid with a hydrocarbon chain containing variable numbers of 

carbon atoms, ranging from 4-28. The hydrocarbon chain may include one or more double 

bonds in which case the FA is monounsaturated or polyunsaturated, respectively, whereas 

saturated FA contain no carbon-carbon double bonds (211). Fatty acid binding proteins 

associate with these species to facilitate their extra- and intracellular membrane transport. 

Within the endoplasmic reticulum, excess FA are converted into triglycerides (TG, glycerol 

plus three FA) and packaged within a hydrophilic phospholipid shell known as a lipid droplet. 

Lipid droplet-associated lipases action the release of FA from TG (211). Liberated FA 

metabolites are substrates in the biosynthesis of more complex membrane-associated lipids 

(Fig. 2.6) including GPs (glycerol plus two FA and one phosphate group), ceramides 

(sphingosine plus one FA), phosphosphingolipids (sphingosine plus one FA and one 

phosphocholine group) and glycosphingolipids (sphingosine plus one FA and one 

oligosaccharide). Free FA also serve in signal transduction pathways, adenosine triphosphate 

(ATP) production via β-oxidation (generating acetyl-CoA that feeds into the citric acid cycle) 

or the biosynthesis of inflammatory eicosanoids (223).  

Surplus triglycerides and cholesterol are packaged in lipid droplets to mitigate their toxicity 

but also to provide a reserve for periods of high energy demand. This protective mechanism is 

likely to be the reason why there is an increased accumulation of lipid droplets in diseases such 

as cancer, atherosclerosis and neurodegenerative diseases (221,224,225). Studies in 

Drosophila melanogaster have recently indicated that ROS and mitochondrial dysfunction 

directly lead to the accumulation of lipid droplets in glia. This is in keeping with evidence 

suggesting that mitochondrial defects and ROS are commonly implicated in neurodegenerative 

diseases (226). These glial lipid droplets may either be neuroprotective or toxic to neighbouring 

neurons as they are a source of both FA and reactive peroxidated lipids (226).  
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Fig. 2.6. Lipid categories. The building blocks of all major lipid classes are fatty acids and sterols. Triglycerides are comprised 
of a glycerol with three fatty acid chains. Membrane lipids are further categorised into two groups: glycosphingolipids, which 
contain one glycerol and two fatty acids and a phosphate, and ceramides (a sphingosine with one fatty acid). Ceramides can 
also be further modified into sphingolipids by the addition of phosphocholine or into glycosphingolipids by the addition of 
an oligosaccharide (modified from (227). 

 

2.7.4 Fatty acid regulation of adult neural stem cells 

During development, NSCs show strong expression of fatty acid binding protein 7 (FABP7), 

implying that NSCs rely on FA uptake from their surroundings as their sole source of lipids 

(228). However, elegant work performed by Knobloch et al. has shown that, similar to cancer 

stem-like cells (229), NSCs are able to obtain lipids by de novo lipogenesis and that this cell-

autonomous lipogenesis is required for proliferating NSCs (17). This complex process is 

coordinated by fatty acid synthase (FASN), where two carbons donated by malonyl-CoA are 

iteratively added (via decarboxylative condensation) to acetyl-CoA to form an elongating acyl 

chain. The primary product of this reaction is a palmitic acid, which serves as the building 

block for the formation of more complex lipids through modifications such as unsaturation 

(acyl oxidation) or chain elongation (230). The study by Knobloch et al. demonstrated that the 

activity of FASN was increased during adult NSC proliferation. Furthermore, pharmacological 

inhibition of FASN using the small molecule orlistat (marketed by Hoffmann-La Roche as 
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Xenical for obesity) resulted in a concentration-dependent reduction of DG NSC proliferation, 

whereas conditional knockout of FASN in adult mice led to a significant decrease in 

neurogenesis in both the SVZ and DG niches. The activity of NSC is, therefore, intimately 

regulated by de novo lipogenesis, which can be regulated in turn by the expression of Spot14, 

a gene that governs FASN activity by reducing its substrate availability (17,231).  

Chorna et al. similarly showed that hippocampal FASN expression, in addition to the levels of 

palmitic acid (PA) and stearic acid (SA), is increased upon voluntary exercise and that the 

exercise-induced elevation of hippocampal proliferation and cognitive enhancement is 

antagonised by pharmacological inhibition of FASN (232). Furthermore, comparison of the 

global gene expression profiles by microarray of quiescent and activated SVZ-resident NSC 

separated by multi-colour fluorescence-activated cell sorting indicated differences in the 

expression of lipid metabolism to be predominant (19). The expression of stearoyl-CoA 

desaturase (SCD-1), a rate-liming enzyme in the biosynthesis of monounsaturated FA, and 

lipoprotein ApoE were higher in quiescent NSC than in activated NSC by 17- and 4-fold, 

respectively (19). In a separate study, single-cell RNA-sequencing of the SVZ NSC 

populations showed that genes involved in FA metabolism and lipid biosynthesis discriminated 

quiescent from active NSC fractions (233). Similarly, Shin et al. identified multiple lipid 

metabolism gene ontology classifiers, including those involved in FA degradation and 

sphingolipid metabolism, to be highly enriched in the transcriptomes of quiescent NSCs and 

downregulated in activated NSCs (18). 

Considering the findings of the above-mentioned studies, it is unsurprising that an 

accumulation of lipid droplets has been observed in the ependymal cells of the SVZ in 

mammals (234). However, the potential function of such lipids droplets within these particular 

cells had not been comprehensively investigated. A recent report advanced evidence for a novel 

FA-mediated mechanism of suppressing endogenous NSC activity in the Alzheimer’s disease 

brain (221). Highly-specific accumulation of lipid droplets surrounding the ventricular system 

of the brain, particularly within ependymal cells, was identified by staining with the neutral 

lipid dye Oil Red O in both human post-mortem brains and triple-transgenic Alzheimer’s 

disease (3xTg-AD) mice. Imaging mass spectrometry (IMS) revealed these lipids to be various 

triglyceride species rich in oleic acid (OA) acyl chains. The accumulation of these OA-rich 

triglycerides was accompanied by decreased NSC proliferation, which was phenocopied when 

isotope-labelled OA (13C-OA) was intracerebroventricularly infused in wild type mice. The 

authors speculated that the brain itself is the source of these Alzheimer’s disease-associated 
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triglycerides as shotgun LCMS analysis of plasma samples from the same wild type and 

3xTg-AD mice showed no difference in any of the 12 TG species or their associated free FA 

chains. Furthermore, microarray analysis of the microdissected SVZ from 3xTg-AD mice 

indicated higher expression of lipid metabolism and FA biosynthesis genes such as SCD-1 in 

the SVZ compared to wild type mice. Pharmacological regulation of SCD-1 activity in vivo in 

3xTg-AD mice activated NSC proliferation and restored homeostasis in the niche. Collectively, 

these studies suggest that aberration in lipid metabolism is a mechanism of suppression of 

neurogenesis in the Alzheimer’s disease SVZ (221). 

2.7.5 Glycerophospholipids 

Glycerophospholipids are the predominant phospholipid constituents of all cell membranes, 

including those of the nervous system (235). These species are highly amphiphilic as they 

consist of a polar head group that is charged due to the ionisation of a phosphate group and a 

nitrogenous base at physiological pH (235). They also contain a non-polar tail that is composed 

of fatty acyl chains. Variation in the identity of the polar group, the fatty acyl chain length and 

the degree of saturation generates surface charges and physiochemical properties that are 

characteristic of neural membranes (235). Glycerophospholipids have glycerol as the linking 

moiety for their non-polar tail, which is typically an unsaturated FA at carbon number two. The 

headgroup contains a phosphobase (choline, ethanolamine, serine or inositol) at carbon number 

three of the glycerol unit (235). Other GL include the plasmalogens, which contain vinyl ether 

linkages (236). White matter is particularly enriched with this class of ethanolamine 

glycerophospholipids (237). Phospholipids are asymmetrically distributed across the plane of 

the plasma membrane. Phosphatidylethanolamine and PS are predominantly enriched in the 

inner leaflet whereas PC species are concentrated in the outer leaflet (235). 

The simplest glycerophospholipid is a phosphatidic acid (PA), which has a salient 

intermediatory role in the biosynthesis of other glycerophospholipids and constitutes 

approximately 2% of the total glycerophospholipids found in the brain. In contrast, PC and PE 

constitute approximately 33% and 36%, respectively (205). While individual lipid species or 

classes thereof have recognised roles in neural tissue, membrane characteristics such as 

fluidity, permeability, local curvature, molecular packing or hydration, charge and reactivity 

are achieved not by the properties of a single lipid class alone but through the unique 

distribution and local ratio of a collective set of glycerophospholipids. In this manner, dynamic 
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regulation of local glycerophospholipid communities gives each membrane its unique 

characteristics required for its respective function (235).  

The polar head group renders the phospholipids vulnerable to chemical modification. In 

diseases where membrane perturbations are implicated, cations such as Ca2+ and Mg2+ bind to 

the anionic head groups of the lipids distributed within the inner bilayer leaflet and induce 

increased bilayer rigidity and lateral segregation of glycerophospholipids. As such, the lipid 

bilayer acts as a ‘sink’ for the abnormal release of such cations (238). The unsaturated fatty 

acyl chains in which glycerophospholipids are enriched also predispose these lipids to 

oxidative damage. In the brain, this vulnerability is further exacerbated by the richness of the 

neural tissue in iron and paucity of iron-binding capacity. In the presence of iron, lipid 

hydroperoxides are further decomposed to release free radicals, propagating a chain reaction 

(239,240). The possible consequences of lipid peroxidation include alterations in optimal 

domains for the interaction of receptors, enzymes and ion channels, changes in the availability 

and affinity of receptors for neurotransmitters and drugs and ion dyshomeostasis by inhibition 

of ion pump operation (235). 

Beyond acting as structural components of membranes, lipids are regarded as dynamic 

molecules. The distribution and catabolism of lipids occur through highly orchestrated 

processes and can typically generate many bioactive and potent mediators that function in an 

array of important biological responses through signal transduction cascades (235). This 

finding that membrane lipids can act as precursors for second messengers has deservedly 

heightened their place amongst other biomolecules. Glycerophospholipids are examples of 

highly bioactive membrane lipids. A group of enzymes known as the phospholipases, including 

phospholipase A1, A2, C and D, are involved in hydrolysing glycerophospholipids. 

Phospholipase-mediated hydrolysis of phosphatidylinositol-4,5-bisphosphate (PI(4,5)P2) 

generates a variety of second messengers such as diacylglycerols (DAG), inositol 1,4,5-

trisphosphate (IP(1,4,5)P3) and arachidonic acid which are themselves precursors of other 

biologically active molecules. PI(4,5)P2 is an example of a phosphorylated derivative of PI and 

a prominent signalling lipid that is implicated in an array of cellular processes such as calcium 

homeostasis, membrane trafficking and cytoskeletal dynamics. Table 2.1 summarises the 

cellular processes that are regulated by lipid mediators. 
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Table 2.1. Membrane glycerophospholipid and phospholipid mediators as intracellular messengers. 

Lipid mediators Roles as intracellular messengers 

Glycerophospholipids 

Diacylglycerol Differentiation 

Lysophospholipids Gene expression, cell proliferation 

Inositol-1,4,5-triphosphates Calcium homeostasis, DNA replication, gene transcription, apoptosis 

Platelet-activating factor Inflammation, apoptosis, neural cell migration, gene expression, calcium 
mobilisation, long-term potentiation 

Endocannabinoids Neurogenesis, neural differentiation, cell survival 

Eicosanoids Inflammation, apoptosis, gene expression, cell proliferation 

Docosanoids Antioxidant, anti-inflammatory, cell survival 

Reactive carbonyls Oxidative stress, apoptosis 

Spingolipids 

Ceramide,  
ceramide-1-phosphate 

Apoptosis, oxidative stress 

Sphingosine,  
sphingosine-1-phosphate 

Proliferation, differentiation, cell migration, calcium homeostasis, neurite 
retraction, angiogenic vascular maturation, cytoskeleton dynamics, cell 
survival 

 

 

Phospholipase A1 (PLA1) and PLA2 catalyse the hydrolysis of ester bonds to liberate 

lysophospholipids (241). Phospholipase D (PLD) generates PA, an important intermediate in 

phospholipid biosynthesis and a potent regulator of enzyme function and bilayer structure. 

Each of these phospholipases has been purified and characterised from brain tissue (242). 

Indeed, the activity of cytocolic PLA2 (cPLA2), PLC and PLD, which leads to the release of 

arachidonic acid, has been coupled to the activity of numerous receptors such as those of 

neurotransmitters (e.g. dopamine, glutamate, serotonin, P2-purinergic, muscarinic) as well as 

growth factors and cytokines (243–246). While the majority of released arachidonic acid is 

recycled and incorporated into brain glycerophospholipids, some is converted into eicosanoids, 

potent regulators of inflammation and blood flow that include prostaglandins, leukotrienes and 

thromboxanes (247). Under pathological conditions, arachidonic acid induces uncoupling of 

oxidative stress and intracellular acidosis, mitochondrial swelling and neural membrane 

permeability changes (248).  

2.7.6 Sphingolipids 

The enigmatic sphingolipids, like glycerophospholipids, are amphiphilic as they contain both 

hydrophobic and hydrophilic moieties (249,250). However, sphingolipids, which constitute 
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approximately 25% of total cell membrane lipids, differ from the glycerophospholipids in their 

specific constituents. While glycerol is the building block of the non-polar tail, the hydrophobic 

tail of the sphingolipids is comprised of a sphingoid long-chain base that is attached to an FA 

(usually a palmitate) via an amide bond to form ceramide (Cer). At least five sphingoid bases 

with FA moieties of varying chain length and degree of saturation and hydroxylation have been 

identified (218,250). The polar head group of sphingolipids is either composed simply of two 

hydroxyl (OH) groups or phosphate or carbohydrate residues in more structurally complex 

species. Based on their headgroup, sphingolipids are classified into (1) sphingosine, (2) 

sphingomyelin (SM), (3) ceramide (Cer) and (4) glycosphingolipids (GSL). The fourth 

classification, GSL, are complex sphingolipids that include galactosylceramides (GalCer), 

glucosylceramides (GlcCer), lactosylceramides, gangliosides and sulfatides (ST). The 

ganglioside subgroup is highly enriched in grey matter and neurons, while GSL species such 

as GlcCer and ST are highly concentrated in oligodendrocytes and myelin (251,252). With 

many permutations of long chain bases, FA and head group variants, sphingolipids are an 

extremely diverse group of lipids that includes several hundreds of distinct species (253,254).  

Although sphingosine is the simplest sphingolipid, it is ceramide that is the backbone of 

sphingolipids and the primary precursor of all such lipids. Three major mechanisms govern the 

biosynthesis of ceramide. The de novo (anabolic) biosynthesis pathway entails formation of 3-

ketosphinganine from the condensation of serine and palmitoyl-CoA through a reaction that is 

catalysed by serine palmitoyltransferase (SPT) (254,255). The product 3-ketosphinganine is 

then reduced to sphinganine (or sphingosine), followed by the acylation of sphinganine by 

dihydroceramide synthase, also known as CerS, for the subsequent generation of 

dihydroceramide. Finally, a trans-4,5 double bond is introduced in the dihydroceramide 

molecule by a desaturase to yield ceramide (256). The second ceramide synthesis route is a 

catabolic pathway that recruits sphingomyelinases (SMases) to form phosphorylcholine and 

ceramide directly. The third mechanism of ceramide synthesis is via the salvage pathway, in 

which sphingosine that is released upon metabolism of complex sphingolipids is recycled by 

CerS to generate ceramide (257). Ceramide can then be used for the synthesis of more complex 

sphingolipids. For example, glycosylation of ceramide by glycosyl synthase generates GalCer, 

a precursor for ST. Ceramide can also be converted to glucosylceramide (GluCer) by glucosyl 

synthase, where the addition of galactose further converts GluCer to lactosylceramide 

(LacCer). Serving as an intermediate, LacCer is converted into more complex GSL via the 

sequential addition of sugars and other chemical groups, involving the action of various 
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transferase enzymes such as galactosyl-, sialyl- and N-acetylgalactosamine transferase and 

GalCer sulfotransferases (258).  

 

 

Fig. 2.7. Chemical structures and metabolic interconversion of sphingolipids. 

 

Gangliosides are an example of more complex GSL and entail high structural diversity where 

multiple permutations of glucose, galactose and N-acetylgalactosamine comprise their head 

groups. The adult brain has shown expression of the dominant neural gangliosides such as 

GM1, GD1a, GD1b and GT1b (259). However, ganglioside profiles are dynamic and undergo 

substantial changes during development and throughout life with the processes of ageing (260). 

In the adult brain, gangliosides are involved in numerous processes in maintaining neuronal 

functions and myelin stability. Their importance in brain maturation is highlighted by the 
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strong temporal association between their expression and several neurodevelopmental 

milestones such as neural tube formation, neuronal differentiation, dendrite growth, 

synaptogenesis and axogenesis (261). Sphingolipids such as gangliosides may undergo rapid 

membrane remodelling in response to stimuli, thus providing dynamic plasticity in the 

chemical composition of membranes. For instance, in response to a stimulus, the ganglioside 

GM3 and sphingomyelin liberate ceramide by the action of sphingomyelinases (SMases), N-

acetyl-α-neuraminidase 3 (Neu3) and glycosyl hydrolases (262). Ceramide is phosphorylated 

by ceramide kinase (CerK) to generate a potent mediator that has key regulatory functions in 

cell homeostasis and inflammatory responses (263). Interestingly, CerK was first observed in 

brain synaptic vesicles (264). The levels of ceramide are also regulated by sphingomyelin 

synthase (SMS) as this enzyme catalyses the transfer of phosphorylcholine from PC to 

ceramide, a process that not only lowers the levels of ceramide but also releases an important 

second messenger, DAG. Ceramide can be degraded by ceramidases, a group of enzymes that 

have gained significant attention due to their involvement in various diseases (265–268). The 

generation of sphingosine as a result of ceramide degradation serves as a substrate for the 

formation of yet another potent lipid second messenger, sphingosine-1-phosphate (S1P; Fig. 

2.7) (136,269). In this manner, similar to glycerophospholipids, SPs are an example of highly 

bioactive membrane lipids. Ceramide itself is a potent regulator of cellular growth and death 

while sphingosine counters ceramide actions maintaining a balance between cell survival and 

apoptosis. Its phosphorylated derivative, S1P has been shown to control the migration of stem 

and immune cells and to act by binding to specific receptors (270,271).  

2.7.7 Lipid imbalances in Huntington’s disease 

The investigation of lipid homeostasis in HD dates back to the 1960s, when altered 

glycosphingolipid composition in the striatum of HD patients (272), increased cholesterol and 

decreased glycolipid constitution of the cerebral cortex (273) and alterations in ganglioside 

concentrations in the striatum of HD patients were reported (274,275). However, the impact of 

earlier studies is limited by the fact that they predate the identification of HTT as the culprit 

gene in 1993 (3). Thereafter, interest in the involvement of lipids waned as the technology for 

genomics and proteomics advanced rapidly. However, over the past two decades, there has 

been a renaissance in understanding lipid abnormalities in HD. This renewed interested has 

been motivated, in part, by an increased appreciation of the function of the wild type HTT 

protein as described in section 2.4.1. 
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Prior to the identification of the HTT mutation, early investigators, informed by the properties 

of membranes isolated from autopsies and erythrocytes of HD patients, observed pathological 

alterations in membrane phospholipid composition (276). Lloyd and Davidson proposed that 

phospholipid regulation impacts the receptor binding of GABA as evident in a series of 

experiments in which post-mortem HD cerebellum tissue showed a higher binding affinity for 

titrated GABA than tissue isolated from neurologically-normal individuals, despite a similar 

total number of binding sites (276). The observation of higher GABA affinity in HD tissues 

was recapitulated in normal tissue upon treatment with phospholipase C or Triton X-100. The 

latter induced phenotype was restored to baseline following the addition of PE to the 

membranes, implying that phospholipids are of importance in the regulation of GABA binding 

to its receptors (276,277). Further, Ellison et al. observed phosphoethanolamine and 

ethanolamine, both of which are metabolites of PE, to be lower in HD and Alzheimer’s disease 

(277), while Sakai et al. reported the mean levels of docosahexaenoic acid to be lower in the 

erythrocyte membranes of HD patients (278).  

Studies undertaken following the discovery of the HD gene have added weight to the earlier 

findings. For instance, lower levels of gangliosides in the striatum of HD patients had been 

reported in 1979 and 1981 and intrastriatal injection of kainic acid in an induced rat model of 

Huntington’s disease was known to decrease ganglioside levels in the striatum by 21-24% 

relative to age-matched controls (274,275). Subsequently, in 2007, Desplats et al. reported that 

while the total brain ganglioside concentration was similar, the levels of GM1 were 61% lower 

in the forebrains of R6/1 mice, a transgenic HD model that expresses the N-terminal segment 

of human HTT with 115 CAG repeats driven by the human HTT promoter, relative to wild type 

mice (29,279). In contrast, in a cohort of human HD grade 3 (n = 3) cases, the total ganglioside 

concentration was found to be lower by 38%, and 46% in the CN and putamen, respectively 

(29). The content of one particular ganglioside, GD3, which has been shown to stimulate the 

generation of ROS leading to apoptosis (280), was significantly elevated in human HD tissue 

(281). It is likely that the higher levels of GD3 in human HD may be due to its accumulation 

in reactive astrocytes (282,283), indicating an apoptotic mechanism of neurodegeneration. 

Denny et al. reported similar findings, where the content of all gangliosides (with the exception 

of GD3) was significantly lower in R6/1 transgenic mice than in wild type mice (30). Gene 

expression analysis also identified lower expression of Galgt1, a glycosylation gene, and 

GM1b/GD1a/GT1b synthase with correspondingly lower levels of their downstream 

ganglioside products, including GD1a, GD1b, and GT1b in R6/1 mice (29). Interestingly, 
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Galgt1-null mice show motor dysfunction with significant occurrence of tremor and catalepsy 

(284), symptoms that are also common in yeast artificial chromosome (YAC) 128 mice, a 

model of HD that expresses the full-length human HTT gene with 128 CAG repeats (285).  

The mechanism by which the simplest ganglioside species, GM1, contributes to disease 

pathogenesis was examined by Maglione et al., where in vitro administration of GM1 reduced 

the susceptibility of HD cells to apoptosis (286). Complementing an earlier investigation of the 

chronic intraventricular infusion of GM1 to YAC128 mice (287), a recent study has evaluated 

the impact of GM1 treatment in three mouse HD models (R6/2, Q140 and YAC128). The 

authors reported improvements (and occasional full resolution) in motor dysfunction, anxiety 

and depression and cognitive abnormalities. Compared to mice administered control vehicle, 

the treatment groups showed a reduction in intracerebral mHTT, normalisation of 

neurotransmitter levels such as GABA and glutamate, a decrease in ferritin levels and slowing 

of neurodegeneration and white matter atrophy (288). Such comprehensive therapeutic effects 

of intraventricular GM1 are comparable to those seen with antisense oligonucleotide therapies 

that aim to inhibit HTT biosynthesis (289). 

As gangliosides are complex examples of sphingolipids, a recent study investigated the de novo 

synthesis of sphingolipids in an experimental HD model. As described in section 2.6.6, 

ceramide is the precursor for the synthesis of sphingolipids and its de novo synthesis pathway 

requires the activity of SPT and various ceramide synthases (CerS). Di Pardo et al. reported 

early and persistent lower relative mRNA expression of CerS1 (ceramide synthase 1) and 

Sptlc1 in an R2/6 mouse model of HD (27). Loss of CerS1 activity has been reported to elicit 

early cerebral ataxia and the degeneration of cerebellar Purkinje cells in mice (290). CerS1-

knockout mice also show reduced levels of gangliosides and myelin-associated glycoprotein 

(MAG), two molecular features that are also commonly observed in HD (268). Other examples 

of reported defective enzymes in the sphingolipid network in HD include those related to the 

metabolism of sphingosine-1-phosphate (S1P), an important bioactive lipid in this pathway 

(291). Cortical and striatal levels of S1P are lower in late-stage (grade 3-4) human post-mortem 

samples and early- and late-stage YAC128 HD mice (28). This observation was in keeping 

with lower levels of sphingosine kinase 1 and 2 (SPHK1/2), which catalyse the phosphorylation 

of sphingosine to S1P, and higher levels of the S1P-degrading enzyme sphingosine-1-

phosphate lyase 1 (SGPL1) (28). Collectively, these studies indicate that sphingolipid 

metabolism is perturbed at various nodes and that defects in key enzymes may contribute to 

clinical symptoms observed in HD patients and preclinical models.  
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2.8 Mass spectrometry as a tool for lipidomics 

Progress made in lipid analysis methodologies including instrumentation, lipid extraction 

protocols, availability of stable isotope internal standards, bioinformatic tools and analysis 

software has been revolutionary in tackling research questions that were once impervious to 

the tools available. Mass spectrometry (MS) has been the leading modality for performing near 

complete characterisation of lipid species in biological samples. Typically, when conducting 

MS-based studies, the first decision to be made is whether a targeted (e.g. selected reaction 

monitoring) or untargeted (e.g. data-independent acquisition) approached is desired. While 

targeted MS analysis of defined analytes of interest is useful when testing a specific hypothesis, 

an untargeted approach is more appropriate when investigating the global lipid profile or 

‘lipidome’ of a sample in a discovery approach. Three common untargeted MS approaches 

include shotgun, chromatograph-coupled and imaging. 

A commonly used MS instrument in lipidomics is one that is coupled with liquid 

chromatography (LC)electrospray ionisation (ESI). LCESIMS allows the identification 

and quantification of unique lipids via the generation of tandem mass spectra in complex 

solutions that are separated and purified by reversed-phase high-performance LC (292). 

However, the extraction and purification of lipids from biological samples required to perform 

this technique discards information on the fine spatial distribution of analytes throughout the 

biological tissue. This limitation is insignificant when investigating homogenous samples such 

as CSF or plasma. However, capturing the spatial distribution of analytes is desirable when 

studying a highly-compartmentalised and anatomically-complex organ such as the brain. 

Techniques that couple detection and visualisation of lipids such as chemical staining with Nile 

Red, BODIPY, osmium tetroxide or Oil Red O allow localisation of the lipid fraction on fresh-

frozen tissue (293–295). However, these techniques are limiting as they only target the 

complete lipid fraction or a particular family of lipids and, as such, are unable to provide 

information on individual lipid species with specific FA compositions. Furthermore, there is 

very limited commercial availability of antibodies that recognise lipid epitopes. No effective 

method of accessing simultaneous localisation and quantification of multiple lipids in a single 

experiment existed until the recent development of imaging mass spectrometry (IMS). IMS is 

remarkable in that it enables detection and visual distribution of hundreds of biomolecules 

without the need for extraction, purification, separation or labelling of the biological sample 

(296). Various ionisation methods are used to perform the spatially-resolved (imaging) mass 

spectrometry experiment. These include secondary ion mass spectrometry (SIMS), laser 
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ablation electrospray ionisation (LAESI), nanostructure-initiator (NI), desorption electrospray 

ionisation (DESI) and matrix-assisted laser desorption/ionisation (MALDI). MALDIIMS is a 

popular choice for lipidomics since it offers advantages over other ionisation methods. For 

example MALDI probes deeper into the tissue samples and maintains the structural integrity 

of biomolecules more readily than SIMS, while it provides better spatial resolution than DESI 

(297,298).  

2.8.1 MALDIIMS 

MALDIIMS, which was developed by Richard Caprioli and colleagues, marries the high 

degree of analytical sensitivity and selectivity of MS with visualisation of the in situ spatial 

arrangement of biomolecules in tissue. These data are gathered simultaneously and in an 

unbiased (mass scanning) mode (31,296,299). MALDI is a soft ionisation technology triggered 

by a pulsed laser beam. The basic workflow for MALDIIMS of lipids is comprised of four 

steps: (1) sample preparation, (2) desorption/ionisation, (3) mass analysis and finally (4) data 

processing, image production and analysis. Sample preparation entails the use of flash-frozen 

tissue that is cryostat-cut into thin sections and mounted onto a conductive target slide. The 

latter is generally optimised for microscopy, as post-MALDI histological staining is often 

performed for identification of molecular patterns (ion signals) that correlate with specific 

anatomical features (296). Chemically-fixed or preserved samples, while usable for lipid IMS, 

are less desirable due to the possible interference of such reagents with lipid analysis and 

delocalisation of the lipids themselves (296). After mounting, the sample is coated with a 

‘matrix’, which is a low molecular weight organic compound that crystallises at room 

temperature and assists with ionisation as it absorbs electromagnetic radiation at the 

wavelength of the laser beam. As such, the matrix facilitates the ionisation process and protects 

biomolecules from fragmentation following the intense energy deposition by the laser (296). 

The choice of matrix and method of application is highly dependent on several important 

factors including but not limited to the nature of analyte under investigation (e.g. lipid, proteins, 

peptides, metabolites) and the required spatial resolution (raster scan width at which the tissue 

is ablated with the laser). Irrespective of the choice of matrix, a homogenous coverage of the 

sample surface with limited analyte delocalisation is crucial (299). 

MALDIIMS allows the user to define regions of the tissue to be irradiated by the laser in an 

array of discrete points to generate mass spectra for each ablation site (corresponding to x,y 

coordinates in Cartesian space). With the use of IMS analysis software, intensity plots of 
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individual ionised species as a function of the x,y position can be generated. For each analyte, 

relative ion intensities (i.e. ion density maps) are plotted to match the physical location of the 

data collection point or spectrum on the tissue, thereby generating MALDI images or ‘heat 

maps’ (Fig. 2.8) (296,300).  

 

 

Fig. 2.8. Schematic of the MALDITOF method for spatially resolved analysis of mass spectra. 

 

MALDI ionisation typically generates singly-charged protonated ions i.e. [M + H]+, positively 

charged adducts such as [M + Na]+
 and [M + K]+ or negatively charged ions such as [M - H]- 

(300,301). The majority of tissue lipid constituents ionise readily due to their polar head groups. 

Typically, when examining lipids, PC species dominate the positive-ion mode due to their high 

abundance in mammalian cells and the permanent positively-charged choline head group with 

its quaternary ammonium moiety. Species of PE and SM are also detected in positive polarity 

while ST, PI and PS species selectively ionise in negative mode (219,302). Species belonging 

to the PE family are able to be analysed in both positive and negative ion modalities (303). 

Detection of higher mass lipids such as gangliosides and triglycerides have also been reported 

(304,305). As such, acquiring images in both negative and positive polarities on adjacent tissue 

sections allows profiling of a wide range of lipids. 

In MALDITOF instruments, which are a common instrument platform for MALDIIMS, a 

time-of-flight (TOF) mass analyser is attached to the MALDI sources to enable separation of 
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accelerated ionised molecules on the basis of their mass-to-charge ratio (m/z; Fig. 2.8). Under 

vacuum, extracted ions of equal kinetic energy are introduced in a field-free flight tube where 

the velocity and time taken for their transit to a terminal detector are directly determined by 

their m/z. Ions approach the terminus of the flight tube in the order of their m/z, after which 

their signals are converted to current with the incorporation of microchannel plates or hybrid 

detectors. To enhance the mass resolution, the ion pathway is increased and the initial velocity 

dispersion is corrected by the addition of an electrostatic mirror (reflector), allowing mass 

resolution of over 10,000 and up to 40,000 (M/∆M, full width at half maximum, FWHM) to be 

achieved (300). The enhancement of mass resolution is crucial for the generation of isotopically 

resolved spectra. MALDITOF instruments typically exhibit mass resolution of approximately 

10,000 and mass accuracy of approximately 10 ppm (parts per million) on tissue sections. The 

analysis (data acquisition) time is dependent on the frequency of the laser, the number of shots 

per sampling position, the total number of sampling positions and the time required for stage 

movement. Modern MALDI instruments are equipped with 2000 Hz lasers, allowing a 1 × 1 

cm area of interest, scanned at 10 µm raster width with conventional parameters to be acquired 

in approximately 30 min (306).  

While MALDIIMS remains an emerging modality, the technology has been rapidly evolving 

in many dimensions, including instrumentation, dedicated software for imaging analyses and 

bioinformatics, development of new protocols and matrices as well as improvements on 

existing reagents. MALDIIMS represents a true ‘omics- approach that can be used 

independently of a priori hypotheses. The opportunities afforded by MALDIIMS are a 

particular boon for lipid research, where the staggering diversity of lipid species has become a 

rate-limiting obstacle in many aspects of the field. The versatility of the technology has seen 

rapid uptake in many areas of medical research, particularly in the fields of cancer, psychiatric 

and neurodegenerative disorders where MALDIIMS has been employed to validate, 

complement or advance previous models of disease pathology or to pave the way for discovery-

focused investigation of new disease-related targets previously unseen in hypothesis-driven 

research.  



 

41 

2.9 Project overview and thesis aims 

2.9.1 Rationale 

Membrane lipids remain one of the least investigated molecules in the pathology of HD. 

However, increasing evidence suggests that these lipids may drive the severe and anatomically 

selective neurodegeneration by direct and indirect mechanisms. Firstly, recent work has shown 

that wild type HTT is a predominantly membrane-associated protein and that mHTT has 

aberrant direct interaction with its constituent lipids. Secondly, lipids are dynamic regulators 

of a number of proposed mechanisms of neurodegeneration such as mitochondrial dysfunction 

and neuroinflammation. The third line of evidence for the importance of lipids comes from the 

discovery of their regulatory role in the behaviour of adult NSCs. Despite the anatomical 

vicinity of the largest neurogenic niche, the SVZ, to the site of neurodegeneration as well as 

the favourable yet ineffective neurogenic response that is elicited in this niche, its lipid 

composition remains to be investigated. Given the structural diversity of membrane lipids and 

the interconnected bioconversion and metabolism they exhibit, it is imperative that these 

molecules are studied as comprehensively as possible. Furthermore, the CN and the SVZ both 

have unique anatomy that is closely related to the functions they perform. As such, the 

lipidomes of these structures were investigated in brain tissue rather than homogenates. With 

these considerations in mind, the properties of MALDIIMS described in section 2.8.1 make 

this an ideal modality to study the lipidome of the human HD brain in situ. 

2.9.2 Project aims 

The overall objective of this doctoral project was to investigate lipid expression and distribution 

in the CN and the SVZ in human post-mortem HD and neurologically-normal brains with 

MALDIIMS. The aim was to leverage MALDIIMS as a quantitative ‘omics’ discovery tool 

for lipid analysis in a large cohort of human samples. Given the complexity of the raw datasets 

generated (collectively over 10 terabytes), the analysis of the data required a statistically robust 

bespoke pipeline, a novel undertaking in the field of IMS. Establishment of such a pipeline was 

pivotal in facilitating the extraction of biologically-meaningful data. 

Within that context, the specific aims of the work described in this thesis were: 

1. To establish statistically robust approaches to the analysis of MALDIIMS data derived 

from large cohorts of biologically-variable human samples. 
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2. To investigate the lipidomic differences in the CN of human HD post-mortem brains. 

3. To characterise the lipidome of the SVZ in both neurologically-normal and HD human 

brains. 
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Chapter 3. General Methods 

3.1 The human brain bank 

3.1.1 Acquisition and processing of post-mortem human brain tissue 

Human brain tissue was obtained from the Neurological Foundation of New Zealand Douglas 

Human Brain Bank in the Department of Anatomy and Medical Imaging at the University of 

Auckland, New Zealand. The brains were obtained through a donor programme in which 

informed consent was obtained from the next of kin after the donor’s death in accordance with 

the Human Tissue Act 2008. The use of this tissue for research was approved by the University 

of Auckland Human Participants Ethics Committee (Ref #011654). 

3.1.2 Processing of fresh-frozen human brain tissue 

Fresh, frozen tissue is typically preferred for performing MALDIIMS analysis of lipids. 

Chemically-fixed or preserved samples are undesireable for MALDIIMS lipid analysis due 

to the possible interference of fixatives with lipid spectra and perturbation of the localisation 

of lipid species. For instance, the ethanol dehydration stage of preparaing formalin-fixed, 

paraffin-embedded (FFPE) tissue is considered to potentially lead to de-localisation or near-

complete loss of tissue phospholipids (307,308). As such, all MALDIIMS experiments in this 

study were performed on the fresh, frozen tissue. 

The processing of fresh-frozen human tissue was conducted according to a detailed protocol 

previously published by Waldvogel et al. (309). Reagents used for processing of fresh-frozen 

human brain tissue is outlined in Table 3.1 In brief, the brain was removed from the cranium 

at autopsy and was then separated into the two hemispheres. One hemisphere (typically the 

right side) was chemically fixed through perfusion of formalin, while the other was 

immediately dissected into anatomically functional regions (blocks of 1-2 cm in thickness). 

These blocks were then frozen using powdered dry ice, double-wrapped in aluminium foil and 

stored in an airtight bag at 80 ⁰C until required. Both the fixed and unfixed hemisphere were 

dissected using the same anatomical landmarks. As an example, the sensory and motor cortices 

of the pre- and post-central gyrus, respectively, were separated together, from the underlying 

white matter and typically divided into four equally sized blocks. Waldvogel et al. (2007) 
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describe the details of the anatomical location of the specific CN blocks used in this study 

(309).  

 

 

Table 3.1. Buffers and solutions used for human brain tissue processing. 

Solution Ingredient 
0.4 M Phosphate buffer stock, pH 7.4 0.324 M Disodium hydrogen phosphate dihydrate 

75.6 mM Sodium dihydrogen phosphate dihydrate 

Deionised water (dH2O) 

10× Phosphate buffered saline (PBS) 14.7 mM Monopotassium phosphate 

80.9 mM Disodium phosphate dihydrate 

1.4 M Sodium chloride 

26.8 mM Potassium chloride 

dH2O 

PBS with 1% sodium nitrite 10× PBS stock diluted 1:10 

144.9 mM Sodium nitrite 

dH2O 

15% Formalin in 0.1 M phosphate buffer 0.4 M Phosphate buffer diluted 1:4 

37% Formalin solution diluted 2:5 

dH2O 

20% sucrose cryoprotectant 0.4 M Phosphate buffer diluted 1:4 

15.4 mM Sodium azide 

20% Sucrose (w/v)  

dH2O 

30% Sucrose cryoprotectant 0.4 M Phosphate buffer diluted 1:4 

15.4 mM Sodium azide 

30% Sucrose (w/v) 

dH2O 

PBSazide, 1 L 10× PBS stock 

15.4 mM Sodium azide 

MilliQ water  

 

3.1.3 Selection of cases for lipidomic analysis 

The research decribed in this thesis fundamentally entailed comparing biochemical features in 

HD and neurologically-normal human brain tissue. Three major parameters were considered 

when selecting HD and appropriately matched neurologically-normal brains to be studied in 

this research. These included sex, age at death, histopathological disease grade and post-

mortem delay (PMD), the interval between death and fixation or freezing of brain tissue. 

Additional pragmatic considerations included the condition of blocks and the presence of the 

anatomical structures to be studied.  
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Sex 

HD is an autosomal dominant genetic disease with no apparent pathological differences 

between presentations in females and males (310). In light of the limited availability of suitable 

frozen CN tissue (13 HD cases, 10 neurologically-normal cases), stringent sex-matching 

criteria were only applied whenever possible in chapter 5. However, strict sex-matching criteria 

were applied for the HD-normal case pairs studied for lipidomic characterisation in the HD 

SVZ (chapter 7). 

Age 

HD and neurologically-normal cases were matched for age at the time of death. The rationale 

was that any differences in lipid profiles consistently observed across multiple case pairs would 

be attributable to the disease pathology as opposed the natural consequences of ageing. 

Post-mortem delay 

Where possible, the PMD of all cases used in this thesis was restricted to less than 24 h (311). 

However, due to limited tissue availability, exceptions were necessarily made for three cases: 

H180 (PMD 33 h), H165 (26 h) and HC64 (41 h), where priority was given to matching age at 

death in paired cases. As for sex matching, the limited availability of tissue and the number of 

cases included in the cohort did not allow strict PMD-matching criteria for the HD-normal case 

pairs in chapter 5. There was no correlation between the PMD of cases and the recorded relative 

intentisities of the m/z values of interest. For work presented in chapter 7, strict PMD-matching 

criteria were applied for the HD-normal case pairs studied for lipidomic characterisation in the 

HD SVZ.  

For the study of CN lipidome (chapters 4 and 5), CN blocks of similar rostrocaudal anatomical 

position from neurologically-normal (n = 10) and HD (n = 13) subjects were used (Table 3.2). 

The 10 neurologically-normal cases had no recorded history of neurological disease with no 

evidence of neuropathology and had a mean age of 63 ± 14 years. Two females and eight males 

were included and the cohort had a mean PMD of 17 ± 8 h. The 13 HD cases spanned the 

degree of neuronal degeneration as indicated by Vonsatell grading ranging from grade 1 (n = 

4), grade 2 (n = 5) and grade 3 (n = 4). Mean age in the HD cohort was 61 ± 14 years and the 

group included three female and ten male cases. The mean PMD was 15 ± 10 hours.  
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For MALDIIMS analysis of the SVZ (chapters 6 and 7), sections from neurologically-normal 

individuals (n = 4) and HD patients (n = 4) were used (Table 3.3). The same four control cases 

were used in chapter 6, where they were analysed alone to examine physiological lipid profiles 

in the SVZ, and in chapter 7, where these samples served as a control against which the 

lipidomes of HD SVZ cases were compared. Chapter 7 specifically focused on cases showing 

Vonsattel grade 3 neuropathology. Every MALDIIMS experiment (i.e. each discrete data 

acquisition) included paired CN sections from neurologically-normal and HD post-mortem 

brains that were matched for age, PMD, sex and imaged consecutively. The neurologically-

normal cases had no history of neurological disease and no evidence of neuropathology, with 

a mean age (± standard deviation) of 63 ± 14 years. There were three male subjects, and one 

female subject, with a mean PMD of 17 ± 8 h. The four HD cases had a mean age of 61 ± 14 

years and PMD of 15 ± 10 h.  

Care was taken to select the most suitable tissue for MALDIIMS experiments. The key criteria 

in block selection included minimum thaw-freeze cycles and the absence of sample damage 

such as cracking or fragmentation. Care was taken to select CN blocks in which the central 

aspect of the SVZ along the rostrocaudal axis was intact. These blocks were cryostat sectioned, 

and preservation of SVZ was visually assessed after performing Luxol fast blue (LFB) and 

haematoxylin and eosin (HE) staining (section 3.5.1).  
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Table 3.2. Details of neurologically‐normal and Huntington’s disease (HD) cases used for the study of CN lipidome. 

HD Cases Controls 

Case Grade Age (y) Sex PMD (h) Symptoms CAG Cause of death Case Age Sex PMD (h) Cause of death 
HC79 1 56 F 4 Mixed 17/49 Cardiorespiratory failure H115 61 M 12 Hypertensive heart disease 

HC55 1 87 M 20 Motor 16/42 Peritonitis H109 81 M 7 Coronary atherosclerosis 

HC92 1 72 M 5 Mood 17/41 Pneumonia H180 73 M 33 Ischaemic heart disease 

HC133 2 65 M 14 Mixed 17/43 Renal failure H155 61 M 7 Myocardial infarction 

HC120 2 51 M 15 Mixed 10/46 Pneumonia H124 49 M 13 Ischaemic heart disease 

HC64 3 47 M 41 Mixed 19/51 Myocardial infarction H165 43 F 26 Nitrogen poisoning 

HC134 2 62 M 9 Mixed 18/43 Huntington’s disease H157 66 M 15 Ischaemic heart disease 

HC62 2 78 F 6 Mixed 18/43 Pneumonia H152 79 M 18 Congestive heart failure 

HC107 3 75 M 3 Mixed 19/43 Bronchopneumonia H190 72       F 19 Ischaemic heart disease 

HC96 3 39 F 20 Mixed 22/53 Starvation with dehydration H189 41 M 16 Myocardial infarction 

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

HC115 2 56 M 16 Mixed 16/46 Pneumonia     - - - -                   - 

HC60 3 64 M 23 Mixed 18/43 Pneumonia     - - - -                   - 

Mean 61 
 

15 
    

63 
 

17 
 

St. Dev. 14 
 

10 
    

14 
 

8 
 

 

Table 3.3. Details of neurologically‐normal and Huntington’s disease (HD) (Vonsatell grade 3) cases used for the study of the SVZ lipidome. 

Case Grade Age (y) Sex PMD (h) Symptoms CAG Cause of death    Case Age Sex PMD (h) Cause of death 
HC60 3 64 M 23 Mixed 18/43 Pneumonia    H245 63 M 20 Asphyxia 

HC96 3 39 F 20 Mixed 22/53 Starvation, dehydration    H165 43 F 26 Nitrogen poisoning 

HC107 3 75 M 3 Mixed 19/43 Bronchopneumonia    H123 78 M 8 Ruptured aortic aneurism 

HC102 3 64 M 10 Mixed 17/42 Aspiration pneumonia    H155 61 M 7 Asphyxia 

Mean  61  14     61  15  

SD  15  9     14  9  
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3.2 Matrix-assisted laser desorption/ionisation (MALDI)imaging mass 

spectrometry (IMS) 

3.2.1 Cryostat sectioning 

In preparation for cryostat sectioning, the selected blocks were retrieved from 80⁰C storage 

and transferred to a pre-cooled cryostat (Bright OTF5000 AM Systems, WM, USA) on dry 

ice and incubated within the cryostat chamber at approximately 20⁰ C for 1.5 hours to allow 

the specimens to reach the optimal temperature for sectioning. The blocks were then attached 

to the appropriately sized specimen stage using a small volume of TissueTek® OCT (Sakura 

Finetek, Torrance, CA, USA), at the base of the tissue. Prior to sectioning, tissue blocks were 

mounted to the cryomicrotome apparatus, which was typically maintained at 15ºC. Each 

tissue sample was carefully sliced with a disposable microtome blade (Leica Biosystems, 

Wetzlar, Germany) that was attached to a cryomicrotome apparatus. For all MALDIIMS 

experiments conducted in this thesis, tissue was sectioned at 12 µm coronally. This thickness 

allowed for the majority of the cells in the block to be dissected and their intracellular contents 

exposed for analysis (32).  

Once an optimal 12 µm section was sliced, the section was mounted onto an indium tin oxide 

(ITO)-coated MALDI glass slide (Hudson Surface Technology, Fort Lee, NJ, USA), which 

was pre-cooled as previously recommended (32), using a thaw-mount method. Care was taken 

to ensure sectioned tissue maintained its morphology and that tears, rolled edges, deformities, 

scratches and other such artifacts were avoided. The glass slides used had a conductive ITO 

coating to ensure proper definition of the electric extraction field needed to accelerate the ions 

produced from the tissue surface (308). The use of such conductive slides is advantageous as 

they are compatible with microscopy of post-MALDI histochemical stains used to define 

anatomical features (post-hoc histochemistry; section 3.5). The mounted sections were then 

transferred to a dry-sealed, grease-free desiccator (Jencons, PA, USA) and held under vacuum 

for approximately 1 h. During sectioning and mounting, care was taken to avoid contact 

between the sectioning blade, the tissue slide and the OCT compound. Polymers within OCT 

such as those in TissueTek (polyisobutylene) are known to interfere with mass spectral 

analysis of small molecules in addition to suppressing ionisation (32,312,313).  
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3.2.2 Selection of matrices  

The choice of the matrices for MALDIIMS of brain lipids had previously been optimised and 

established in our laboratory (314). Briefly, droplets of α-Cyano-4-hydroxycinnamic acid, 2,5-

dihydroxybenzoic acid (DHB) or 1,5-diaminonaphthalene (DAN, all from SigmaAldrich, St 

Louis, MO, USA) were applied to post-mortem human middle temporal gyrus, and spectra 

were acquired in negative and positive ionisation polarities. Abundant and high quality spectral 

signals with low signal-to-noise ratios in the lipidomic mass range were detected in both 

ionisation modes when using DAN as the matrix. Use of this matrix has also been reported in 

numerous MALDIIMS studies of lipids, particularly in the brain (315–318). Therefore, the 

majority of MALDIIMS in this thesis used DAN. 

However, for MALDIIMS of the SVZ (chapters 6 and 7), which required very high resolution 

(i.e. smaller raster scanning width of 10 µm), the matrix DAN did not perform well when using 

the minimum laser diameter at 10 µm (319) under positive polarity, generating very few low 

intensity mass signals (data not shown). As such, alternative matrices that had been reported to 

be appropriate for high-resolution lipid analysis were tested (318). This was initially performed 

using a dried droplet method in which the efficacy of ionisation from a human cingulate gyrus 

tissue sample was trialled using the minimum laser beam diameter in positive polarity (see 

section 3.2.5 for instrument details and other imaging parameters). Table 3.4 details the 

matrices tested. The DHB matrix produced a larger number of ionised species across the m/z 

300-2000 range with strong intensity and signal-to-noise ratios below five. A pilot-scale 

imaging experiment using DHB was then performed with the minimum laser diameter under 

positive polarity, confirming the superior performance of DHB relative to DAN. Accordingly, 

for the investigation of lipids in the SVZ under positive polarity, DHB matrix was used. 

 

Table 3.4. Matrix solutions tested for performance with 10 µm raster width and minimum laser diameter in positive polarity. 
Three matrix solutions were assessed for lipid ionisation in the post‐mortem human brain in positive mode, using a minimum 
laser  diameter.  All  matrices  were  dissolved  at  the  indicated  concentrations  in  the  indicated  solvents.  THAP,  2,4,6‐
trihydroxyacetophenone; DHB, 2,5‐dihydroxybenzoic acid; MBT, 2‐Mercaptobenzothiazole; TFA, trifluoroacetic acid. 

Matrix  Concentration (mg/mL) Solvent 
THAP  50 50:50:0.1 wateracetonitrileTFA 
DHB  10 50:50:0.3 wateracetonitrileTFA 
MBT 10 50:50:0.3 wateracetonitrileTFA 
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3.2.3 Pretreatment of tissue sections  

As part of optimising sample preparation, incorporating an aqueous wash step before 

application of the matrix DAN was investigated to enhance on-tissue detection of lipid species. 

In a method optimisation study, Angel et al. (2012) first reported that amongst the various 

buffers trialed, 50 mM ammonium formate at pH 6.4 substantially increased the number of 

ionised lipid signals detected as well as enhancing their intensity up to five-fold when using 

DHB as the matrix (320). While the enhancement was more pronounced in the negative 

ionisation mode, a reduction in the frequency of adducts was also observed in the positive 

ionisation mode. Therefore, whether the quality of signal acquired by DAN is also enhanced 

by the implementation of a wash with 50 mM ammonium formate (pH 6.4) was evaluated. This 

trial examined serial human cingulate gyrus sections sliced at 12 µm and dried for 1 h under 

vacuum in a desiccator. The downward-facing slide was tilted gently into a Petri dish 

containing freshly prepared, pre-cooled 50 mM ammonium formate (pH 6.4) and immersed for 

30 seconds. The slide was then gently dabbed onto an absorbent KimwipeTM (Thermo Fisher 

Scientific, Walthan, MA, USA) to remove residual solution. The slide was then dried for ≤15 

min under vacuum in the desiccator. The unwashed adjacent control section remained in the 

desiccator throughout this time. After applying DAN (described in section 3.2.4), parallel 

regions on both washed and unwashed sections were scanned in negative and positive 

polarities. The addition of a 50 mM ammonium formate aqueous wash improved the number 

and intensity of ionised species observed when using DAN as the matrix, particularly in 

negative ionisation mode (Fig. 3.1), with marginal improvements also observed in positive 

polarity. As such, this additional wash step was integrated into sample preparation for 

MALDIIMS throughout this thesis. 
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Fig. 3.1. Improved MALDIIMS performance with the inclusion of an aqueous wash in sample preparation. (A) MALDI images 
acquired in negative  ionisation mode of sister sections from one cingulate gyrus block prepared identically excepting the 
inclusion of a 30 sec aqueous wash in 50 mM ammonium formate (NH4HCO2, pH 6.4). (B) Mass spectra corresponding to the 

MALDIIMS analysis regions shown in A.  

 

3.2.4 Matrix application by sublimation 

On-tissue deposition of the matrix is necessary for MALDIIMS studies to assist with in situ 

extraction of molecules from the biological sample. It is essential that the matrix is deposited 

homogenously across the tissue section for generation of high-quality MALDI images. 

Sublimation of matrices as described by Hankin et al. (2007) and refined by others (320,321) 

was used. Additionally, DAN and DHB both sublime well under vacuum. Therefore, the 

vacuum sublimation technique was used for MALDIIMS experiments. 

Tissue sections mounted on ITO-coated glass slides were retrieved from 80ºC storage, or 

directly from the cryostat if freshly sliced, and dried under vacuum in the desiccator for 1 h. 

The tissue sections then underwent the 50 mM ammonium formate wash as described above 

(section 3.2.3) then dried for 15 min under vacuum. The slides in an inverted orientation were 

attached to the base of the condenser of the sublimation vessel with double-sided thermally 

conductive tape (3M Copper Foil Shielding Tape, Element14, Auckland, New Zealand) to face 

300 mg of matrix powder placed in the bottom chamber of the vessel. The cold trap was placed 
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in liquid nitrogen. With the use of a vacuum pump (Edwards R3, Crawley, Burgess Hill, UK), 

the pressure inside the vessel was lowered to 50 mTorr as measured using a vacuum gauge 

(Thyracont Vacuum Instruments, Passau, Germany). Five minutes after the pressure reduction 

process had commenced, the central part of the condenser was filled with ice and water to cool 

the tissue slide for 10 min. To achieve an appropriate temperature for sublimation (details 

described in Table 3.5), heat was applied to the base of the lower chamber using a sand bath 

with a heating mantle. Once the temperature and vacuum reached the targeted levels, the 

chamber was placed over the hot sand for sublimation to proceed for a determined period 

(Table 3.5). This combination of vacuum pressure and high temperature facilitates the 

sublimation of the solid matrix powder into the gas phase, which then deposits upon contacting 

the pre-cooled base of the condenser into a homogenous layer of fine matrix crystals. Following 

this heating period, the apparatus was removed from the sand bath and allowed to cool for 10 

min under vacuum pressure. The apparatus was disassembled, and the tissue slide was carefully 

collected and briefly dried in a vacuum desiccator before commencing MALDIIMS data 

acquisition.  

 

Table 3.5. Sublimation conditions and average deposition metrics for matrices used in this study. The matrices DAN and DHB 
were was sublimed at 140°C for 5 and 4.25 minutes, respectively. DAN was used for raster width scans of 100 µm in both 
polarities and 10 µm in negative polarity. DHB matrix was used for 10 µm raster width scanning in positive ionisation mode. 

 

3.2.5 MALDI imaging mass spectrometry 

MALDIMS experiments were performed using a Bruker ultrafleXtreme (Bruker Daltonics, 

Bremen, Germany) at the Biomedical Imaging Research Unit, University of Auckland. This 

instrument is equipped with a 355 nm Smartbeam II laser which was operated at 2 kHz and run 

in reflector mode at an accelerating voltage of +20 kV or 20 kV. External calibration was 

performed with a series of red phosphorus clusters (1 mg.mL-1 in 50% acetonitrile) prior to 

image acquisition. The laser was set to the minimum (10 µm) or small (50 µm) beam size for 

imaging the SVZ or the CN, respectively (319). Images were acquired with 150 laser 

shots/spectrum for negative ion mode and 200 shots/spectrum for positive ion mode, with a 

raster step size of either 10 µm (for MALDIIMS of the SVZ, chapters 6 and 7) or 100 µm (for 

Matrix Sublimation temperature Heating time Conditions used 
DAN 140ºC 5 min 100 µm raster width, pos. and neg. modes 

10 µm raster width, neg. mode 

DHB 140ºC 4.25 min 10 µm raster width, pos. mode 



 

53 

MALDIIMS of the CN, chapters 4 and 5), resulting in images consisting of between 6,988 

and 44,399 spectra. Data were collected in the range of m/z 320-2000, encompassing the mass 

range of small lipids such as fatty acids to large phospholipids. Paired HD and neurologically-

normal cases that were matched for age, PMD and sex (the latter for the SVZ studies, only) 

were imaged together in a single acquisition, alternating the order of tissue section analysis for 

subsequent pairs. After MALDIIMS analysis, the tissue sections were processed for 

histological stains as described in section 3.5. 

3.3 Statistical analysis of MALDIIMS data 

3.3.1 Data pre-processing 

Despite externally calibrating the ultrafleXtreme using red phosphorus, the inherent 

heterogeneity of MALDI sampling resulted in peaks in the mass spectra for individual laser 

sampling points that were poorly aligned in the raw MALDI data (Fig. 3.2a). Therefore, 

MALDITOF spectra were realigned using the Batch Processing macro and the ‘internal 

calibration’ routine within flexAnalysis v3.3 (Bruker Daltonics, Bremen, Germany). This 

routine uses an operator-defined mass control list that specifies prominent peaks within the 

spectra. The spectra are then transformed such that peaks in the mass control list are aligned. 

In this manner, these peaks serve as internal calibrators. Alignment fails if an insufficient 

number of peaks in the mass control list are identified in a given spectrum by the peak picking 

algorithm and produces an irrational transformation if the mass control list does not span the 

full mass range. The default internal calibration parameters within flexAnalysis performed 

poorly for the data obtained in this thesis, with specific deficiencies that included 

computational inefficiency, narrow m/z range in the mass control list, inappropriate mass error 

tolerances in matching picked peaks with calibrator peaks and assumption of the elementary 

composition of analytes that was better suited for peptide applications. Therefore, a custom 

algorithm was designed. Peak picking was performed on unaligned spectra using the SNAP 

algorithm, signal-to-noise threshold of 2, minimum intensity threshold of 0, baseline 

subtraction using the TopHat method and an elemental composition file specific for lipids 

requested from and supplied by Bruker Daltonics. After peak findings, a matrix of the m/z 

values for peaks detected in individual spectra, censored to an accuracy of 0.1 mass unit, was 

read into the R statistical environment, where the following table function was used to identify 

the most frequently occurring values.  
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data <- read.csv(file=file.choose(), header=F) data.unique <- lapply(data, 
function(x) unique(x)) 
a<- unlist(data.unique) 
write.csv(sort(table(a),decreasing=TRUE), file="unique appearance.csv") 
 

The "unique appearance.csv" output file was used to define mass control lists spanning the full 

m/z range of the MALDIIMS data. Upper and lower mass tolerance limits were determined 

empirically for each calibrator peak by directly evaluating the spread in measured m/z value 

for that peak in the experimental data. The final mass control lists for internal calibration of 

MALDIIMS data in positive and negative ionisation modes are provided in Tables 3.6 and 

3.7, respectively. While tentative assignments for mass control peaks are listed in these tables, 

the actual identity of the analytes had no bearing on the performance of internal calibration. 

 

Table 3.6. Mass control list for internal calibration of MALDIIMS data in positive ionisation mode. 

Calibration species m/z Lower deviation (ppm) Upper deviation (ppm) 

9S,10S,11R-trihydroxy-12Z,15Z-octadecadienoic acid [M+H]+ 329.232 371 200 

20-hydroxy-LTE4 [M+H]+ 456.241 277 299 

Chenodeoxycholic acid 3-sulfate [M+H]+ 473.257 365 330 

GalNAcb1-3Gala1-4Galb1-4Glcb-Cer(d18:1/16:0) [M+2H]2+ 614.382 127 218 

PA(31:2) [M+H]+ 631.433 130 190 

PC(O-33:0) [M+H]+ 734.606 121 290 

PC(O-35:1) [M+H]+ 760.621 113 294 

PC(36:1) [M+H]+ 788.616 52 347 

GlcCer(d42:2) [M+H]+ 810.682 148 242 

CL(74:10) [M+NH4]+ 1491.006 55 403 

CL(76:10) [M+H]+ 1520.152 45 299 

CL(78:1) [M+H]+ 1548.183 39 298 
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Table 3.7. Mass control list for internal calibration of MALDIIMS data in negative ionisation mode. 

Calibration species m/z Lower deviation (ppm) Upper deviation (ppm) 

2-hydroxy-eicosanoic acid [M-H]- 327.291 261 121 

15-HETE-VA [M-H]- 454.296 313 189 

CerP(d36:1) [M-H]- 644.503 144 277 

DG(43:3) [M-H]- 715.625 247 195 

PE-NMe2(O-16:0/O-16:0) [M+OAc]- 750.602 54 279 

PE(O-18:0/O-18:0) [M+OAc]- 778.633 176 281 

GlcCer(d44:1) [M-H]- 838.714 84 163 

TG(55:9) [M-H]- 885.698 284 200 

PC(O-19:0/22:0) [M+OAc]- 904.738 79 237 

LacCer(d38:0) [M-H]- 918.689 148 186 

NeuAcα2-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ-Cer(d36:1) [M-H]- 1544.869 71 160 

GalNAcα1-3GalNAcβ1-3Galα1-4Galβ1-4Glcβ-Cer(d40:1) 
[M+OAc]- 

1572.937 105 183 

 

Alignment by internal calibration then proceeded using the flexAnalysis Batch Processing 

macro with the ‘cubic enhanced’ spectral transformation mode, zoom range ±10 Da and 

following command script: 

 
Option Explicit 
Sub Main 
 ClearCalibrationBuffer 
  
 UndoAllProcessing() 
 
 Dim dRange(1) As Double 
 dRange(0) = 320.0 
 dRange(1) = 2000.0 
 
 Dim ResultSpec As Spectrum 
 Set ResultSpec = Spectra(1).Process(faFindPeaks, dRange) 
 
 ResultSpec.Enabled = True 
 
 CalibrationInternal(ResultSpec) 
 
 CopyCalibration 
 
 Save 
End Sub 
 
Function CalibrationInternal(ResultSpec) As Boolean 
 Dim bRet As Boolean 
 bRet = False 
 
 Dim oReCalibrator As Recalibrator 
 Set oReCalibrator = ResultSpec.Application.GetCalibrator 
 
 Dim NewCalibration As Calibration 
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 Set New Calibration = oReCalibrator.CalculateCalibration(ResultSpec) 
 

If oReCalibrator.StdDeviationAfter <= 
oReCalibrator.StdDeviationBefore Then 
ApplyCalibration(NewCalibration) 
bRet = True 
End If 
CalibrationInternal = bRet 

 
End Function 
 
 

 

 

Fig. 3.2. Representative MALDIIMS mass spectra before (a) and after (b) internal calibration. 

 

This custom internal calibration method yielded successfully aligned MALDIIMS spectra 

(Fig. 3.2b). Aligned spectra were saved and read into SCiLS Lab 2016b (Bruker Daltonics, 

Bremen, Germany) for statistical analysis, where baseline subtraction was achieved using the 

convolution algorithm and data were normalised using the total ion count. Peak picking was 

performed variably for each 9th-50th spectrum (to manage computation times) with interval 

widths of ±0.10 Da to ±0.25 Da (which was calibrated to peak widths) and a maximum of 200-

500 signals per spectrum. The ‘peak alignment’ function within SCiLS lab was used to align 

found mass intervals with peak centroids. These parameters typically identified 400-800 m/z 

signals that served as variables for statistical analyses. 
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3.3.2 Choice of statistical methods 

Statistical pipelines were conceived to identify lipids that were associated with anatomical 

features of interest or differentially abundant within sections from HD or neurologically-

normal brains. In designing the statistical approaches, variance between MALDIIMS data 

acquisitions were observed to be a significant feature of the data, with HD and neurologically-

normal cases imaged together tending to be more similar in their spectral composition than 

samples separately (Fig. 3.3).  

 

 

Fig. 3.3. Variance between MALDIIMS data acquisitions. A principal component analysis was performed on the case‐wise 
summary spectra for four HD‐normal case pairs imaged over four acquisitions. The intensity of the first principal component 
in each case, which explained 55% of the variance in this dataset, is represented by the heatmap and clearly represents inter‐
acquisition variability. 

 

This variance, which was presumably technical rather than biological, was confounding for 

statistical approaches that compared all HD cases to all neurologically-normal cases as 

independently sampled observations. To mitigate this challenge, analysis focused on paired 

analyses whereby statistical metrics were calculated separately for comparisons within each 

HD-normal pair, then the distribution of metrics for all pairs was compared to the null 

distribution that would be expected were there no significant differences between HD and 

normal in the level of the measured variable. Similarly, statistical tests that entailed comparing 

anatomical sites (e.g. the SVZ and the CN) were first performed within each section then the 

result for all sections was compared to a null distribution. Within this context, a pipeline was 

conceived that integrated multiple statistical measures, each of which was intended to detect 

biological patterns of different natures. The rationales and methods used for these tests are 

elaborated in the following sections. 
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3.3.3 Definition of IMS regions of interest 

Regions of interest were defined for the purpose of statistically comparing HD and 

neurologically-normal spectra data within anatomically relevant sites or to compare different 

anatomical sites within sections. Micrographs of HELFB stains performed after MALDIIMS 

were co-registered with the optical scans of target slides within the SCiLS environment. This 

co-registration was repeated iteratively to improve fit. For MALDIIMS analysis of the SVZ, 

these co-registered HELFB images were used for histology-driven tracing of the SVZ and its 

constituent laminae (described further in chapter 6) in addition to the underlying parenchyma 

of the CN. For MALDIIMS analysis of the CN itself (chapters 4 and 5), the spectral features 

of grey matter and white matter within these sections were sufficiently distinct to allow for 

data-driven definition of regions of interest. To achieve this, regional segmentation of each 

sample was performed by unsupervised hierarchical clustering of individual mass spectra 

within SCiLS, thereby assigning data sampling positions (i.e. individual spectra) to binary 

clusters that anatomically corresponded to grey matter and white matter when referenced to co-

registered HELFB images. The regions defined by these clusters were exported as IMS 

regions of interest for subsequent computations (Fig. 3.4). 

 

 

Fig. 3.4. Definition of MALDIIMS regions of interest by regional segmentation. Left panel, HELFB staining performed after 

MALDIIMS data acquisition. Middle panel, assignment of individual spectra to binary classes using unsupervised hierarchical 
clustering. Right panel, export of binary classes as regions of interest for statistical analysis. GM = grey matter, WM = white 
matter. 

 

3.3.4 Principal component analyses 

MALDIIMS datasets typically include hundreds of independently sampled variables (i.e. 

mass signals) each with multiple observations (i.e. biological samples). As such, MALDIIMS 

data is highly complex and strategies to reduce dimensionality can aid in the identification of 

biologically-important trends. Therefore, principal component analysis (PCA) was used as an 
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exploratory tool to reduce data dimensionality by partitioning variance among orthogonally-

transformed principal components. PCA was performed in SCiLS Lab 2016b and used 

moderate denoising and unit variance scaling. The observation universe for PCA was variably 

defined as (1) individual spectra within single cases, thereby identifying fine anatomical 

sources of spectral variance, (2) the summary spectra for different regions of interest within all 

neurologically-normal cases, thereby identifying gross anatomical sources of spectral variance 

or (3) the summary spectra for a region of interest within all HD and neurologically-normal 

cases, thereby assessing spectral variation relating to disease status. 

3.3.5 One-sample t-tests 

A number of lipid signals identified showed consistent and homogenously higher or lower 

abundance in regions of interest and were thus amenable to detection using statistical methods 

that weighed the mean abundance and variance in sampling of the mean between observations. 

Therefore, one-sample, two-tailed t-tests were performed for all analytes. Total ion count-

normalised intensities were exported from SCiLS and intra- or inter-case intensity ratios (e.g. 

grey matter vs. white matter within individual cases, or HD vs. neurologically-normal within 

paired cases) were computed. This statistic was log2-transformed to yield a normally-

distributed variable amenable to parametric statistics. One-sample t-tests were then used to test 

whether the distribution of all log2-transformed ratios differed from the null hypothesis mean 

of 0 (corresponding to an untransformed ratio of 1). BenjaminiHochberg correction for 

multiple hypotheses testing was used to compute false-discovery rates. Statistical tests were 

performed in R and Prism (v7; GraphPad, La Jolla, CA). 

3.3.6 Receiver operating characteristics 

Other lipids described in this thesis showed robust associations with disease status or 

anatomical sites but were variably abundant within regions of interest, implying that statistical 

models such as t-tests that operate on mean intensities (and thus discard information on within-

sample variance) are unsuitable to detect these potentially biologically-important trends. 

Accordingly, receiver operating characteristic (ROC) curves were generated for each analyte 

and areas under the ROC curve (AUCROC) were computed to explore the sensitivity and 

specificity of each analyte as discriminator regions being compared across the full range of 

analyte intensity. Originally developed for applications in military signals analysis, ROC is a 

statistic now widely used in biomarker research that constitutes a graphical consideration of 
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the relationship between the sensitivity and specificity of a variable as a binary discriminator 

(322). Plotting a function of sensitivity and specificity at each measured value of the variable 

(thereby varying the discrimination threshold) generates a ROC curve (Fig. 3.5). The area 

under the ROC curve (AUCROC) thus provides a measure of the performance of the variable 

as a discriminator, where AUCROC of 1 or 0 represents “perfect” discrimination and 0.5 is 

equivalent to random guessing. ROC curves were demonstrated in this manner for each intra- 

or inter-case comparison (as for t-tests). For analysis of the SVZ (chapters 6 and 7), the 

resulting distribution AUCROC values for each mass signal were holistically integrated with 

other statistical tests to call hits. Typically, a mean AUCROC of >0.7 or <0.3 across all 

comparisons for an analyte constituted a finding of interest. For MALDIIMS analysis of the 

CN (chapters 4 and 5), AUCROC thresholds were defined more formally by permuting 

(randomly rearranging) the identity of grey matter and white matter regions of interest to 

generate a dataset devoid of biological meaning. Twenty permuted ROC analyses were then 

performed for each analyte and the distribution of mean AUCROC values for all analytes was 

used to empirically define upper and lower thresholds for 5% false-discovery rates. 

 

 

Fig. 3.5. An abstracted receiver operating characteristic (ROC) curve. 

  



 

61 

3.3.7 Spatial co-localisation 

The third class of observations in this thesis involved gradients in the intensity of analytes 

across anatomically-relevant axes within regions of interest, such as the rostrocaudal axis of 

the CN or the laminae of the SVZ. Lipids displaying such patterns were investigated using the 

spatial co-localisation routine within SCiLS. Regions of interest were manually traced at one 

extremity of the interrogated axis by reference to co-registered HELFB images. The co-

localisation routine was then performed, comparing the region of interest to a larger, 

encompassing comparison region and outputting Pearson correlation coefficients that 

corresponded to the strength of spatial co-localisation. This analysis was performed 

independently within each case and the inter-case mean coefficient was computed. Analytes 

were ranked by the absolute value of the latter (as intensity gradients could be direct or inverse) 

and MALDI images of high-ranking candidates were visually inspected.  

3.4 Signal identification 

Peak assignments were made by integrated assessment of accurate masses obtained by Fourier-

transform ion cyclotron resonance mass spectrometry (FTICR) and fragment ion spectra from 

liquid-chromatographytandem mass spectrometry (LCMS/MS), the methods for which are 

described in the following sections. FTICR data were examined in flexImaging v4.1 (Bruker 

Daltonics) and peaks that corresponded to TOF m/z signals were identified by comparing both 

m/z values and spatial distributions. Where FTICR peaks corresponded to analytes detected 

by LCMS/MS within an error limit of 10 ppm, the assignment made from analysis of 

LCMS/MS fragment spectra was accepted. In the absence of an LCMS/MS signal, 

assignments were made by database searching of accurate masses using LIPID MAPS (323). 

The closest assignment within an error limit of 10 ppm was accepted, with manual exclusion 

of species of plant, fungal or prokaryotic origin. Where ≥2 assignments could not be 

discriminated, all possibilities are reported. The data were de-isotoped by comparing spatial 

distributions and relative signal intensities.  

3.4.1 Liquid-chromatographytandem mass spectrometry 

For analysis of lipid content by LCMS/MS, tissue was sectioned from four CN blocks, 

transferred cold into sterile glass vials, weighed and flash frozen in liquid nitrogen. Lipid 

extraction was performed according to a modified method of Bligh and Dyer (324) with the 
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use of dichloromethane (SigmaAldrich, St Louis, MO). Extraction of lipids was effected by 

vortexing for 20 s in 190 µL methanol, after which 320 µL dichloromethane was added and 

samples vortexed again for 20 s prior to the addition of 120 µL of water. The samples were 

vortexed again for 10 s then allowed to equilibrate for 10 min at room temperature before 

centrifugation at 8000 × g for 10 min at 10°C. The lipid-rich dichloromethane fraction was then 

isolated and the solvent evaporated to dryness under vacuum. Samples were reconstituted in 

300 µL acetonitrile/2-propanol/H2O (65:30:5 v/v/v). The samples were analysed by ultra-high-

pressure LCMS/MS using an Accela 1250 Pump coupled to a Q Exactive Orbitrap mass 

spectrometer (Thermo Fisher Scientific, Waltham, MA) operating in heated electrospray 

ionisation mode. The column and samples were maintained at temperatures of 45°C and 4°C, 

respectively. Injection volume was 5 µL. Chromatographic separations were performed using 

an Accucore C18 150 × 2.1 mm, 1.6 µm solid core column (Thermo Fisher Scientific). Mobile 

phases were acetonitrile/H2O (60:40, v/v) + 0.1% formic acid + 10 mM ammonium formate 

(Solvent C) and isopropanol/acetonitrile (90:10, v/v) + 0.1% formic acid + 10 mM ammonium 

formate (Solvent D). Reversed-phase liquid chromatography was conducted and a flow rate of 

0.26 mL.min-1 was applied with a gradient elution of 32% to 97% solvent D over 21 min. 

Centroid MS scans were acquired in the range of m/z 133.4-2000 using the Orbitrap mass 

analyser with mass resolution ΔM of 70,000 (full width at half maximum, as defined at m/z 

200), automatic gain control of 3e6, injection time of 100 ms, sheath gas flow rate of 25 units, 

auxiliary gas flow rate of 15 units, sweep gas flow rate of 10 units, capillary temperature of 

250°C, S-lens radiofrequency 50% and heater temperature 350°C. Spray voltage was 3.5 kV 

for negative ions and 3.1 kV for positive ions. Parallel reaction monitoring acquisition was 

performed with a mass resolution of 17.5, automatic gain control of 2e4, injection time of 100 

ms, isolation window of 2.0 m/z and normalised collision energy of 30%, 60% and 90% with 

combined MS/MS spectra resulting. Parent ion assignments were made using LipidSearch 

software (Thermo Fisher Scientific, Waltham, MA). This core LCMS/MS dataset was used 

for peak assignments in chapters 4 to 7. Diagnostic m/z values for lipids assigned by 

LCMS/MS are provided in the appendix to this thesis. 

3.4.2 Fourier-transform ion cyclotron resonance mass spectrometry 

The accurate masses of analytes observed in MALDIIMS data were determined by high-

resolution MALDI FTICR analysis. Sections were prepared and matrices applied as described 

for TOF imaging (section 3.2.5). For the CN studies (chapters 4 and 5), two neurologically-



 

63 

normal cases – H165 and H157 – were imaged in positive and negative ionisation mode using 

DAN in both instances and a raster step size of 160 µm. For the SVZ studies (chapters 6 and 

7), one neurologically-normal section – H123 – was imaged at a raster step size of 20 µm using 

DHB in positive polarity and DAN in negative polarity. In all cases, the sections analysed by 

FTICR were serial to those used for MALDITOF. FTICR was performed using a Bruker 

7T solarix-XR mass spectrometer (Bruker Daltonics, Germany). Spectra were collected in the 

range of m/z 320-2000. FTICR data were read into flexImaging v4.1 (Bruker Daltonics, 

Bremen, Germany) and normalised using the root mean square method. Peak centroids were 

taken as accurate masses to facilitate the assignment of lipid identities by database searching.  

3.5 Histological studies 

3.5.1 Luxol fast blue, haematoxylin and eosin staining 

Luxol fast blue (LFB), haematoxylin & eosin (HE) staining was performed on imaged sections 

after MALDIIMS to allow detection of anatomical features and thus to compare their 

lipidomic (mass spectral) features. The use of ITO-coated slides enabled mass spectra to be 

acquired from the mounted tissue section and subsequent staining to be performed on the same 

section in situ for subsequent microscopy imaging. Once the MALDIIMS data acquisition 

was completed, HELFB staining proceeded immediately. The slides were immersed in 70% 

ethanol for 5 min at room temperature to remove the matrix, then slides were incubated in LFB 

solution (Table 3.8) overnight at room temperature. Staining with LFB allows detection of 

myelin and myelinated axons through a copper phthalocyanine dye that is affinic for 

biomolecules such as lipoproteins, cerebroside and other lipids that comprise myelin. The 

following day, excess LFB was removed by immersion in deionised water (dH2O). The LFB 

staining was enhanced by incubation in hydroquinone/sodium sulphite reducer solution. 

Following a rinse in dH2O, the sections were incubated in Gill II haemotoxylin solution 

(Surgipath Medical Industries, Richmond, IL, USA) for 3-5 min (until the appropriate level of 

staining was apparent per visual inspection). After a rinse in dH2O, the sections were then 

dipped into acid alcohol to decolourise the haemotoxylin followed by a rinse in dH2O. Sections 

were then immersed in 1% lithium carbonate for 30 s at room temperature and then rinsed in 

dH2O to remove excess lithium carbonate. Sections were then counterstained with drops of 

eosin Y (Surgipath Medical Industries) for 10 s. Following differentiation of the eosin Y in 

95% ethanol for 3 min, sections were dehydrated in 100% ethanol in three consecutive steps, 
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each of 5 min. The sections were cleared by two successive incubations in xylene, each for 10 

min, and No.1 coverslips (Lomb Scientific, Taren Point, NSW, Australia) subsequently added 

using DPX mounting medium (Merck Millipore, Darmstadt, Germany).  

 

Table 3.8. Solution used for Luxol fast blue, haemotoxylin and eosin staining. 

Solution Ingredient 
Luxol fast blue, 1 L 1% Luxol fast blue (w/v) 

5% Glacial acetic acid (v/v) 

Ethanol (100%) 

Reducer solution 1% Hydroquinone (w/v) 

5% Sodium sulphite (w/v) 

dH2O 

Acid alcohol 77.3% Ethanol (100%) 

0.6% Hydrochloric acid (32%) 

22.1% dH2O 

Lithium carbonate 10% Lithium carbonate (w/v) 

dH2O 

 

3.5.2 Image acquisition  

All light microscopy images were acquired using a Nikon NiE microscope equipped with a 

Nikon DSRi2 camera and motorised stage and using Nikon NIS Elements software. Images 

of post-MALDI histology staining with HELFB of the SVZ were taken as smaller grids and 

then stitched to be superimposed with the acquired pre-MALDIIMS optical image. Post-

MALDI HELFB stained sections were scanned macroscopically using a high resolution 

deskotp scanner while mounted on to the slide holder. 
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Chapter 4. MALDI Imaging of the Human Caudate Nucleus 

Lipidome: Statistical Methods Informed by Sources of 

Variance 

4.1 Introduction 

MALDIIMS technology has most commonly been used to localise targeted analytes (e.g. 

small molecules, metabolites, protein or lipids) within tissues of interest (325) or to investigate 

aberrations in the expression of analytes in animal models of disease (326). Its use as a primary 

modality for the discovery of disease-implicated biomolecules directly in biologically-complex 

human tissue collections, which may vary in parameters such as genetic background, sex, age, 

PMD, clinical history, diet and environmental factors, subtleties in tissue handling by different 

investigators, duration of storage and the number of freezethaw cycles, is less prevalent. 

Accordingly, to achieve the aims of this thesis, it was necessary to critically assess sources of 

variation in MALDIIMS data collected from biologically complex human brain tissue. This 

would inform the design of appropriate statistical methods fit-for-purpose in identifying 

consistent differences in lipid signal abundance between HD and neurologically-normal cases 

and defining lipid signals that show spatial co-localisation with neurobiologically important 

features. 

To address this need, the present chapter focused on MALDIIMS analysis of the 

neurologically-normal human CN (n = 10), in which the known major lipidomic differences 

between grey matter (GM) and white matter (WM) (251) would provide an ideal proof-of-

principle for the design of statistical methods. Moreover, defining the lipidomic features of the 

neurologically-normal CN would provide a baseline against which the HD CN could 

subsequently be compared in the work described in chapter 5.  
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4.2 Materials and methods 

The materials and methods used in this section of my thesis are described in detail in chapter 

3. Details specific to this chapter are noted in the following sections. The overall experimental 

approach used in this chapter is outlined in Fig. 4.1. 

4.2.1 Tissue collection and selection 

Fresh-frozen, post-mortem human brain tissue from CN blocks of 10 neurologically-normal 

donors was obtained as described in section 3.1. The mean ± standard deviation of age at death 

in the study cohort was 63 ± 14 years. Two females and eight males were included and the 

cohort had a mean PMD of 17 ± 8 h. The neurologically-normal cases had no history of 

neurological disease and no evidence of neuropathology. Table 4.1 outlines the details of the 

neurologically-normal cases used for this study.  

 

Table 4.1. Details of the neurologically‐normal cases investigated in this study. PMD = post‐mortem delay. 

Case Age Sex PMD (h) Cause of death 
H115 61 M 12 Hypertensive heart disease 

H109 81 M 7 Coronary atherosclerosis 

H180 73 M 33 Ischaemic heart disease 

H155 61 M 7 Myocardial infarction 

H124 49 M 13 Ischaemic heart disease 

H165 43 F 26 Nitrogen poisoning 

H157 66 M 15 Ischaemic heart disease 

H152 79 M 18 Congestive heart failure 

H190 72 F 19 Ischaemic heart disease 

H189 41 M 16 Myocardial infarction 

Mean 63  17  

SD 14  8  

 

4.2.2 Tissue preparation 

The tissue blocks were sectioned and prepared for MALDIIMS as described in section 3.2. 

For both ionisation modes, DAN was deposited onto the samples by vacuum sublimation for 5 

min at 50 mTorr and 140°C.  
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Fig.  4.1.  Schematic  overview of  the  experimental  approach.  (a) Matrices were  applied  to  fresh‐frozen CN  sections.  IC = 

internal capsule, CN = caudate nucleus. Put = putamen. (b‐c) MALDIIMS was performed with 100 µm raster scanning in x 
and y dimensions. (d‐e) Summary spectra yielded ion intensity maps for hundreds of lipid analytes. (f) Post‐MALDI stained 
sections were co‐registered with MALDI images and unsupervised hierarchical clustering used to define grey matter (GM) 
and white matter (WM) analysis regions. (g) Multivariate statistics were used to identify ions with differential abundance in 
the grey matter relative to the white matter or in the HD CN relative to matched neurologically‐normal CN. (h) All lipids were 

assigned by FTICR mass spectrometry and liquid chromatographytandem mass spectrometry. 
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4.2.3 MALDITOF imaging 

MALDIIMS was undertaken and data externally calibrated using methods reported in section 

3.2.5. The laser was set to medium beam size. Images were acquired with 150 shot/spectrum 

for negative ion mode and 200 shots/spectrum of positive ion mode, with a raster step size of 

100 µm. Data were collected in the m/z range of 320-2000. 

4.2.3 Alignment and analysis of TOF data 

MALDITOF spectra were pre-processed and realigned by internal calibration as described in 

section 3.3.1. Aligned spectra were read into SCiLS Lab 2016b (Bruker Daltonics, Bremen, 

Germany).  

4.2.3 Liquid chromatographytandem mass spectrometry (LCMS/MS) 

Liquid chromatographytandem mass spectrometry was performed as described in section 

3.4.2. 

4.2.4 Fourier transform ion cyclotron resonance (FTICR) IMS 

Fourier transform ion cyclotron resonance (FTICR) IMS was performed as described in 

section 3.4.2.  

4.2.5 Lipid assignments 

Lipids were assigned by integrative assessment of accurate masses from FTICR and tandem 

mass spectra from LCMS/MS as described in section 3.4.  
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4.3 Results and discussion 

4.3.1 MALDIIMS of the human caudate nucleus 

MALDIIMS identified 400 and 851 m/z signals in positive and negative ionisation mode 

respectively, 274 and 642 of which were assigned accurate masses by subsequent MALDI 

FTICR. The latter were thus considered bona fide lipid signals and were the dataset for all 

subsequent analyses. Of these, assignments could be made for 112 and 260 species in positive 

and negative mode, respectively, by database searching of accurate masses and/or analysis of 

fragment spectra generated by LCMS/MS. Unassigned peaks, which may have represented 

13C lipid isotopes in some cases, were included in analyses and denoted as ‘unassigned’ or by 

m/z value in graphical outputs. 

4.3.2 Lipidomic features of the neurologically-normal caudate nucleus 

Major structural features of the spectral data in these 10 cases were explored by performing 

PCA (described in section 3.3.4), in which individual laser sampling points were discrete 

observations and the intensity of m/z signals in the corresponding spectra were variables. 

Principal component intensity maps were co-registered with images of post-MALDI HELFB 

staining to identify anatomical sources of variance in lipidomic profile (Fig. 4.2a). This PCA 

revealed dominant first principal components within each case that correlated anatomically 

with grey matter (GM) from white matter (WM) boundaries and accounted for 40-70% of total 

variance in the spectral data. This finding suggested consistent differences in lipidomic 

composition between GM and WM in the CN and is in keeping with reports of distinct lipid 

profiles in these regions (251,327).  

This observation also permitted accurate, data-driven definition of GM and WM as separate 

IMS analysis regions. To accomplish this, regional segmentation was performed in each section 

by unsupervised hierarchical clustering of individual mass spectra to assign sampling positions 

(i.e. individual pixels) to binary clusters that anatomically corresponded to GM and WM and 

successfully isolated the WM elements of the internal capsule from the GM body of the CN 

(Fig. 4.2a). These regions were exported as IMS analysis regions for subsequent computations. 

Interestingly, while GM and WM could be completely discriminated by multidimensional 

analysis, their skyline summary mass spectra were broadly similar in both positive and negative 

ionisation modes (Fig. 4.2b). These regions were discriminated by moderate but highly 
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consistent differences in the intensity of many lipid signals rather than the absolute restriction 

of lipids to either GM or WM. 

 

 
 

Fig. 4.2. Definition of IMS analysis regions by regional segmentation. (A) Principal component analyses were performed and 

component intensity maps co‐registered with haematoxylin and eosinLuxol fast blue (HELFB) images. The first principal 
components discriminated grey matter (GM) from white matter (WM, top panels). Unsupervised hierarchical clustering of 
mass spectra from individual laser sampling points regionally segmented the samples into clusters that were anatomically 
consistent with GM and WM,  facilitating data‐driven definition  of  IMS  analysis  regions  (lower panels).  A  representative 
neurologically‐normal  cases, H155,  is  shown.  (B)  Summary  spectra  for GM and WM  for  a  representative  case  (H155)  in 
positive  and  negative  ionisation modes.  Spectra were  normalised  to  the  total  ion  count.  Relative  signal  intensities  in  a 
truncated m/z range are plotted on arbitrary linear axes. Mass spectra for GM and WM are intentionally offset in the m/z 
dimension to facilitate comparison. 
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4.3.3 Sources of variance in the MALDIIMS data 

To identify major sources of variance in the MALDIIMS data and thus inform the design of 

appropriate statistical methods, PCA was performed using the summary spectra for the defined 

GM and WM analysis regions within each neurologically-normal case. In both positive and 

negative ionisation modes, the intensity of the first two principal components was highly 

consistent between GM and WM within each case but varied between separate cases (Fig. 4.3a-

b). This observation indicated the existence of substantial variance in measured lipid signal 

abundances attributable either to biological heterogeneity between CN sections from different 

individuals or to technical heterogeneity between sample preparations and/or MALDIIMS 

data acquisitions. The third principal component, however, showed differential intensity in GM 

and WM and thus discriminated these regions by their known lipidomic differences in both 

ionisation modes (Fig. 4.3c).  

These first two principal components collectively explained 68-70% of total variance in the 

dataset (Fig. 4.3d). To identify the source of this variance, the PCA was repeated using 

summary spectra for GM and WM regions within the same neurologically-normal cases in 

addition to CN sections from 10 Huntington’s disease (HD) cases that were matched for age 

and PMD (the lipidomic features of the HD CN is explicitly investigated in chapter 5). 

MALDIIMS data were collected for these sections over 10 imaging acquisitions of 

HDnormal pairs. In this PCA, the intensity of the first principal component was highly 

consistent between GM and WM regions within HD and neurologically-normal sections that 

were imaged concurrently, while the case pairs imaged together also showed similar principal 

component intensities (Fig. 4.3e). Since neither of the two main sources of variance were 

reflected in this PCA (i.e. lipidomic differences between GM and WM or between biologically-

variable cases), this observation suggested the variance accounted for by the first principal 

component to originate either from technical differences between the imaging data acquisitions 

or from biological parameters for which the HDnormal case pairs were matched, such as age 

or PMD. Since there was no correlation between age or PMD and the intensity of the first 

principal component in this analysis, technical variance in the dataset was concluded to be 

significant. Consistent with this view, the coefficient of variation (CV, the standard deviation 

relative to the mean) in the measured intensity of lipid signals for GM and WM summary 

spectra in the 10 neurologically-normal sections was >0.5 for virtually all signals and >1 for a 

substantial number (Fig. 4.3f).  
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Fig. 4.3.  Exploration of  sources of  variance  in  spectral data. Principal  component analysis was performed on  lipid  signal 
intensities  in  the  summary  spectra  for  grey matter  and white matter  regions within  each  neurologically‐normal  case  in 
positive (A) and negative (B) ionisation modes. The intensities of the first three principal components (arbitrary values on 
linear axes) are shown for grey matter and white matter within each case. (C) The third principal component distinguished 
grey matter from white matter. A comparison of the intensity of the third principal component in grey matter and white 
matter  in  positive  and  negative  ionisation modes  is  shown.  Data  are  the mean  and  standard  error  of  the mean  for  10 
neurologically‐normal  cases.  (D)  Cumulative  frequency  plot  of  the  fraction  of  total  variance  explained  by  principal 
components in positive and negative modes. The fraction of variance explained for the first two principal components, which 
were associated with inter‐case variation in panels A and B, is denoted by the dashed coordinates and insert numbers. (E) 

Technical variance in spectral data between MALDIIMS data acquisitions. For positive and negative ionisation modes, the 
value of the first principal component is plotted for grey matter and white matter within neurologically‐normal and HD cases 
imaged concurrently as paired  through 10 data acquisitions  (numbered 1‐10).  (F) Variation  in  the measured  intensity of 
individual mass signals between grey matter and white matter in neurologically‐normal cases. Data correspond to discrete 
m/z signals sampled in the summary spectra of grey matter and white matter in neurologically‐normal cases (both n = 10) 
and the coefficient of variation for each mass signal is plotted as a function of its mean intensity. 
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This high degree of technical variation in the measurement of lipid signals implied that calling 

statistically-significant differences in lipid abundance between conditions (e.g. between GM 

and WM or HD and neurologically-normal) less than several-fold would be unfeasible using 

unpaired statistics without a large sample size. Accordingly, to mitigate the confounding effects 

of inter-acquisition variation, all subsequent statistical comparisons were made either within 

samples (e.g. GM vs. WM, chapters 4 and 5; SVZ vs. CN parenchyma, chapters 6 and 7) or 

between matched HDnormal pairs which were imaged together in a single imaging 

acquisition (chapters 5 and 7) and the resulting statistics meta-analysed to identify effects that 

were consistent between cases. 

 

 
 
 
 
Fig.  4.4.  Distinct  lipid  profiles  in  the  grey  matter  and  white  matter  of  the  neurologically‐normal  caudate  nucleus.  For 
individual lipids assigned and grouped by class, the intensity observed in the grey matter and white matter of neurologically‐
normal CN section is shown for positive (A) and negative (B) ionisation modes. Data points are the mean intensity among 
grey matter and white matter regions in 10 cases. The statistical significance of differences in lipid abundances in the grey 
matter or the white matter of the of the CN is represented in Volcano plots for positive (C) and negative (D) ionisation modes. 

P‐values were computed from one‐sample t‐tests and are plotted as a function of log2‐transformed GMWM abundance 

ratios. One sample t‐tests were performed on 10 within‐sample GMWM abundance ratios and tested the null hypothesis 
that  the  log2‐transformed  quotient  is  equal  to  zero.  PC  =  phosphatidylcholine,  PE  =  phosphatidylethanolamine,  PA  = 
phosphatidic acid, SM = sphingomyelin, PS = phosphatidylserine, ST = sulfatide, Cer = ceramide, CerP = ceramide‐phosphate, 
CL = cardiolipin, GB = globoside, GM = ganglioside.  ‘Other’ denotes assigned  species not belonging  to  the  listed classes, 

whereas ‘unassigned’ denotes mass signals that were observed in MALDITOF and FTICR spectra but could not be assigned. 
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4.3.4 Lipidomic composition of GM and WM within the neurologically-normal CN 

The differential lipidomic composition of GM and WM in the neurologically-normal CN was 

explored to establish a benchmark against which HD cases could subsequently be compared. 

The range of signal intensities for assigned lipids spanned four orders of magnitude in both 

regions, with members of all major lipid classes detected (Fig. 4.4a-b). The overall distribution 

of lipid signal intensities was correlated in GM and WM, with these regions discriminated by 

relatively moderate (maximum 10-fold, but more commonly <5-fold) differences in signal 

intensities. Specific lipid signals that were differentially localised to GM or WM were 

investigated using one-sample t-tests of log2-transformed GMWM intensity ratios of 

summary spectra for each case (n = 10, Fig. 4.4c-d). Interestingly, GM showed greater 

lipidomic complexity than WM, with more lipid signals preferentially localised to the former 

than the latter, especially in positive ionisation mode. Several PC, PA, SM and PS, plus species 

that could be either PC or PE, were more abundantly detected in the GM in positive ionisation 

mode (Fig. 4.4c). In negative ionisation mode, different examples of the PA and PE classes 

were localised to GM and WM, whereas select PS and PI were strongly associated with GM 

and ST strongly localised to WM (Fig. 4.4d).  

 

 

Fig. 4.5. Hypothetical scenario  in which receiver operating characteristics discriminate lipidomic differences invisible to t‐
statistics. Two cases, A and B, both show spatial variation  in  the  intensity of  lipid X. The mean  intensity of  lipid X  is not 
significantly different between cases and thus would not be detected is a significant finding by statistical tests, such as t‐
statistics, that operate on means. However, case A has a regionally‐localised peak in lipid X that is greater than case B. In this 
instance, receiver operating characteristics (ROC) can discriminate case A from case B using a suitable threshold for lipid X 
intensity. 

 

The abovementioned t-statistic identified lipid signals that had significant differences in mean 

abundance between GM and WM but did not consider within-region spatial variation in analyte 

intensity – data that are provided by MALDIIMS as a chief advantage of the modality and 

that capture biologically important differences in lipidomic features (Fig. 4.5). Accordingly, 
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ROC curves (a biomarker discovery tool described in section 3.3.6) were generated to 

investigate the sensitivity and specificity of each lipid signal as a discriminator between GM 

and WM in the CN across all measured values of signal intensity. Random subsampling of 

spectra within regions was incorporated in the ROC analysis to account for differences in tissue 

surface area. Furthermore, to define the magnitude of areas under the ROC curve (AUCROC) 

that constituted a finding of interest, the cumulative frequency distribution AUCROC values 

for all lipid signals (each as the mean values arising intra-case GMWM comparisons in 10 

cases) was compared to a null distribution in which AUCROC was calculated from 10 

permuted (randomly re-arranged) GMGM and 10 permuted WMWM comparisons (Fig. 

4.6a-b). Creating a permuted dataset in this manner, in which ROC curves were generated for 

all lipid signals from random GMGM and WMWM comparisons thereby generating a null 

distribution of AUCROC values completely devoid of biological meaning, is a technique 

frequently used in transcriptomic analysis (328) to empirically define values of the test statistic 

(in this case AUCROC) unlikely to arise from chance discovery (e.g. beyond the 99th 

percentile of AUCROC values in the permuted dataset). Compared to the null distribution, a 

substantial number of lipids in the experimental data showed AUCROC <0.5 (higher in WM) 

or >0.5 (higher in GM), consistent with disparate lipidomic profiles in these regions of the CN.  

This required further investigation. As such, to further explore the types of lipids that 

discriminated GM from WM, barcode plots – a data visualisation tool principally developed 

for genomic analysis (329) – were used to identify lipid classes that were skewed toward being 

discriminative for GM or WM. In these analyses, data points are plotted as vertical lines for 

each observation (in this instance the mean AUCROC value for each lipid signal in the 10 

neurologically-normal cases), grouped into functional categories (lipid classes) and the 

resulting “barcode” for each lipid class compared to the total distribution (AUCROC values 

for all lipid signals) and the permuted distribution (to estimate false-discovery rates as 

described above) in order to identify lipid classes that trend toward being discriminative for 

GM or WM (Fig. 4.6c-d). In positive ionisation mode, different examples of the PC, PE/PC, 

SM and PA classes were variably discriminative for GM or WM, whereas all PS excepting one 

were strongly localised to GM. In negative ionisation mode, examples of PA, PS, 

ceramide/ceramide-phosphate (Cer, CerP), SM, PC/PE and PE were variably localised to GM 

or WM, whereas ST were discriminative for WM and PI, cardiolipins (CL), globosides (GB) 

and gangliosides generally discriminative for GM.  
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Fig.  4.6.  Investigation  of  lipid  signals  as  discriminators  of  GM  and  WM  in  the  neurologically‐normal  CN.  Cumulative 
distributions of areas under receiver operating characteristic curves (AUC, ROC) for lipid signals as discriminators of GM and 
WM  in  the  neurologically‐normal  CN.  In  positive  (A)  and  negative  (B)  ionisation  modes,  the  cumulative  frequency 

distributions of AUCROC for all real GMWM comparisons (blue) is compared to the cumulative frequency distributions of 

AUCROC from permuted (randomly re‐arranged) GMGM and WMWM comparisons to define a null distribution devoid 

of biological meaning. In the experimental data, AUCROC is defined as the mean of 10 intra‐case GMWM comparisons. In 

the permuted data, AUCROC is defined as the mean of 10 permuted GMGM and 10 permuted WMWM comparisons. 

Barcode  plots  of  ROCAUC  for  positively  (C)  and  negatively  (D)  ionised  lipids  as  discriminators  of  GM  and WM  in  the 

neurologically‐normal CN. Lipids are classified by class and the distribution of ROCAUC values for lipid classes compared to 
the  overall  distribution  (blue,  box‐and‐whisker  plot  shows  the  range,  median  and  upper  and  lower  quartiles)  and  the 
permuted distribution (red, box‐and‐whisker plot shows the 5th and 95th percentiles, median and upper and lower quartiles). 
Red dashed lines denote the empirical 5% upper and lower false discovery rates derived from the permuted distribution. 



 

77 

4.3.5 Anatomical distribution of lipids in the neurologically-normal CN 

A principal advantage of MALDIIMS over analysis of lysed tissue using conventional MS 

techniques is the preservation of information on the spatial distribution of analytes. The spatial 

distribution of lipids in the CN is of interest given the distinct neurological functions of its 

different anatomical components. In examining the PCA performed on individual mass spectra 

within cases described in section 4.3.1 (which was performed to identify anatomical sources of 

variation in lipidomic content within the CN sections), principal components were observed 

that anatomically co-localised with the neurogenic SVZ or showed intensity gradients along 

the dorsoventral axis of the CN (Fig. 4.7a). While the lipidomic signature of the SVZ is 

explicitly investigated using high-resolution MALDIIMS in chapter 6, lipids that showed 

gradients in abundance along the dorsoventral axis of the CN were investigated here by 

manually defining IMS analysis regions in its ventral aspect (Fig. 4.7b). Pearson correlations 

were then used to identify m/z signals that either positively or negatively co-localised with this 

region consistently across multiple cases (n = 4 in positive mode, n = 5 in negative mode). Note 

that dorsoventral variation was not induced by data collection and processing due to the 

application of appropriate sampling and data normalisation methods (see sections 3.2.5 and 

3.3.1). This approach identified a number of species with differential dorsoventral abundance 

in positive (Fig. 4.8) and negative (Fig. 4.9) ionisation modes, notably including several SM 

and the ganglioside GM1, which showed its highest abundance in the ventral aspect of the CN. 

Given the arbitrary nature of ventral GM regions used for this analysis, Pearson correlation 

coefficients arising are not reported. 

The internal capsule is another anatomical feature of the CN and is comprised of WM, but 

whether its lipidomic signature is identical to the WM that surrounds the CN is unknown. To 

address this question, MALDIIMS analysis regions were traced around the internal capsule 

in three cases in which it could be most clearly demarcated and Pearson correlation used to 

identify lipid signals that co-localised with this region (Fig. 4.10). Interestingly, while the 

majority of lipids were equivalent in the internal capsule and the encompassing WM, the former 

showed a consistently lower abundance of ST, whereas corresponding hydroxylated ST were 

higher. This indicates that WM surrounding the CN has a spatially unique ST profile to the 

internal capsule, most likely due to differences in the metabolism of ST hydroxylation in 

oligodendrocytes between the two WM regions. One possibility is that there is differential 

abundance of the FA2H gene, which encodes the enzyme fatty acid 2-hydroxylase that is 

involved in the generation of 2-hydroxylated fatty acids in sulfatide (330), with higher 
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expression of FA2H speculated in WM of the internal capsule. It is also likely that the 

expression of the UDP-galactose:ceramide galactosyltransferase (CGT) gene, which 

generates the sulfatide precursor galactosylceramide by preferential catabolism of the 

hydroxylated ceramide (331), may also contribute to the observed ST differences. The actions 

of FA2H and CGT regulate the ratio of hydroxylated and non-hydroxylated ST, the differential 

expression of which has been previously reported in WM in human cortical tissue using 

MALDIIMS at 500 µm raster width resolution (332). It appears that ST hydroxylation has 

functional relevance in myelin stability and maintenance in the aged brain of humans and is 

dispensable in myelination during development (333). In the present study, the internal capsule 

also showed a lower abundance of the triglycerides TG(58:14) and TG(56:13) and higher 

abundance of the phytosterol 18:1-Glc-Campesterol.  

Spatial distributions in the neurologically-normal CN of LCMS/MS-confirmed members of 

the CL, PA, CerP, PS, PI, PE, ST, SM and PC lipid classes relevant to the results described in 

the preceding passages are illustrated in Fig. 4.11-4.19. 

4.4 Summary 

Using the GM and WM of the neurologically-normal CN as test articles with known differences 

in lipidomic content, the statistical approaches developed in this chapter were sufficient to 

identify biologically-relevant findings in complex MALDIIMS data. The nature of findings 

detected included differences in the mean abundance of lipid signals between analysis regions 

of interest (one-sample t-tests of log2-transformed abundance ratios from paired regions, with 

BenjaminiHochberg correction for false discovery), lipid signals that discriminated between 

analysis regions of interest at particular analyte thresholds irrespective of whether mean 

intensity was different (AUCROC from paired regions compared to a permuted distribution) 

and lipid signals showing intensity gradients within regions (Pearson correlations for co-

localisation analysis). In this manner, a computational framework was established for 

investigating the lipidomic features of the CN in HD (chapter 5) and the SVZ in neurologically-

normal (chapter 6) and HD brains (chapter 7). 
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Fig.  4.7.  Investigation  of  spatial  variation  in  lipid  intensity  within  grey  matter.  (A)  Within‐sample  principal  component 
analyses  performed  on  individual  spectral  (laser  sampling  points)  within  neurologically‐normal  sections.  The  example 
principal component intensity heat maps shown reveal the existence of lipids spatially associated with the subventricular 
zone (SVZ, upper panel) or that show gradients in intensity along the dorsoventral axis of the CN (lower panels). The dorsal 
(D) and ventral (V) aspects of the CN are indicated. (B) Definition of IMS analysis regions within GM in the ventral aspect of 

the neurologically‐normal CV. Ventral regions (V) were defined manually in four cases by reference to co‐registered HELFB 
images. 

 
 
 
 



 

80 

 
 
 
Fig.  4.8.  MALDITOF  images  of  lipid  signals  that  showed  differential  abundance  along  the  dorsoventral  axis  of  the 
neurologically‐normal CN in positive ionisation mode. The dorsal (“D”) and ventral (“V”) aspects of the CN are marked in a 

representative case (H180). Three species with accurate masses of m/z 1576.242, 1577.248 and 1578.259 per FTICR could 
not be confidently assig ned.   
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Fig.  4.9.  MALDITOF  images  of  lipid  signals  that  showed  differential  abundance  along  the  dorsoventral  axis  of  the 
neurologically‐normal CN in negative ionisation mode. The dorsal (“D”) and ventral (“V”) aspects of the CN are marked in a 
representative case (H155). Five species with accurate masses of m/z 458.337, 466.191, 471.230, 608.257 and 613.355 per 

FTICR could not be confidently assigned.   
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Fig. 4.10. MALDIIMS images of lipid signals with different abundance in the internal capsule and the WM surrounding the 
CN.   
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Fig. 4.11. Spatial distributions of cardiolipins (CL) in a representative neurologically‐normal CN section (H109). 
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Fig. 4.12. Spatial distributions of phosphatidic acids (PA) in a representative neurologically‐normal CN section (H109). 

 

 

 

 

 

Fig. 4.13. Spatial distributions of ceramide phosphates  (CerP) and a simple glycosphingolipid  (CerG2)  in a  representative 
neurologically‐normal CN section (H109).   
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Fig. 4.14. Spatial distributions of phosphatidylserines (PS) in a representative neurologically‐normal CN section (H109). 
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Fig. 4.15. Spatial distributions of phosphatidylinositols (PI) in a representative neurologically‐normal CN section (H109). 
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Fig.  4.16.  Spatial  distributions  of  phosphatidylethanolamines  (PE)  in  a  representative  neurologically‐normal  CN  section 
(H109).   
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Fig. 4.17. Spatial distributions of sulfatides (ST) in a representative neurologically‐normal CN section (H109). 

 

 

Fig. 4.18. Spatial distributions of sphingomyelins (SM) in a representative neurologically‐normal CN section (H155). 
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Fig. 4.19. Spatial distributions of phosphatidylcholines (PC) in a representative neurologically‐normal CN section (H155). 
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Chapter 5. Lipidomic Characterisation of the Caudate Nucleus in 

the Human Huntington’s Disease Brain 

5.1 Introduction 

Lipids are the least investigated biomolecules in the processes of selective neurodegeneration 

in HD but have a multidimensional role in its pathology. The first line of evidence implicating 

lipids in the pathogenesis of HD is derived from the function of the HTT protein itself (334). 

Some HTT functions involve direct interaction with lipid membrane interfaces (103–106,335). 

HTT is distributed to specific organelle surfaces and functions in the microtubule-facilitated 

transport of endocytic, synaptic and lysosomal lipid vesicles (335), resulting in an intimate 

interaction between HTT and a variety of membrane lipid constituents (119). For instance, 

based on an electrostatic mechanism for membrane association, the protein has a high affinity 

for phosphorylated PI species (116–118,336,337). More specifically, Nt17 (the 17 N-terminal 

amino acid residues that precede the polyQ tract in exon1 of HTT) functions as a lipid-binding 

domain via formation of a highly conserved amphipathic α-helix (335). The affinity of Nt17 for 

lipid membranes is altered by post-translational modification, which is in turn regulated by the 

complex sphingolipid species known as gangliosides (22,287,338). As mHTT exhibits a similar 

subcellular localisation to the wild type HTT, the involvement of lipids in facilitating the 

acquired toxic functions of mHTT is being increasingly studied. Lipids are found in the mHTT 

aggregates that lead to the generation of cellular and perinuclear inclusions, an important 

neuropathological hallmark of HD (119,339). Considering the association between mHTT and 

membrane lipids, it is also unsurprising that alterations of the mechanical properties of 

membranes, which ultimately cause membrane leakage, have been observed in vitro (21,340–

342). Collectively, it is evident that membrane composition plays a role in the aggregation of 

HTT and the related toxicity. 

Lipids also play a plethora of roles in the proposed processes of neurodegeneration in HD, 

including oxidative stress, mitochondrial dysfunction and neuroinflammation 

(215,217,238,343). Membrane lipids, in addition to providing structural integrity, are also 

reservoirs for potent mediators that are key in maintaining homeostasis as well as evoking 

appropriate cellular responses to stimuli (reviewed in (131,344). As an example, sphingolipids, 

major consitituents of membranes with largest diversity in the brain, rapidly respond to 

endogenous and exogenous TNF-α, IL-1β, Fas ligands, infections by viruses and bacteria as 
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well as chemical and mechanical stimuli (345–347). The stimuli triggers sphingolipid 

metabolism which could have pro- or anti-inflammatory downstream effects. As such, they are 

attractive candidates for therapeutic target discovery or biomarkers of neurodegeneration (348–

351).  

A number of studies have examined the lipidome in the HD context and specifically of the CN 

and putamen; however, there are a number of caveats to be considered in these reports. For a 

start, most studies have focused on a particular molecular species or one class of lipids (28–

30,288). Glycerophospholipids, sphingolipids and cholesterols have remarkably close 

interactions and their metabolism is intimately interconnected (352). For example, mediators 

derived from glycerophospholipids and sphingolipids are mutually regulatory and cell stimuli 

have the potential to modulate the activity of more than one enzyme. Normal lipid homeostasis 

is, therefore, maintained by a complex network of highly diverse (structurally and functionally) 

lipid species, adding extra dimensions of complexity to their biological functions. Given the 

interconnectedness of lipid homeostasis, any alteration in the membrane lipid composition 

under pathological conditions has the potential to impact multiple nodes of the 

glycerophospholipid-sphingolipid-cholesterol network, disrupting communication between the 

three with implications in cell homeostasis (352). As such, it is insufficient to investigate the 

metabolism of one lipid species, class or category only. Secondly, all lipidomic studies of HD 

have primarily utilised conventional modes of mass spectrometry and thereby disregarded any 

information on the spatial distribution of lipids within the CN and the putamen, the regions 

most vulnerable to degeneration. Given the neuroanatomical complexity of the striatum and its 

role in the diverse symptomology of HD, there is a benefit in examining the lipidome of this 

site in carefully prepared tissue. As such, the aim of the study presented in this chapter was to 

conduct a comprehensive lipidomic analysis of the CN in neurologically-normal and age-

matched HD post-mortem brains with varying pathological grades of HD by employing 

MALDIIMS. The work presented here entails the first use of an IMS platform where a 

comprehensive range of lipid species are evaluated and compared in the human HD CN. 
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5.2 Materials and methods 

The general methods utilised in this study are described in chapter 3. Methods specific to this 

chapter are detailed below. 

5.2.1 Tissue collection and selection 

Tissue for this study was collected as described in section 3.1, with cases chosen using criteria 

outlined in section 3.1.1. Briefly fresh-frozen CN sections from neurologically-normal (n = 

10) and HD (n = 13) subjects were used, where the former had no recorded history of 

neurological disease with no evidence of neuropathology and had a mean age of 63 ± 14 years. 

Two females and eight males were included in the normal cohort, which had a mean PMD of 

17 ± 8 h. The 13 HD cases had Vonsattel grade ranging from grade 1 (n = 4), grade 2 (n = 5) 

and grade 3 (n = 4). Mean age in the HD cohort was 61 ± 14 years and the group included three 

female and ten male cases. The mean PMD was 15 ± 10 years. Table 5.1 outlines the details of 

cases used for this study. 

5.2.2 Tissue preparation 

Tissue was sectioned and prepared for MALDI-IMS as described in section 3.2. DAN matrix 

(Sigma-Aldrich, St Louis, MO) was used for both ionisation polarities. This was deposited for 

5 min at 50 mTorr and 140°C. Paired HDnormal CN sections were imaged simultaneously in 

each data acquisition. 

5.2.3 MALDITOF imaging 

MALDIIMS was performed and data externally calibrated using methods reported in section 

3.2.5. The laser was set to the medium beam size. Images were acquired with 150 laser 

shots/spectrum for negative ion mode and 200 shots/spectrum for positive ion mode, with a 

raster step size of 100 µm. Data were collected in the m/z range 320-2000. Each HDnormal 

case pair was imaged together a in single acquisition, alternating the order of tissue section 

analysis for subsequent pairs. HELFB stains were performed on the imaged sections 

following MALDIIMS as described in section 3.5. 

5.2.4 Alignment and analysis of TOF data 

MALDIIMS data were pre-processed and calibrated as described in section 3.3.1. 
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5.2.5 Fourier transform ion cyclotron resonance (FTICR) imaging mass 

spectrometry 

Fourier transform ion cyclotron resonance (FTICR) IMS was performed as described in 

section 3.4.2.  

5.2.6 Liquid chromatographytandem mass spectrometry (LCMS/MS) 

Liquid chromatographytandem mass spectrometry (LCMS/MS) was performed as described 

in section 3.4.1. 

5.2.7 Lipid assignments 

Lipid signals were assigned using procedures outlined in section 3.4. 
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Table 5.1. Details of the HD cases and matched neurologically‐normal control subjects investigated in this study. Histopathological disease grade was determined using the Vonsattel scale (60). 
The symptoms associated with each HD presentation were assessed clinically, and were either mixed (concurrent motor, mood and psychiatric findings) or motor, only. PMD = post‐mortem 
delay. 

HD Cases Controls 

Case Grade Age Sex PMD (h) Symptoms CAG Cause of death Case Age Sex PMD (h) Cause of death 
HC79 1 56 F 4 Mixed 17/49 Cardiorespiratory failure H115 61 M 12 Hypertensive heart disease 

HC55 1 87 M 20 Motor 16/42 Peritonitis H109 81 M 7 Coronary atherosclerosis 

HC92 1 72 M 5 Mood 17/41 Pneumonia H180 73 M 33 Ischaemic heart disease 

HC133 2 65 M 14 Mixed 17/43 Renal failure H155 61 M 7 Myocardial infarction 

HC120 2 51 M 15 Mixed 10/46 Pneumonia H124 49 M 13 Ischaemic heart disease 

HC64 3 47 M 41 Mixed 19/51 Myocardial infarction H165 43 F 26 Nitrogen poisoning 

HC134 2 62 M 9 Mixed 18/43 Huntington’s disease H157 66 M 15 Ischaemic heart disease 

HC62 2 78 F 6 Mixed 18/43 Pneumonia H152 79 M 18 Congestive heart failure 

HC107 3 75 M 3 Mixed 19/43 Bronchopneumonia H190 72 F 19 Ischaemic heart disease 

HC96 3 39 F 20 Mixed 22/53 Starvation with dehydration H189 41 M 16 Myocardial infarction 

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

HC115 2 56 M 16 Mixed 16/46 Pneumonia     - - - -                   - 

HC60 3 64 M 23 Mixed 18/43 Pneumonia     - - - -                   - 

Mean 61 
 

15 
    

63 
 

17 
 

St. Dev. 14 
 

10 
    

14 
 

8 
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5.3 Results 

5.3.1 MALDIIMS of the human HD and neurologically-normal caudate nucleus 

MALDITOF imaging mass spectrometry (MALDIIMS) was performed on CN sections 

from 13 Vonsattel grade 1-3 HD cases (HD-1 n = 4, HD-2 n = 5, HD-3 n = 4), 10 of which had 

age- and sex-matched, neurologically-normal cases (described in chapter 4) that were also 

imaged in paired HD-normal data acquisitions. The two cohorts (Table 5.1) were equivalent 

for both age at death (F-test for non-equivalent variance, p = 0.9; t-test for non-equivalent 

distributions, p = 0.8) and PMD (F-test p = 0.5; t-test for non-equivalent distributions, p = 0.7). 

All HD cases had concurrent mood, motor and cognitive symptoms excepting two, HC55 and 

HC92, which presented initially with only motor and mood dysfunction, respectively. As for 

chapter 4, MALDIIMS identified 400 and 851 m/z signals in positive and negative ionisation 

mode respectively, 274 and 642 of which were assigned accurate masses by subsequent 

FTICR mass spectrometry analysis. These species were thus considered true lipid signals and 

were used as the dataset for all subsequent analyses. Of these lipids, assignments could be made 

for 112 and 260 ions in positive and negative mode, respectively, by database searching of 

accurate masses and/or analysis of fragment spectra from liquid-chromatographytandem mass 

spectrometry (LCMS/MS). Unassigned peaks, which may have represented 13C lipid isotopes, 

were included in analyses and denoted as ‘unassigned’ or by m/z value in graphical outputs. 

Where 13C isotopes could be definitively determined, these are noted as such in the results. 

5.3.2 Lipidomic composition of GM and WM within the HD CN 

The lipidomic characteristics of GM and WM in the neurologically-normal CN were 

investigated in chapter 4. Initially, whether these features are preserved in the CN of HD brains 

was investigated. Accordingly, the analyses performed in neurologically-normal cases were 

repeated using CN sections from 13 human Vonsattel grade 1-3 post-mortem brains. As with 

the neurologically-normal CN, the mean intensities of lipids in HD cases spanned four orders 

of magnitude (Fig. 5.1a-b). In positive ionisation mode (Fig. 5.1c), the GM was rich in PS, PC, 

PC/PE and SM, whereas in negative ionisation mode (Fig. 5.1d), the GM was high in PS and 

PI while PA and PE were variably localised to GM or WM and ST were localised to WM. 

Assessment of lipids as discriminators of GM and WM in the HD CN defined profiles 

consistent to those seen in neurologically-normal brains (Fig. 5.2). As for the latter, comparison 
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of AUCROC distributions derived from experimental and permuted data revealed more m/z 

signals to show AUCROC values divergent from 0.5 than would be expected by chance in 

both positive (Fig. 5.2a) and negative (Fig. 5.2b) ionisation modes. Generating barcode plots 

for the AUCROC values in HD defined patterns consistent with those seen for neurologically-

normal cases (Fig. 5.2c-d). These data provided independent confirmation of the lipidomic 

signatures observed in GM and WM in the CN (chapter 4) and suggested that the relative 

lipidomic specialisation of these regions is broadly conserved in HD. 

 

 

 
Fig. 5.1. Lipidomic comparison of the GM and WM in the HD CN. Comparison of lipid intensity in the GM and WM in positive 
(A)  and  negative  (B)  ionisation modes. Data  points  are  the mean  intensity  among  13  cases, with  lipid  classes  denoted. 
Statistical significance of differences in lipid abundances in the GM or the WM of the HD CN in positive (C) and negative (D) 
ionisation modes. For each lipid, P‐values were computed from one‐sample t‐tests and are plotted as a function of  log2‐

transformed GMWM abundance  ratios. One  sample  t‐tests were performed on 13 within‐sample GMWM abundance 
ratios and tested the null hypothesis that the log2‐transformed quotient  is equal to zero. PC = phosphatidylcholine, PE = 
phosphatidylethanolamine,  PA  =  phosphatidic  acid,  SM  =  sphingomyelin,  PS  =  phosphatidylserine,  ST  =  sulfatide,  Cer  = 
ceramide, CerP = ceramide‐phosphate, CL = cardiolipin, GB = globoside, GM = ganglioside. ‘Other’ denotes assigned species 

not belonging to the listed classes, whereas ‘unassigned’ denotes mass signals that were observed in MALDITOF and FTICR 
spectra but could not be assigned. 
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Fig. 5.2. Assessment of lipids as discriminators between GM and WM in the HD CN. Cumulative distributions of AUCROC for 
lipid signals detected in positive (A) and negative (B) ionisation modes as discriminators of GM and WM. The cumulative 

frequency  distributions  of  AUCROC  for  all  real  GMWM comparisons  (blue)  is  compared  to  the  cumulative  frequency 

distributions  of  AUCROC  from  permuted  (randomly  re‐arranged) GMGM and WMWM comparisons  to  define  a  null 

distribution  devoid  of  biological meaning.  In  the  experimental  data,  AUCROC  is  defined  as  the mean  of  13  intra‐case 

GMWM comparisons. In the permuted data, AUCROC is defined as the mean of 10 permuted GMGM and 10 permuted 

WMWM comparisons. Barcode plots of ROCAUC for lipids ions detected in positive (C) and negative (D) ionisation modes 

as discriminators of GM and WM in the HD CN. Lipids are classified by class and the distribution of ROCAUC values for lipid 
classes  compared  to  the overall distribution  (blue, box‐and‐whisker plot  shows  the  range, median and upper and  lower 
quartiles) and the permuted distribution (red, box‐and‐whisker plot shows the 5th and 95th percentiles, median and upper 
and  lower quartiles). Red dashed  lines denote  the empirical  5% upper and  lower  false discovery  rates derived  from  the 
permuted distribution. 
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Fig. 5.3. Lipidomic comparison of the GM in the HD and neurologically‐normal CN. Comparison of lipid intensity in HD and 
normal  GM  in  positive  (A)  and  negative  (B)  ionisation modes.  Data  points  are  the mean  intensity  of  13  and  10  cases, 
respectively, with lipid classes denoted. Statistical significance of differences in lipid abundances in the GM of HD or normal 
CN in positive (C) and negative (D) ionisation modes. For each lipid, P‐values were computed from one‐sample t‐tests and 

are plotted as a function of log2‐transformed HDnormal abundance ratios. One sample t‐tests were performed on 10 age‐

matched HDnormal abundance ratios and tested the null hypothesis that the log2‐transformed quotient is equal to zero. 
PC  =  phosphatidylcholine,  PE  =  phosphatidylethanolamine,  PA  =  phosphatidic  acid,  SM  =  sphingomyelin,  PS  = 
phosphatidylserine,  ST  =  sulfatide,  Cer  =  ceramide,  CerP  =  ceramide‐phosphate,  CL  =  cardiolipin, GB  =  globoside, GM = 
ganglioside, DHA = docosahexaenoic acid.  ‘Other’ denotes assigned  species not belonging  to  the  listed classes, whereas 

‘unassigned’ denotes mass signals that were observed in MALDITOF and FTICR spectra but could not be assigned. 

 

5.3.3 Comparison of lipid signatures in the neurologically-normal and HD caudate 

nucleus 

Although the basic lipidomic characteristics of GM and WM were conserved in HD, this did 

not preclude aberrations in specific lipid species in the degenerating CN. Therefore, the t-

statistics and ROC analyses used to compare GM and WM were redeployed to compare HD 

and neurologically-normal cases, as pairs matched for age and PMD (n = 10), separately within 

GM and WM. The lipidomic signatures of GM in the HD and normal CN were grossly 

comparable in positive and negative ionisation modes (Fig. 5.3a-b), with select species showing 

moderate albeit consistent differences in intensity. Formal analysis of the latter using t-statistics 

revealed a cluster comprised of SM(d18:1/18:1), SM(d34:1) and their 13C isotopes with higher 

abundance in HD, while PC(40:7) and PS(38:2) showed lower abundance in HD in positive 
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mode (Fig. 5.3c). In negative mode (Fig. 5.3d), PE(42:6), PC(22:1), CL(76:9) and 

docosahexaenoic acid (DHA) showed lower abundance in the HD GM, whereas 

GlcCer(d32:2), GlcCer(d30:0) and either PA(O-36:2) or PA(P-36:1) were more abundant in 

disease samples. Signals with accurate masses of m/z 510.415, 1489.201 and 529.379 by 

FTICR showed differential abundance in HD but could not be confidently assigned. 

Comparison of cumulative frequency distributions for AUCROC values derived from real 

and permuted data (as described in chapter 4) revealed more lipids with values <0.5 (higher in 

HD) than expected by chance in positive mode (Fig. 5.4a) and >0.5 in negative mode (lower 

in HD, Fig. 5.4b). Consistent with the t-statistics, barcode plots of AUCROC values for lipid 

classes identified high SM in GM to be indicative of HD, whereas high PS was indicative of 

neurologically-normal GM in positive mode (Fig. 5.4c). Lower abundance of a range of lipid 

classes in GM was indicative of HD in negative ionisation mode, notably including CL, PI, PA 

and PS. A lower mass signal for the ω−3 fatty acid DHA in GM was also indicative of HD 

(abundance ratio 0.75 ± 0.07, AUCROC 0.74 ± 0.05; mean ± standard error of the mean, n = 

10).  

Applying the same statistical approaches to the comparison of the HD and neurologically-

normal CN within WM identified fewer differences than seen in GM. The overall distributions 

of lipid intensities were highly correlated between diseased and normal cases in both positive 

and negative ionisation modes (Fig. 5.5a-b). In positive mode, PI-Cer(34:0) was the sole signal 

showing significantly lower abundance in HD WM (0.70 ± 0.11, n = 10; Fig. 5.5c), whereas 

PA(32:0) (0.77 ± 0.07), GB(d38:1) (0.81 ± 0.08), GM1(d36:1) (0.79 ± 0.09) and either 

PC(26:1) or PE(29:1) (0.65 ± 0.07) were identified as less abundant in HD WM in negative 

ionisation mode (Fig. 5.5c). Comparing AUCROC distributions for real and permuted data 

suggested few species to provide significant ROC curves beyond what would be expected by 

chance in WM (Fig. 5.6a-b). Appraisal of barcode plots was consistent with this view, with no 

discriminative m/z signals seen in positive ionisation mode (Fig. 5.6c) and only PA(32:0) and 

either PC(26:1) or PE(29:1) found to be discriminative in negative mode, both trending lower 

in HD (Fig. 5.6d). MALDITOF images for lipids that showed differential abundance in HD 

are shown in Fig. 5.7-5.8 and the relative intensities, t-statistics and AUCROC for these 

species are listed in Tables 5.2-5.6.  
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Fig. 5.4. Assessment of lipids as discriminators between GM in the HD and neurologically‐normal CN. Cumulative distributions 

of AUCROC for lipid signals detected in positive (A) and negative (B) ionisation modes as discriminators. The cumulative 

frequency  distributions  of  AUCROC  for  all  real  HDnormal  comparisons  (n  =  10,  blue)  is  compared  to  the  cumulative 

frequency distributions of AUCROC from permuted (randomly re‐arranged) GMGM and WMWM comparisons to define 

a  null  distribution devoid of  biological meaning.  In  the  experimental  data, AUCROC  is  defined  as  the mean of  10  age‐

matched HDnormal comparisons. In the permuted data, AUCROC is defined as the mean of 10 permuted GMGM and 10 

permuted WMWM  comparisons.  Barcode  plots  of  ROCAUC  for  lipids  ions  detected  in  positive  (C)  and  negative  (D) 
ionisation modes as discriminators of GM  in  the HD and neurologically‐normal CN.  Lipids are  classified by  class and  the 

distribution of ROCAUC values for lipid classes compared to the overall distribution (blue, box‐and‐whisker plot shows the 
range, median and upper and lower quartiles) and the permuted distribution (red, box‐and‐whisker plot shows the 5th and 
95th percentiles, median and upper and lower quartiles). Red dashed lines denote the empirical 5% upper and lower false 
discovery  rates  derived  from  the  permuted  distribution.  Red  arrows  highlight  lipid  classes  for which  the  distribution  of 

AUCROC values are skewed toward higher in HD or neurologically‐normal samples. DHA = docosahexaenoic acid. 
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Fig. 5.5. Lipidomic comparison of the WM in the HD and neurologically‐normal CN. Comparison of lipid intensity in HD and 
normal WM in positive (A) and negative (B) ionisation modes. Data points are the mean intensity among 13 and 10 cases, 
respectively, with lipid classes denoted. Statistical significance of differences in lipid abundances in the WM of HD or normal 
CN in positive (C) and negative (D) ionisation modes. For each lipid, P‐values were computed from one‐sample t‐tests and 

are plotted as a function of log2‐transformed HDnormal abundance ratios. One sample t‐tests were performed on 10 age‐

matched HDnormal abundance ratios and tested the null hypothesis that the log2‐transformed quotient is equal to zero. 
PC  =  phosphatidylcholine,  PE  =  phosphatidylethanolamine,  PA  =  phosphatidic  acid,  SM  =  sphingomyelin,  PS  = 
phosphatidylserine,  ST  =  sulfatide,  Cer  =  ceramide,  CerP  =  ceramide‐phosphate,  CL  =  cardiolipin, GB  =  globoside, GM = 
ganglioside. ‘Other’ denotes assigned species not belonging to the listed classes, whereas ‘unassigned’ denotes mass signals 

that were observed in MALDITOF and FTICR spectra but could not be assigned.   
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Fig.  5.6.  Assessment  of  lipids  as  discriminators  between  WM  in  the  HD  and  neurologically‐normal  CN.  Cumulative 

distributions of AUCROC for lipid signals detected in positive (A) and negative (B) ionisation modes as discriminators. The 

cumulative  frequency  distributions  of  AUCROC  for  all  real  HDnormal  comparisons  (n  =  10,  blue)  is  compared  to  the 

cumulative  frequency  distributions  of  AUCROC  from  permuted  (randomly  re‐arranged)  GMGM  and  WMWM 

comparisons to define a null distribution devoid of biological meaning. In the experimental data, AUCROC is defined as the 
mean of 10 age‐matched HDnormal comparisons. In the permuted data, AUCROC is defined as the mean of 10 permuted 

GMGM and 10 permuted WMWM comparisons. Barcode plots of ROCAUC for lipids ions detected in positive (C) and 
negative (D) ionisation modes as discriminators of WM in the HD and neurologically‐normal CN. Lipids are classified by class 

and the distribution of ROCAUC values for lipid classes compared to the overall distribution (blue, box‐and‐whisker plot 
shows the range, median and upper and lower quartiles) and the permuted distribution (red, box‐and‐whisker plot shows 
the 5th and 95th percentiles, median and upper and lower quartiles). Red dashed lines denote the empirical 5% upper and 
lower false discovery rates derived from the permuted distribution.   
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Fig. 5.7. MALDITOF images of lipid signals that showed differential abundance in the HD and neurologically‐normal CN in 
positive ionisation mode. A represented age‐matched case pair is illustrated. GlcCer = glucosylceramide. 
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Fig. 5.8. MALDITOF images of lipid signals that showed differential abundance in the HD and neurologically‐normal CN in 
negative ionisation mode. A represented age‐matched case pair is illustrated. DHA = docosahexaenoic acid. 
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Table 5.2. Lipid species determined to have lower abundance in the GM of HD than neurologically‐normal cases by one‐sample t‐test. AUCROC and HDnormal ratios are presented as the 

mean ± standard error of the mean from 10 comparisons of matched HDnormal cases. * denotes an assignment confirmed by LCMS/MS. P‐values are from two‐tailed, one‐sample t‐tests of 

log2‐transformed HDnormal ratios, using the null hypothesis that this measure is equal to zero. 

Assignment Predicted m/z Accuracy (ppm) TOF obs. m/z FT obs. m/z AUCROC HDnormal ratio P-value 

Docosahexaenoic acid H 327.233 1 327.4 327.233 0.738 ± 0.052 0.75 ± 0.07 0.0104 

Adrenic acid H 331.264 1 331.4 331.264 0.747 ± 0.050 0.76 ± 0.08 0.0160 

CL(76:9) H 1502.008 7† 1501.9 1502.018 0.616 ± 0.026 0.85 ± 0.04 0.0090 

CL(76:10) H 1499.996 6 1500.0 1500.005 0.626 ± 0.037 0.85 ± 0.07 0.0434 

PS(22:4/0:0) H 572.299 11 572.4 572.293 0.640 ± 0.046 0.86 ± 0.05 0.0218 

PS(38:1) +NH4 835.617 5 835.6 835.613 0.671 ± 0.067 0.75 ± 0.12 0.0357 

PS(38:2) +NH4 833.602 4 833.0 833.598 0.678 ± 0.055 0.72 ± 0.09 0.0104 

PA(18:1) H 435.252 1 435.3 435.252 0.703 ± 0.057 0.83 ± 0.07 0.0273 

PI(18:0/0:0) H 599.320 1 599.4 599.321 0.769 ± 0.062 0.74 ± 0.09 0.0137 

PI-Cer(34:0) +H 798.549 2 798.6 798.551 0.634 ± 0.082 0.76 ± 0.13 0.0499 

PC(22:1) H 590.383 9 590.5 590.388 0.681 ± 0.037 0.77 ± 0.04 0.0003 

PC(30:4) H or PE(33:4) H 696.461 13 696.5 696.470 0.615 ± 0.036 0.88 ± 0.04 0.0099 

PC(40:6) +H 834.601 11* 834.6 834.610 0.693 ± 0.066 0.72 ± 0.12 0.0252 

PC(40:7) +H 832.585 9* 832.6 832.593 0.729 ± 0.053 0.67 ± 0.09 0.0056 

PE(42:6) H 818.571 5* 818.6 818.574 0.736 ± 0.024 0.75 ± 0.04 0.0005 

Assignment confirmed by Orbitrap LCMS/MS (353). 
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Table 5.3. Lipid species determined to have higher abundance in the GM of HD than neurologically‐normal cases by one‐sample t‐test. AUCROC and HDnormal ratios are presented as the 

mean ± standard error of the mean from 10 comparisons of matched HDnormal cases. * denotes an assignment confirmed by LCMS/MS. P‐values are from two‐tailed, one‐sample t‐tests of 

log2‐transformed HDnormal ratios, using the null hypothesis that this measure is equal to zero. 

Assignment Predicted m/z Accuracy (ppm) TOF obs. m/z FT obs. m/z AUCROC HDnormal ratio P-value 

SM(d34:1) +H 703.575 4* 703.6 703.578 0.258 ± 0.052 1.65 ± 0.26 0.0131 

13CSM(d18:1/18:1) +H 704.575 9 704.6 704.581 0.276 ± 0.056 1.59 ± 0.25 0.0184 

SM(d18:1/18:1) +H 729.591 6* 729.6 729.595 0.191 ± 0.045 2.06 ± 0.51 0.0108 

13C SM(d18:1/18:1) +H 730.591 11 730.6 730.598 0.234 ± 0.048 1.80 ± 0.44 0.0240 

GlcCer(d30:0) H 642.495 11 642.5 642.488 0.273 ± 0.094 1.84 ± 0.26 0.0084 

GlcCer(d32:2) H 668.511 11 668.4 668.504 0.349 ± 0.042 1.33 ± 0.09 0.0074 

GlcCer(d35:2) +NH4 745.594 10 745.6 745.601 0.358 ± 0.065 1.33 ± 0.14 0.0404 

PE(P-16:0/18:4) +Na 718.478 6 718.6 718.474 0.308 ± 0.070 1.50 ± 0.26 0.0415 

PE-Cer(d38:2) H 713.560 2 713.6 713.561 0.243 ± 0.087 2.50 ± 0.65 0.0228 

PS(36:2) H 786.529 2* 786.5 786.531 0.320 ± 0.075 1.67 ± 0.27 0.0168 

PS(38:2) H 814.560 4* 814.6 814.563 0.379 ± 0.058 1.51 ± 0.24 0.0395 

PE (36:2) +H 744.590 1* 744.6 744.591 0.357 ± 0.058 1.37 ± 0.16 0.0292 

PA(O-36:2) -H or PA(P-36:1) H 685.518 0 685.5 685.518 0.375 ± 0.043 1.28 ± 0.08 0.0055 

PI(O-16:0_20:4) H 843.591 10* 843.7 843.599 0.364 ± 0.062 1.32 ± 0.11 0.0258 
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Table 5.4. Lipid species that discriminated HD from neurologically‐normal GM by ROC analysis, showing lower abundance in HD. AUCROC and HDnormal ratios are presented as the mean ± 

standard error of the mean from 10 comparisons of matched HDnormal cases. * denotes an assignment confirmed by LCMS/MS.  

Assignment Predicted m/z Accuracy (ppm) TOF obs. m/z FT obs. m/z AUCROC 

Docosahexaenoic acid H 327.233 1 327.4 327.233 0.738 ± 0.052 

Adrenic Acid H 331.264 1 331.4 331.264 0.747 ± 0.050 

PS(42:5) H 864.576 6* 864.6 864.571 0.669 ± 0.083 

PS(38:2) +NH4 833.602 4 833.6 833.598 0.678 ± 0.055 

PS(38:1) +NH4 835.617 5 835.6 835.613 0.671 ± 0.067 

PE(18:0_22:4) H 794.571 3* 794.7 794.573 0.660 ± 0.059 

PE(18:0_20:4) H 766.539 3* 766.6 766.541 0.655 ± 0.062 

PE(18:0_22:5) H 792.555 11* 792.6 792.546 0.675 ± 0.081 

PE(42:6) H 818.571 5* 818.6 818.574 0.736 ± 0.024 

PE(18:0_22:6) H 790.539 3* 790.7 790.542 0.736 ± 0.076 

PE(18:0) H 480.310 1* 480.3 480.310 0.693 ± 0.071 

PC(40:6) +H 834.601 11* 834.6 834.610 0.693 ± 0.066 

PC(22:1) H 590.383 9 590.5 590.388 0.681 ± 0.037 

PC(40:7) +H 832.585 9* 832.6 832.593 0.729 ± 0.053 

LPC(16:0) +H 496.340 6* 496.4 496.343 0.651 ± 0.083 

Cer(d36:1) H 564.536 1 564.5 564.537 0.712 ± 0.079 

Cer(d36:2) H 562.521 1 562.6 562.521 0.690 ± 0.094 

PI(18:1_20:4) H 883.534 3* 883.6 883.537 0.656 ± 0.062 

PI(18:0/0:0) H 599.320 1 599.4 599.321 0.769 ± 0.062 

PA(18:1) H 435.252 1 435.3 435.252 0.703 ± 0.057 
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Table 5.5. Lipid species that discriminated HD from neurologically‐normal GM by ROC analysis, showing higher abundance in HD. AUCROC and HDnormal ratios are presented as the mean ± 

standard error of the mean from 10 comparisons of matched HDnormal cases. * denotes an assignment confirmed by LCMS/MS.  

Assignment Predicted m/z Accuracy (ppm) TOF obs. m/z FT obs. m/z AUCROC 

SM(d18:1/18:1) +H 729.591 6* 729.6 729.595 0.191 ± 0.045 
13C-SM(d18:1/18:1) +H 730.591 11* 730.6 730.598 0.234 ± 0.048 

SM(d34:1) +H 703.575 4* 703.6 703.578 0.258 ± 0.052 
13C-SM(d34:1) +H 704.575 9* 704.6 704.581 0.276 ± 0.056 

SM(d36:1) +H 731.606 7* 731.6 731.611 0.313 ± 0.071 

SM(d35:1) H 715.576 1 715.5 715.577 0.338 ± 0.087 

PE-Cer(d38:2) H 713.560 2 713.6 713.561 0.243 ± 0.087 

PE(P-16:0/18:4) +Na 718.478 6 718.6 718.474 0.308 ± 0.070 

PE(37:6) H 748.492 13* 748.7 748.502 0.323 ± 0.082 

PE(16:0_18:1) H 716.524 2* 716.6 716.525 0.344 ± 0.088 

PC(32:1) +H 732.554 6* 732.6 732.558 0.322 ± 0.069 
13C-PC(32:1) +H 733.554 10* 733.6 733.561 0.340 ± 0.066 

PS(36:2) H 786.529 2* 786.5 786.531 0.320 ± 0.075 

PG(O-40:6) H or PG(P-40:5) H 807.555 4 807.6 807.551 0.346 ± 0.060 
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Table 5.6. Lipid species determined to have lower abundance in the WM of HD than neurologically‐normal normal cases by one‐sample t‐test. AUCROC and HDnormal ratios are presented 

as the mean ± standard error of the mean from 10 comparisons of matched HDnormal cases. P‐values are from two‐tailed, one‐sample t‐tests of log2‐transformed HDnormal ratios, using the 
null hypothesis that this measure is equal to zero. 

Assignment Predicted m/z Accuracy (ppm) TOF obs. m/z FT obs. m/z AUCROC HDnormal ratio P-value 

PA(32:0) H 647.466 2 647.5 647.467 0.692 ± 0.061 0.77 ± 0.07 0.012 

PI(18:0/0:0) H 599.320 1 599.4 599.321 0.629 ± 0.064 0.84 ± 0.08 0.040 

Cer(d36:1) H 564.536 1 564.5 564.537 0.596 ± 0.059 0.81 ± 0.08 0.043 

PS(22:6) H 568.268 2 568.3 568.269 0.570 ± 0.039 0.89 ± 0.05 0.043 

Globoside(d38:1) H  1573.921 6 1573.7 1573.912 0.562 ± 0.028 0.81 ± 0.08 0.030 

GM1(d36:1) H 1544.869 6 1544.8 1544.879 0.560 ± 0.031 0.79 ± 0.09 0.030 
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5.4 Discussion 

5.4.1 Alteration of sphingolipid levels in HD 

In this study, the lipidome of the GM of the CN and the surrounding WM was comprehensively 

characterised in HD post-mortem brains spanning a range of Vonsattel grades. This analysis 

identified that while some lipids are altered in the HD CN, the majority are preserved relative to 

neurologically-normal brains matched for age and PMD. The lipidomic features of the GM and 

WM in the normal CN were also described, features that were also largely preserved in HD. The 

lipid species that were found to be altered in HD are largely in agreement with the previous 

findings in HD models in addition to post-mortem brains, which are discussed in detail in chapter 

2. The disruption of sphingolipid metabolism in particular has been reported previously in HD 

and is described in section 2.7.7. For example, the ganglioside GM1 has been consistently 

described to be low in HD across many studies and was also observed as such in this chapter. 

The therapeutic potential of GM1 infusion has been investigated in a range of HD mouse models 

and showed promising efficacy (286–288) with improvement or near complete resolution of a 

wide range of symptoms described. Such improvements in the different categories of symptoms 

associated with HD indicate that the administration of GM1 exerts pharmacodynamic effects on 

those neurons involved in both limbic or motor circuits. The finding reported in chapter 4 that 

GM1 is distributed throughout the neurologically-normal CN as seen by MALDIIMS supports 

such a notion. 

While GM1 was observed to be low in HD, other sphingolipid species such as SM showed higher 

abundance in the HD CN. This finding is in keeping with a recent study that probed the 

metabolite profiles of various tissues including the striatum of 8-month old transgenic HD 

(B6.Hdh Q111/+) mice (354). The greatest metabolic changes in HD mice were detected in the 

striatum and importantly, lipid metabolites strongly discriminated the striatum of HD mice from 

those of the control strain, implicating that lipid alterations are accompanied by changes in their 

respective metabolites. SM in particular were seen to be at higher abundance in the striatum of 

the HD mice. The present study, therefore, provides the first evidence that this phenomenon is 

also seen in human HD. Given that the synthesis of SM is catalysed by SMS enzymes (described 

in section 2.7.6), it would be of interest to examine the expression levels of SMS1 and SMS2 in 

the human HD striatum. Examining the expression of CERT, the protein responsible for the 

transport of ceramide from the endoplasmic reticulum to the Golgi apparatus where SM synthesis 

occurs, would also be of interest. The functional implications of SM accumulation in the 
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pathogenesis of HD, if any, remain unclear and should be a key subject for future research. It is 

notable that SM levels are low in the brain in Alzheimer’s disease due to an increased activity of 

SMase enzymes, which leads to the elevation of ceramide that eventually triggers downstream 

inflammatory and apoptotic effects (355).  

Several glucosylceramide species (GlcCer, also known as glucocerebrosides) were amongst the 

other sphingolipids found to show higher abundance in the HD CN in this study. This condition 

resembles that seen in Gaucher disease, where levels of GlcCers are pathogenically increased 

due to a defective glucocerebrosidase enzyme that results from an inherited mutation in the GBA 

gene. In a mouse model of Gaucher disease, it was demonstrated that once neuronal 

accumulation of GlcCer reaches a critical threshold, a series of downstream effects such as 

neuroinflammation is triggered that subsequently leads to neurodegeneration (356,357). 

Furthermore, the model showed region-specific susceptibility to the elevated levels of GlcCer 

(358). Another study that examined peripheral tissues in a Gaucher mouse model found that the 

accumulation of GlcCer triggers increased activity in the complement system that participates in 

the inflammatory process (359). The significant elevation of complement system was observed 

in dendritic cells and sera of GCase-deficient mice or following pharmacological inhibition of 

GCase. This effect was accompanied by tissue inflammation and production of pro-inflammatory 

cytokines. Interestingly, an increase in mRNA expression of complement genes has been 

reported in a comprehensive study of gene expression in HD post-mortem brains (360). Given 

the present observation that GlcCer are increased in the HD CN and the parallels to Gaucher 

disease, these lipids should be investigated for a functional role in the pathogenesis of HD. 

5.4.2 Lipids may be implicated in mitochondrial dysfunction in HD 

Mitochondrial dysfunction – characterised by reduced oxidative ATP synthesis and increased 

generation of ROS – is a major driver of cell loss in HD and an early event in its pathogenesis 

that is also seen in Alzheimer’s disease, Parkinson’s disease and amyotrophic lateral sclerosis 

(361–363). Significant striatal hypometabolism and concomitant reduced D2R binding that 

correlates with neurological functional decline have been previously reported in both 

asymptomatic and symptomatic HD patients (364,365). Furthermore, bilateral reduced glucose 

utilisation was observed to precede striatal loss while appearing normal throughout the rest of 

the brain, irrespective of the severity of symptoms and tissue degeneration (366). This implies 

that the brain has regional variation in susceptibility to impairment of mitochondrial 

bioenergetics (367). The lipidome analysis of the HD CN reported here identified lower 
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abundance of CL species as a class to be generally indicative of the HD CN. CL are tetra-acyl 

phospholipids exclusively found in the inner mitochondrial membrane, where they can be 

synthesised (368,369). Mitochondrial functionality and membrane integrity are dependent on CL 

as these phospholipids have a significant role in respiratory supercomplexes (which constitute 

the electron transport chain) and thus have an intimate association with oxidative ATP 

production (370,371). As such, the low abundance of CL observed in this study suggests that 

they are likely to be implicated in (or symptomatic of) the mitochondrial impairment in HD and 

may represent a previously unknown aspect of its pathogenesis. CL have been the focus of 

studies in Alzheimer’s disease, where synaptic mitochondria showed deficiency in CL and ATP 

production with decay of complex 1 activity, while the non-synaptic mitochondrial CL profile 

and function were preserved in 3 month old 3x Tg Alzheimer’s disease mice (372). 

A recent study investigating mitochondrial function in HD lymphoblasts reported that while 

complex 1 activity was reduced, the total cellular pool and the molecular diversity of CL 

remained unchanged (373). The authors concluded that mitochondrial impairment in HD 

lymphoblasts is not due to alterations in CL metabolism. Although the reported findings may 

apply to the lymphocytic lineage examined in the study, a substantial body of work suggests that 

there are inherent mitochondrial differences across tissues, cell types and even subcellular 

compartments within neurons (374,375). As such, it is unsurprising that anatomical selectivity 

in mitochondrial impairment is seen in HD, despite mHTT being ubiquitously expressed. With 

respect to the potential involvement of CL, the context of anatomical region and susceptibility 

of MSNs is even more crucial. While the majority of mammalian tissue is predominantly 

enriched in CL with four linoleic acid (18:2) substituents, brain CL are principally comprised of 

stearic (18:0), oleic (18:1), docosahexaenoic (22:6) and arachidonic (20:4) acids (376–378). 

While the functional implications of such differences in fatty acid composition are yet to be 

understood, the brain CL with higher double bond content are more susceptible to peroxidation 

and presumably have other physicochemical distinctions (379). Although the mitochondria of 

peripheral tissues are more readily accessible, it is, therefore, crucially important to perform 

mitochondrial studies in disease-relevant cells or tissue explants. 

5.4.3 Neuroprotective fatty acids are low in the HD caudate nucleus 

MALDIIMS analysis of the CN of HD and neurologically-normal sections indicated that two 

long-chain polyunsaturated fatty acids – docosahexaenoic acid (DHA, 22:6, m/z 327.1) and 

adrenic acid (also known as docosatetraenoate, 22:4, m/z 331.3) – to be lower in abundance in 
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HD. These 22-carbon fatty acids are the predominant substituents of neural membrane 

glycerophospholipids in the GM of regions such as the hippocampus, substantia nigra and frontal 

cortex (193). Their functional importance is two fold. Firstly, they are precursors of prostanoids, 

a subclass of eicosanoids that are key regulatory mediators of inflammation (380). Secondly, 

they contribute to establishing the fluidity of the membranes in which they are situated and thus 

influence the dynamics of membrane-associated enzymes and receptors (381,382). Optimal brain 

homeostasis is dependent on the maintenance of an appropriate level of membrane fluidity, 

which itself is dependent on the degree of saturation of the fatty acid constituents of the 

phospholipid bilayer (383). This also regulates the appropriate release of second messengers 

from membrane glycerophospholipids during neuronal activation that constitute central 

components of signalling systems, including fatty acids, phosphatidylinositol 1,4,5-

triphosphates, platelet activating factor, lysophosphatidic acids, endocannabinoids and 

diacylglycerol (211). 

DHA has been previously reported to show higher abundance in the liver of a presymptomatic 

sheep model of HD (384) and lower abundance in the erythrocyte membranes of HD patients 

(278). However, low abundance of DHA and adrenic acid has not been previously reported in 

the human HD post-mortem CN, the major site of pathology in this disease. The finding is of 

substantial interest since the therapeutic activity of DHA and a variety of other factors such as 

coenzyme Q10, has been explored in preclinical models and clinical trials (reviewed in (385). 

These trials have reported discrepant outcomes, with improvements in movement dysfunction 

observed in some instances. The distribution of DHA observed by MALDIIMS spanned the 

neurologically-normal CN (chapter 4), with lower levels detected in its ventral aspect, an area 

that is primarily involved in regulation of the limbic system. DHA expression thus has regional 

specificity that correlates with the localisation of neurons involved in motor circuitry and may 

have the greatest neuroprotective relevance for these cells. Such a hypothesis would be in 

keeping with evidence for improvements in motor function seen in DHA-supplemented HD 

patients. In line with cellular damage induced by mitochondrial dysfunction and oxidative stress, 

long-chain fatty acids such as DHA are considered part of the evolutionarily-conserved cellular 

antioxidant system (239,386). Striatal lipid peroxidation is considered to be important in the 

pathogenesis of HD as it has been shown to parallel the progression of a neurologic dysfunction 

phenotype in transgenic R6/2 HD mice (387). Antioxidants such as DHA mitigate oxidative 

stress by increasing antioxidant enzymes in the brain and substituting oxidised lipids, thus 

suppressing lipid peroxidation and the formation of protein adducts (388–390). As an example, 
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the corresponding lipid mediators derived from DHA metabolism are the anti-inflammatory, 

antioxidant and anti-apoptotic docosanoids (193). Long chain fatty acids such as DHA are 

particularly enriched in PS, PE and PC species (235). It is unclear whether the lower abundance 

of DHA and adrenic acid observed in this study is due to fatty acid chain remodelling or to a 

complete loss of their host phospholipids. It is interesting to note that various species of PE, PC 

and PS with longer acid acid chains (PS in particular is very rich in DHA in GM) were found to 

be lower in the GM of the CN in HD (193), whereas lipids with shorter fatty acid substituents in 

the PE and PC classes were higher in the HD caudate parenchyma. One possibility is that a shift 

from longer-chain to shorter-chain fatty acids is a contributing factor to the lower abundance of 

the long-chain, highly-unsaturated species that are known to have antioxidant effects. A 

biochemical change of this type is known as membrane remodelling and is a dynamic feature of 

bilayer membranes that directly enables rapid intra- and extracellular responses to physiological 

cues (391). A shift in the major fatty acid substituents of phospholipids as seen in this study 

combined with a lower abundance of DHA is likely to implicate a ‘cascade’ effect in the HD 

CN. 

5.5 Summary 

The role of lipids in the pathology of neurodegeneration in HD is becoming increasingly evident. 

The aim of the study presented in this chapter was to conduct a lipidomic analysis of the CN in 

neurologically-normal and age-matched HD post-mortem brains with varying grades of 

neuropathology by employing MALDIIMS. The work presented here entails the first use of an 

IMS platform where a comprehensive range of glycerophospholipids and sphingolipids species 

was evaluated and compared in the human HD CN. The observations confirmed previous 

findings of lower levels of ganglioside GM1. Lower levels of long chain fatty acids with 

antioxidant properties and mitochondrial membrane-bound CL were also detected. In contrast, 

higher levels of proliferative and inflammatory mediators, SM, were detected. The results 

suggest that there is lower oxidative stress tolerance, compromised mitochondrial function and 

elevation of inflammatory mediators in the HD CN. 
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Chapter 6. Layer-Specific Lipid Signatures in the Human 

Subventricular Zone Demonstrated by Imaging Mass 

Spectrometry 

6.1 Introduction 

The role of lipids in stem cell biology and plasticity is gaining increasing relevance due to their 

diverse contributions to stem cell behaviour (392). For instance, lysophosphatidic acid, a simple 

glycerophospholipid, may act as a potent neuromodulator by altering membrane potential, 

thereby influencing neural progenitor fate (393). The same lipid also acts as a chemorepulsive 

molecule to cause neurite retraction and cell rounding, influencing the migration of neural 

progenitors and nascent neurons during corticogenesis (394,395).  

While the role of lipids during development has been reported, recent work has highlighted their 

importance in regulation of adult NSCs. Knobloch et al. highlighted the requirement for de novo 

lipogenesis in adult neurogenesis, where the rate-limiting lipogenic enzyme, fatty acid synthase 

(FASN), shows higher expression in proliferating neural stem cells (NSCs) than their 

differentiated progeny both in vitro and in vivo (17). In the same study, hierarchical clustering 

of lipid metabolomes successfully discriminated proliferating from non-proliferating NSCs 

derived from the murine SVZ and dentate gyrus, while the small molecule FASN inhibitor 

orlistat provided concentration-dependent inhibition of NSC proliferation as assessed by 

bromodeoxyuridine uptake (17). Transcriptomic studies identified lipid metabolism genes as 

among the most differentially expressed between populations of activated and quiescent NSCs. 

Single-cell RNA sequencing similarly revealed lipid biosynthesis and fatty acid metabolism 

genes to be highly expressed in NSCs derived from the SVZ (18,19). Collectively, such studies 

suggest that coordination of lipid synthesis and metabolism is involved in regulating the 

transition of NSCs from a quiescent (non-proliferating) to an active (proliferating) state.  

The process of adult neurogenesis does not only involve the activation and proliferation of NSCs 

but it encompasses an ensemble of cellular programmes including the lineage commitment of 

neural progenitors, migration and differentiation into functional neurons and their survival and 

integration into existing brain circuits (reviewed in Bond et al. (2015) (396). Neurogenesis is 

modulated by signals arising cell-autonomously and extrinsically from the niche in which NSCs 

reside, indicating the high responsiveness of NSCs to environmental molecular cues. The SVZ 

laminae exhibit intimate functional interactions but differ in their cellular compositions and 
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biological properties. Neurogenic responses of the SVZ are perturbed under disease conditions 

and have been studied intensively in the context of ageing, neurodegenerative diseases, 

psychiatric disorders and brain injury (152,397).  

Understanding the cues that are present in the neurogenic niche and how they regulate 

neurogenesis and plasticity in humans is, therefore, an important objective. Furthermore, given 

the evident differences in the human SVZ relative to other animals, studying these phenomena 

directly in humans is vital (14,398). In light of these findings and given that NSCs are highly 

responsive to external stimuli, the existence of a specialised lipid signature in the SVZ, the largest 

cache of NSC in adult brain, was hypothesised.  

The aim of the work presented in this chapter was to investigate the lipid signature of the largest 

area of plasticity in the adult human brain, the SVZ, in which we have no knowledge of the 

specific lipids, or indeed the classes of lipids, that are present. To achieve this, MALDIIMS 

was applied to human SVZ with high-throughput analysis of lipid neurochemistry by 

simultaneously interrogating the relative abundance and spatial distribution of many ionised 

species. This approach capitalised on the small raster widths achieved by the modern commercial 

MALDIIMS instruments providing high resolution and thus unique opportunities to investigate 

the lipid composition of the SVZ with the specialised cytoarchitecture preserved.  
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6.2 Materials and methods 

The general methods utilised in this study are described in chapter 3. Methods specific to this 

chapter are detailed below. 

6.2.1 Tissue collection 

Fresh-frozen, post-mortem human brain tissue from CN blocks of neurologically-normal donors 

(n = 4) was obtained as previously described in section 3.1. The presence of intact SVZ on the 

CN sections was confirmed by performing HELFB staining on serial sections immediately 

adjacent to those used for MALDIIMS. The age, sex, cause of death and PMD of the cases used 

in this study are provided in Table 6.1. 

 

Table 6.1. Details of the study cohort. PMD = post‐mortem delay. 

Case Age (y) PMD (h) Sex Cause of death 

H123 78 7.5 M Ruptured aortic aneurysm 

H155 61 7 M Asphyxia 

H165 43 26 F Nitrogen poisoning 

H245 63 20 M Asphyxia 

Mean 61 15 - - 

SD 14 9 - - 

 

6.2.2 Tissue preparation 

The tissue blocks were cryostat-sectioned and prepared for MALDIIMS as described in section 

3.2. All sections were obtained from the central region of the rostral-caudal axis of the SVZ. For 

MALDIIMS in positive mode, DHB (Sigma-Aldrich, St Louis, MO) was deposited onto the 

samples by vacuum sublimation for 10 min at approximately 50 mTorr and 110⁰C. For 

MALDIIMS in negative mode, DAN (Sigma-Aldrich, St Louis, MO) was similarly deposited 

for 5 min at approximately 50 mTorr and 140⁰C. 

6.2.3 MALDITOF  

MALDIIMS was performed and TOF data externally calibrated as described in section 3.2.5. 

The laser was set to the minimum beam size (10 µm). Images were acquired with 150 laser 

shots/spectrum for negative ion mode and 200 shots/spectrum for positive ion mode, with a raster 
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step size of 10 µm. Data were collected in the m/z range of 320-2000. Post-MALDI HELFB 

stains were performed as described in section 3.5. 

6.2.4 Alignment and analysis of TOF data 

MALDITOF spectra were pre-processed and realigned using the Batch Processing macro of 

flexAnalysis v3.3 (Bruker Daltonics, Bremen, Germany) with a custom algorithm as reported in 

detail in section 3.3.1. Realigned spectra were read into SCiLS Lab 2016b (Bruker Daltonics, 

Bremen, Germany), where baseline subtraction was achieved using the convolution algorithm 

and data were normalised using the TIC. Peak finding was performed for each 9th spectrum (to 

manage processing times) with interval widths of ± 0.12 Da (positive mode) or 0.15 Da (negative 

mode) and a maximum of 300 signals per spectrum. Post-MALDI HELFB images were co-

registered with the IMS images and used to define the SVZ and CN as analysis regions. The 

abundances of lipid signals within regions were compared using spatial co-localisation (Pearson 

correlation), AUC and one-sample t-tests as described in sections 3.3.5-3.3.7. For each analytical 

approach, intra-case SVZ-CN comparisons were made and the inter-case mean ± standard error 

of the mean of each statistical metric is reported. 

6.2.5 Fourier transform ion cyclotron resonance (FTICR) imaging mass spectrometry 

(IMS) 

Accurate masses were obtained to facilitate analyte assignments using FTICR IMS as described 

in section 3.4.2. 

6.2.6 Liquid chromatographytandem mass spectrometry (LCMS/MS) 

Liquid chromatographytandem mass spectrometry (LCMS/MS) was used for lipid 

assignments by assessment of fragment spectra as reported in section 3.4.1.  

6.2.7 Lipid assignments 

Lipid assignments were made by integrated assessment of accurate masses obtained by FTICR 

and fragment ion spectra from LCMS/MS as described in section 3.4. Where ≥2 assignments 

could not be discriminated, all possibilities are reported.  
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6.3 Results 

6.3.1 The human SVZ has a distinct lipidomic signature 

To characterise the lipidome of the SVZ, MALDITOF IMS of CN sections containing the SVZ 

from four neurologically-normal cases was performed. IMS was was conducted at a resolution 

(i.e. 10 µm raster width with minimum laser diameter) within an imaging region encompassing 

a medial section of the SVZ and a ventral area of the CN parenchyma. Analysis regions 

corresponding to the SVZ and CN were defined by reference to histological HELFB stains and 

the spectral data for these two regions were compared individually within sections then 

collectively between cases. FTICR IMS and LCMS/MS techniques and a comprehensive 

statistical pipeline were employed to identify lipids that were consistently either abundant or 

scarce in the SVZ relative to the parenchyma of the CN. MALDITOF IMS detected 649 and 

379 discrete m/z signals in positive and negative ionisation modes, respectively. In each 

ionisation mode, the principal component analysis identified eight components that explained 

100% of the variance between the SVZ and CN regions (Fig. 6.1a-b) based on their respective 

summary spectra, which are mean spectra generated from the addition of all mass spectra in each 

anatomically-defined region. Notably, the SVZ and the CN had marked and consistent 

differences in the intensity of prominent components, indicating distinct lipid profiles and 

confirming differences in lipid signal abundances between these two regions to be a major source 

of variance in the MALDIIMS data. This observation was extended by performing a second 

series of within-sample principal component analyses (one for each case) to identify sources of 

spectral variance between individual laser ablation points. Twenty components were obtained 

for data collected in positive and negative ionisation modes; in the latter case, 20 components 

explained near-complete (>99.995%) variance in the data, whereas the former approached an 

asymptote at 70% of variance explained (Fig. 6.2). Overlaying the resulting component intensity 

maps with HELFB stains (Fig. 6.1c-d, Fig. 6.2a-b) identified anatomic co-localisation of 

multiple components with the SVZ, further confirming lipidomic specialisation of this region to 

be a major feature of the MALDIIMS data. Interestingly, the greatest difference in component 

profiles was evident between the ependymal and myelin layers (e.g. Fig. 6.1d, Fig. 6.2b; see Fig. 

6.1e for the anatomical structure of the SVZ laminae), suggesting that these two laminae are 

most distinct in their lipid profiles, whereas the hypocellular and astrocytic layers were less 

clearly discriminated by principal component analysis.  
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Fig. 6.1. The human SVZ has a distinct lipidomic signature. (a‐b) Principal component analysis of the lipidomic signature of the 
SVZ and CN in positive and negative ionisation mode. Principal components were computed from mean intensity data for each 
m/z  signal  within  histologically‐defined  analysis  regions  corresponding  to  the  SVZ  and  CN  for  each  case.  The  principal 
components providing the highest ratio of inter‐ to intra‐group variance in positive and negative polarities are plotted, where 
groups corresponded to the four SVZ regions and four CN regions. Error bars represent intra‐group means ± standard error of 

the mean. The cumulative fraction of variance in the MALDITOF data that is explained by each principal component is shown. 
(d‐e) Intensity heat maps of the 2nd principal component in representative sections, showing spatial correlation between the 
intensity of the component and the anatomy of the SVZ in positive and negative ionisation modes. Principal components for 

(c) and (d) were computed using  individual spectra within sections as the unit of analysis. Scale bar: 0.5 mm. (e) HELFB 
staining illustrating the anatomical structure of the SVZ and its four constituent layers. Scale bar: 50 µm.   
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Fig. 6.2. Principal component analysis of mass spectra within individual sections. Cumulative variance explained by principal 
components (PC) and heat maps of the first four PC in a representative case (H155) in positive (a) and negative (b) ionisation 
modes are shown.   
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6.3.2 Identification of SVZ-associated lipids 

To elucidate the specific molecules that contributed to the SVZ lipid profile, a pipeline for the 

statistical analysis of the MALDIIMS data was developed by integrating three complementary 

approaches: 1, co-localisation analysis (Pearson correlation for m/z signals anatomically 

associated with the SVZ); 2, receiver operating characteristics (ROC; favouring m/z signals 

providing maximal specificity and sensitivity to discriminate the SVZ from the CN across all 

intensity values of the analyte); 3, one-sample t-tests with BenjaminiHochberg correction for 

multiple hypotheses (favouring m/z signals with differing mean intensities between SVZ and CN 

summary spectra). The statistical metrics from each of these approaches (correlation coefficients, 

areas under the ROC curves (AUC) and FDR-corrected P-values, respectively) were collated to 

derive a list of m/z signals either consistently abundant or scarce in the SVZ relative to the CN. 

The identities of the corresponding lipids were then assigned by accurate mass matching and 

structural analysis generated by LCMS/MS analysis of tissue extracts, respectively. Isotopic 

species were excluded by comparing spatial distributions and predicted vs. observed intensities 

relative to monoisotopic peaks. Initial analysis of each SVZ and CN as discrete units (i.e. without 

discriminating the constituent laminae of the SVZ) identified 46 lipids with consistently higher 

abundance in the SVZ relative to the CN across both detection modes (Fig. 6.3-6.5, Tables 6.2-

6.3), whereas 42 lipids showed higher abundance in the CN (Tables 6.4-6.5). Thirty-one m/z 

signals had statistically significant differences between the SVZ and CN but their identities could 

not be robustly assigned and were therefore excluded from results tables. To visualise the 

magnitude and statistical significance of lipid abundance/scarcity in the SVZ relative to the CN, 

log2 fold-changes in mean intensity between these two regions were plotted against P-values 

from one-sample t-tests to derive volcano plots (Fig. 6.3a-b). The SVZ was notably enriched in 

several species of SM and PS, with up to 3-fold higher abundance detected for examples from 

each lipid class and a number of such species providing near-perfect discrimination between 

SVZ and CN (areas under the ROC curve approaching 1; Tables 6.2-6.3). Notably, some species 

were specific to the ependymal layer of the SVZ (e.g. SM(d31:2) H; Fig. 6.5), whereas others 

co-localised with the myelin layer (e.g. TG(58:14) H; Fig. 6.5) or were uniformly abundant 

throughout the SVZ (e.g. PS(36:1) H; Fig. 6.5). While many lipids were specific to the SVZ, 

others were also abundant in regions of the septum (e.g. PC(O-34:3) +H; Fig. 6.4), which was 

incidentally imaged due to its proximity to the SVZ within the tissue blocks. Several lipids were 

common to the ependymal layer of the SVZ and the parenchyma of the CN but absent in the 

hypocellular, astrocytic and myelin layers (e.g. PI(18:0_20:4) H; Fig. 6.5). The CN itself was 
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replete in PC, with 12 such lipids showing robust associations, highly-significant discriminatory 

power and 2- to 5-fold higher abundance relative to the SVZ (Fig. 6.3a-b, Tables 6.4-6.5). 

Interestingly, two isomers of the ganglioside GM1 (m/z 1544.8 and 1573.0) and two neutral 

glycosphingolipids were also scarce in the SVZ, with higher abundance in the CN (Table 6.5, 

Fig. 6.5). 

6.3.3 Each SVZ layer has a unique lipidomic signature 

Next, the lipid composition in each of the four SVZ layers was studied. HELFB images were 

used as a reference and co-registered to the optical scans of prepared sections that were utilised 

in the MALDIIMS data collection phase (Fig. 6.6a). The lipidomic composition of each layer 

was then compared to the remaining three using co-localisation analysis and t-statistics. Since 

the surface area differed for each of the laminae, t-tests were performed by first deriving 

summary spectra for each layer and then comparing peak intensities from the summary spectrum 

of the layer under consideration to the mean peak intensities from summary spectra of the 

remaining three layers. Using summary spectra in this manner, each layer was afforded equal 

weighting in the statistical analysis. Combined assessment of the co-localisation coefficients and 

t-statistics separated groups of lipids that were robustly associated with the ependymal, 

hypocellular or myelin layers (Fig. 6.6b-c, Fig. 6.7). No distinct lipid profile was observed for 

the astrocytic ribbon, potentially reflecting difficulties in defining the boundaries of this region 

within some of the tissue sections. The ependymal layer was enriched for 22 lipids that could be 

confidently assigned (Table 6.6, Fig. 6.6b-c, Fig. 6.7a). The most striking observation was a 

markedly higher abundance of PI, with ten such lipids with varying acyl chain configurations 

showing strong ependymal associations. As the ependyma of the ventricular medial wall was 

inadvertently imaged in 2 of 4 cases, a preliminary assessment of whether the lipids associated 

with the ependyma of the SVZ were also present in the ependyma of the medial wall (i.e. multi-

ciliated ependymal cells outside the neurogenic niche) was undertaken. This analysis suggested 

the identified lipid profile to be specific to the ependyma of the SVZ, though this requires further 

investigation. The hypocellular layer was enriched for 22 different lipids spanning a range of 

structural classes (Table 6.7, Fig. 6.6b-c, Fig. 6.7b), notably including PE, at least eight examples 

of which were abundant in this region. The myelin layer was enriched for 16 lipids (Table 6.8, 

Fig. 6.6b-c, Fig. 6.7c). Notable of these and unique among the SVZ layer were high abundances 

of five species of ST, four triglycerides (TG) and one saturated CL.   
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Fig. 6.3. Lipid signals with differential abundance in the SVZ and the CN. (a‐b) Volcano plots of individual m/z signals in positive 
and negative polarity, with log2‐transformed fold differences (SVZ‐CN ratio of mean intensities; mean of four cases) plotted 
against P‐values arising from one‐sample t‐tests. Lipid species that are discussed in the text are arbitrarily marked in red here 
and the assignments for these are indicated. (c) Anatomy of the SVZ and CN in a representative case, with examples of m/z 
signals found to co‐localise with each region. Scale bar: 0.2 mm. (d) Ion intensity maps are shown for select analytes with high 
local abundance in the SVZ as compared to the CN in a representative case. Scale bar: 0.5 mm.   
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Fig. 6.4. Ion intensity maps for select species that showed differential abundance in the SVZ compared to the CN in positive ion 
detection mode.   
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Fig. 6.5. Ion intensity maps for select species that showed differential abundance in the SVZ compared to the CN in negative 
ion detection mode.   
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Fig. 6.6. The lipidomic architecture of the constituent layers of the SVZ. (a) Histology‐guided delineation of the four SVZ layers 
as analysis regions in SCiLS Lab software, with example m/z signals shown that were found to co‐localise with the ependymal 
layer, hypocellular  layer or  the myelin  layer. Scale bar: 50 µm.  (b‐c) Volcano plots of  individual m/z  signals  in positive and 
negative polarity with  log2 transformed fold differences plotted against P‐values arising from one‐sample t‐tests. Summary 
spectra for each layer (including the astrocytic ribbon) were obtained and log2 fold‐differences and t‐test P‐values derived by 
comparing,  for each m/z  signal,  its  intensity value  in  the summary spectrum for each  layer with the mean  intensity of  the 
summary spectra corresponding to the three other SVZ layers. L1 = ependymal layer; L3 = hypocellular layer; L4 = myelin layer. 
Lipid species that are discussed in the text are arbitrarily marked in red here and the assignments for these are indicated. 
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Fig. 6.7. Ion intensity maps of select analytes associated with SVZ layers. Spatial distributions are shown for select lipid signals 
that were identified as statistically co‐localised with the ependymal layer (a), the hypocellular layer (b) and the myelin layer 
(c), respectively, when compared to the three other SVZ layers  in each circumstance. Lipid signal  intensities  in each MALDI 
sampling position are scaled to the maximum signal intensity for each lipid across all sampling positions, with mild denoising 
applied to the images within the SCiLS Lab software. The positions of the ependyma of the lateral wall (LW) and the medial 

wall (MW) of the ventricle are indicated within post‐MALDI HELFB stains. Scale bar: 250 µm. PC = phosphatidylcholine, CL = 
cardiolipin, SM = sphingomyelin, PI‐Cer = ceramide phosphoinositol. 
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Table 6.2. Lipid mass signals in positive ionisation mode that show higher abundance in the SVZ relative to the CN. Co‐localisation coefficients (Pearson r), areas under the ROC curve (AUCROC) 
and SVZ/CN signal abundance ratios are expressed as mean ± standard error of the mean for four cases. TOF obs. m/z and FTICR obs. m/z refer to the experimentally observed m/z for the 

corresponding analyte per MALDITOF and FTICR, respectively. FTICR error denotes the difference (in ppm) between the observed accurate mass the predicted m/z of the assignment. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (SVZ/CN) 

SM(d36:4) +H 725.6 725.561 725.559 3 0.70 ± 0.09 0.93 ± 0.05 3.07 ± 0.52 

PG(33:0) +NH4 754.6 754.595 754.597 3 0.68 ± 0.03 0.91 ± 0.02 1.90 ± 0.08 

SM(d36:1) +Na 753.6 753.592 753.591 1 0.64 ± 0.05 0.87 ± 0.04 1.95 ± 0.11 

SM(36:1) +K or PE-Cer(39:1) +K  
or PE-Cer(382) +K 

769.6 769.567 769.562 6 0.64 ± 0.05 0.87 ± 0.04 1.91 ± 0.25 

PC(35:3) +H or PE(38:3) +H 770.6 770.57 770.569 1 0.61 ± 0.03 0.86 ± 0.02 1.80 ± 0.19 

SM(d42:2) +Na 835.7 835.672 835.669 4 0.60 ± 0.06 0.87 ± 0.03 2.05 ± 0.27 

PC(O-34:3) +H 742.6 742.575 742.575 0 0.59 ± 0.10 0.87 ± 0.06 2.29 ± 0.24 

PG(32:0) +NH4 726.6 726.564 726.564 0 0.58 ± 0.13 0.86 ± 0.06 2.66 ± 0.44 

SM(d34:1) +H 703.6 703.578 703.575 4 0.56 ± 0.16 0.84 ± 0.11 2.36 ± 0.51 

SM(36:0) +H 771.6 771.574 771.578 5 0.50 ± 0.06 0.80 ± 0.04 1.54 ± 0.07 

PC(32:0) +H or PE(35:0) +H 720.8 720.594 720.59 6 0.47 ± 0.06 0.78 ± 0.05 1.68 ± 0.11 

SM(d18:0/16:0) +K 743.6 743.541 743.546 7 0.45 ± 0.16 0.78 ± 0.10 2.17 ± 0.41 

Cholesteryl 11-hydroperoxy-
eicosatetraenoate +H 

705.8 705.584 705.582 3 0.44 ± 0.04 0.78 ± 0.03 1.59 ± 0.04 

SM(d18:2/18:1) +H 727.6 727.576 727.575 1 0.43 ± 0.16 0.77 ± 0.10 2.42 ± 0.44 

PC(32:1) +H or PE-NMe(34:1) +H  
or PE(35:1) +H 

732.6 732.558 732.554 5 0.40 ± 0.14 0.74 ± 0.08 1.42 ± 0.16 

PE(36:4) +H 740.5 740.524 740.522 3 0.36 ± 0.06 0.73 ± 0.04 1.68 ± 0.08 

SM(d36:2) +Na 751.6 751.576 751.575 1 0.36 ± 0.04 0.73 ± 0.02 1.47 ± 0.05 
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Table 6.3. Lipid mass signals in negative ionisation mode that show higher abundance in the SVZ relative to the CN. Co‐localisation coefficients (Pearson r), areas under the ROC curve (AUCROC) 
and SVZ/CN signal abundance ratios are expressed as mean ± standard error of the mean for four cases. TOF obs. m/z and FTICR obs. m/z refer to the experimentally observed m/z for the 

corresponding analyte per MALDITOF and FTICR, respectively. FTICR error denotes the difference (in ppm) between the observed accurate mass the predicted m/z of the assignment. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (SVZ/CN) 

PE(O-18:2_18:1) H 726.5 726.547 726.544 4 0.90 ± 0.01 1.00 ± 0.00 4.81 ± 0.78 

PS(36:1) H 788.7 788.548 788.545 4 0.83 ± 0.04 0.98 ± 0.01 3.14 ± 0.49 

PE(O-16:0_18:1) or PE(O-18:1_16:0) H 700.5 700.531 700.529 3 0.82 ± 0.02 0.99 ± 0.00 2.05 ± 0.16 

PE(O-16:0_20:1) or PE(O-18:1_18:1) H 728.7 728.563 728.560 4 0.81 ± 0.03 0.98 ± 0.01 2.41 ± 0.27 

PS(37:3) H 798.8 798.532 798.529 4 0.78 ± 0.02 0.98 ± 0.01 3.90 ± 0.47 

PS(18:0_20:4) H 810.6 810.533 810.529 5 0.74 ± 0.02 0.95 ± 0.01 1.85 ± 0.09 

PS(18:0_20:3) H 812.8 812.549 812.545 5 0.72 ± 0.03 0.92 ± 0.02 1.73 ± 0.03 

SM(d41:2) H 797.7 797.658 797.654 5 0.71 ± 0.02 0.99 ± 0.01 4.29 ± 0.95 

PA(40:2) H 755.6 755.563 755.560 4 0.71 ± 0.01 0.93 ± 0.01 1.94 ± 0.07 

PS(38:2) H 814.7 814.564 814.560 5 0.70 ± 0.03 0.93 ± 0.02 2.20 ± 0.08 

PS(44:4) H 894.7 894.629 894.623 7 0.69 ± 0.05 0.87 ± 0.04 2.37 ± 0.13 

PA(44:8) H 799.6 799.535 799.528 9 0.68 ± 0.03 0.97 ± 0.01 3.24 ± 0.27 

PA(38:1) H 729.6 729.547 729.544 4 0.68 ± 0.01 0.92 ± 0.01 1.70 ± 0.05 

PS(36:2) H 786.5 786.532 786.529 4 0.66 ± 0.09 0.89 ± 0.06 1.95 ± 0.27 

PI(36:2) H 861.6 861.554 861.550 5 0.66 ± 0.04 0.93 ± 0.03 1.89 ± 0.20 

PG(44:5) H 879.6 879.612 879.612 0 0.65 ± 0.06 0.86 ± 0.04 1.84 ± 0.12 

PG(40:6) H 807.6 807.553 807.555 2 0.64 ± 0.03 0.89 ± 0.02 1.67 ± 0.08 

TG(58:14) H 917.7 917.663 917.667 4 0.63 ± 0.02 0.83 ± 0.02 2.35 ± 0.07 

PE(18:1/18:1) H 742.7 742.543 742.539 5 0.63 ± 0.01 0.88 ± 0.02 1.97 ± 0.16 

PS(39:4) H 824.8 824.548 824.545 4 0.61 ± 0.06 0.84 ± 0.04 2.59 ± 0.10 

PE(36:4) H 724.6 724.531 724.529 3 0.55 ± 0.03 0.81 ± 0.03 1.56 ± 0.03 

DG(42:10) H 687.6 687.500 687.497 4 0.54 ± 0.01 0.83 ± 0.03 2.63 ± 0.14 

PA(38:3) H 725.7 725.516 725.513 4 0.44 ± 0.06 0.73 ± 0.04 1.38 ± 0.01 

SM(d39:1) H 771.7 771.642 771.639 4 0.42 ± 0.02 0.71 ± 0.04 2.34 ± 0.43 
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Table 6.4. Lipid mass signals in positive ionisation mode that show lower abundance in the SVZ relative to the CN. Co‐localisation coefficients (Pearson r), areas under the ROC curve (AUCROC) 
and SVZ/CN signal abundance ratios are expressed as mean ± standard error of the mean for four cases. TOF obs. m/z and FTICR obs. m/z refer to the experimentally observed m/z for the 

corresponding analyte per MALDITOF and FTICR, respectively. FTICR error denotes the difference (in ppm) between the observed accurate mass the predicted m/z of the assignment. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (SVZ/CN) 

PC(32:0) +H or PE(35:0) +H 734.6 734.573 734.569 5 0.66 ± 0.08 0.07 ± 0.02 0.48 ± 0.02 

PC(40:6) +H 834.6 834.606 834.601 6 0.58 ± 0.07 0.11 ± 0.24 0.45 ± 0.04 

PC(34:0) +H 762.6 762.607 762.601 8 0.55 ± 0.06 0.13 ± 0.02 0.61 ± 0.03 

PE(41:4) +H 810.7 810.604 810.601 4 0.52 ± 0.09 0.17 ± 0.05 0.64 ± 0.07 

PA(37:1) +NH4 736.6 736.58 736.585 7 0.51 ± 0.08 0.15 ± 0.04 0.52 ± 0.03 

PC(38:2) +H 814.6 814.638 814.632 7 0.50 ± 0.04 0.11 ± 0.21 0.48 ± 0.06 

PC(38:6) +H 806.6 806.574 806.569 6 0.49 ± 0.08 0.17 ± 0.03 0.60 ± 0.05 

PC(40:5) +K 874.6 874.579 874.572 8 0.48 ± 0.11 0.11 ± 0.28 0.43 ± 0.11 

SM(39:1) +K 811.7 811.607 811.609 2 0.48 ± 0.08 0.19 ± 0.05 0.64 ± 0.07 

PS(42:9) +H 858.6 858.531 858.528 3 0.42 ± 0.07 0.11 ± 0.26 0.51 ± 0.10 

PC(40:7) +H 832.6 832.588 832.585 4 0.41 ± 0.13 0.11 ± 0.23 0.62 ± 0.11 

SM(38:1) +K 797.6 797.598 797.593 6 0.39 ± 0.16 0.24 ± 0.12 0.67 ± 0.18 

PI(34:1) +K 875.6 875.508 875.505 3 0.35 ± 0.09 0.11 ± 0.29 0.54 ± 0.15 

PC(39:2p) +H 812.7 812.655 812.653 2 0.30 ± 0.02 0.11 ± 0.20 0.76 ± 0.01 

PC(33:0) +H or PC(O-34:0) +H 748.6 748.589 748.585 5 0.28 ± 0.03 0.31 ± 0.02 0.71 ± 0.03 

PC(42:2) +H 870.6 870.7 870.695 6 0.22 ± 0.04 0.11 ± 0.27 0.61 ± 0.04 

SM(41:1) +K 839.7 839.641 839.64 1 0.15 ± 0.02 0.11 ± 0.25 0.79 ± 0.02 
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Table 6.5. Lipid mass signals in negative ionisation mode that show lower abundance in the SVZ relative to the CN. Co‐localisation coefficients (Pearson r), areas under the ROC curve (AUCROC) 
and SVZ/CN signal abundance ratios are expressed as mean ± standard error of the mean for four cases. TOF obs. m/z and FTICR obs. m/z refer to the experimentally observed m/z for the 

corresponding analyte per MALDITOF and FTICR, respectively. FTICR error denotes the difference (in ppm) between the observed accurate mass the predicted m/z of the assignment. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (SVZ/CN) 

PE(18:0_22:6) H 790.6 790.542 790.539 4 0.90 ± 0.01 0.00 ± 0.00 0.23 ± 0.04 

PE(P-18:0/22:6) H 774.7 774.548 774.544 5 0.89 ± 0.01 0.01 ± 0.00 0.30 ± 0.04 

PE(18:0_22:4) H 794.7 794.574 794.571 4 0.89 ± 0.01 0.01 ± 0.00 0.29 ± 0.04 

PG(16:0_18:1) H 747.6 747.500 747.497 4 0.87 ± 0.01 0.01 ± 0.00 0.33 ± 0.05 

PS(18:0_22:6) H 834.7 834.532 834.529 4 0.86 ± 0.03 0.01 ± 0.01 0.21 ± 0.04 

PG(36:1) H 775.6 775.551 775.550 1 0.82 ± 0.07 0.04 ± 0.03 0.33 ± 0.05 

PE(18:0_22:5) H 792.6 792.547 792.555 10 0.82 ± 0.06 0.03 ± 0.02 0.34 ± 0.03 

PE(P-16:0/22:6) H 746.5 746.516 746.513 4 0.80 ± 0.02 0.03 ± 0.01 0.53 ± 0.04 

PS(18:0_22:4) H 838.8 838.565 838.560 6 0.79 ± 0.01 0.03 ± 0.01 0.46 ± 0.04 

GM1(d20:1-C/18:0) H 1573 1572.913 1572.901 8 0.76 ± 0.05 0.03 ± 0.01 0.26 ± 0.03 

PI(18:0_20:4) H 885.6 885.554 885.550 5 0.75 ± 0.04 0.07 ± 0.02 0.51 ± 0.06 

PI(18:0) H or 6-O-(1-O-stearoyl-sn-glycero-
3-phosphono)-1D-myo-inositol H 

599.5 599.322 599.320 3 0.75 ± 0.02 0.05 ± 0.01 0.54 ± 0.06 

16:3-Glc-Cholesterol 779.7 779.582 779.583 1 0.75 ± 0.02 0.06 ± 0.01 0.60 ± 0.04 

PE(40:3) H 796.6 796.579 796.586 9 0.75 ± 0.02 0.05 ± 0.01 0.56 ± 0.04 

Globoside(d18:1/18:0) H 1545.9 1545.883 1545.890 5 0.73 ± 0.05 0.05 ± 0.02 0.31 ± 0.04 

PE(17:1_22:4) H 778.8 778.579 778.576 4 0.73 ± 0.01 0.06 ± 0.01 0.61 ± 0.02 

PI(34:1) H 835.6 835.536 835.534 2 0.72 ± 0.07 0.07 ± 0.03 0.55 ± 0.03 

GM1(d18:1-C/18:0) H 1544.8 1544.88 1544.869 7 0.72 ± 0.06 0.06 ± 0.06 0.31 ± 0.04 

PC(35:1) H or PE(38:1) H 772.6 772.589 772.586 4 0.72 ± 0.03 0.07 ± 0.02 0.63 ± 0.02 

Globoside(d18:1/20:0) H 1573.9 1573.915 1573.921 4 0.69 ± 0.11 0.08 ± 0.06 0.30 ± 0.07 

PS(18:0_22:5) H 836.6 836.537 836.545 10 0.69 ± 0.06 0.08 ± 0.02 0.61 ± 0.03 

PS(22:4_18:0) H 837.7 837.555 837.550 6 0.68 ± 0.04 0.09 ± 0.02 0.61 ± 0.04 
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Table 6.6. Lipid mass signals co‐localised with the ependymal layer. Co‐localisation coefficients (Pearson r) are expressed as mean ± standard error of the mean for four cases. TOF obs. m/z and 

FTICR obs. m/z refer to the experimentally observed m/z for the corresponding analyte per MALDITOF and FTICR, respectively. FTICR error denotes the difference (in ppm) between the 
observed accurate mass the predicted m/z of the assignment. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) 

PI(O-38:4) H 871.7 871.574 871.571 3 0.74 ± 0.05 

PI(38:6) H 881.6 881.522 881.519 3 0.71 ± 0.03 

PE(18:0_20:4) H 766.5 766.542 766.539 4 0.58 ± 0.08 

PI(34:1) H 835.6 835.536 835.534 2 0.57 ± 0.11 

PI(18:0_22:4) H 913.6 913.586 913.581 5 0.57 ± 0.05 

PI(36:4) H 857.7 857.522 857.519 3 0.56 ± 0.04 

PS(42:8) H 858.6 858.526 858.529 3 0.56 ± 0.04 

PA(44:8) H 799.6 799.535 799.528 9 0.55 ± 0.07 

PS(44:8) H 886.5 886.557 886.560 3 0.55 ± 0.06 

PI(18:0_22:5) H 911.7 911.572 911.566 5 0.55 ± 0.06 

PI(36:3) H 859.6 859.542 859.534 9 0.54 ± 0.06 

PI(36:2) H 861.6 861.554 861.550 5 0.54 ± 0.06 

16:2-Glc-Cholesterol H 781.6 781.599 781.599 0 0.54 ± 0.04 

PE(16:0_18:1) + Cl 752.6 752.564 752.560 5 0.53 ± 0.06 

PI(38:3) H 887.6 887.559 887.566 8 0.53 ± 0.04 

PI-Cer(34:0) +Na 820.6 820.530 820.531 1 0.50 ± 0.06 

PC(38:7) +H 804.6 804.556 804.554 2 0.49 ± 0.07 

PS(18:0_22:5) H 836.6 836.551 836.545 7 0.48 ± 0.18 

PC(40:7) +H 832.6 832.588 832.585 4 0.48 ± 0.07 

PA(O-20:0/22:4) +K 805.6 805.559 805.551 10 0.42 ± 0.07 

PG(40:7) +H 821.6 821.534 821.533 1 0.39 ± 0.07 

PE(24:4/17:2) +H or PC(38:6) +H 806.6 806.574 806.569 6 0.35 ± 0.09 
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Table 6.7. Lipid mass signals co‐localised with the hypocellular layer. Co‐localisation coefficients (Pearson r) are expressed as mean ± standard error of the mean for four cases. TOF obs. m/z and 

FTICR obs. m/z refer to the experimentally observed m/z for the corresponding analyte per MALDITOF and FTICR, respectively. FTICR error denotes the difference (in ppm) between the 
observed accurate mass the predicted m/z of the assignment. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) 

PE(36:4) H 738.6 738.510 738.508 3 0.59 ± 0.04 

PE(18:1_20:4) H 764.6 764.527 764.524 4 0.59 ± 0.03 

SM(35:1) H or PE-Cer(38:1) H 715.6 715.579 715.576 4 0.58 ± 0.06 

PE(16:0_18:1) H 716.7 716.526 716.524 3 0.58 ± 0.06 

GlcCer(32:1) H 670.7 670.520 670.526 9 0.57 ± 0.11 

PE(34:0) H 718.6 718.542 718.539 4 0.57 ± 0.04 

PI(18:1_20:4) H 883.7 883.539 883.534 6 0.57 ± 0.04 

PE(18:1/18:1) H 742.7 742.543 742.539 5 0.56 ± 0.05 

DG(22:5/22:6/0:0) H 713.6 713.515 713.515 0 0.56 ± 0.03 

PE(O-16:1_22:5) or PE(O-18:2_20:4) H 748.7 748.532 748.529 4 0.53 ± 0.02 

CerP(d18:1/18:0) H 644.6 644.504 644.503 2 0.52 ± 0.08 

PE(20:4/17:1) or PE(O-18:1_20:4) H 750.6 750.547 750.544 4 0.51 ± 0.07 

PE(16:1_18:1) H 714.7 714.510 714.508 3 0.51 ± 0.03 

PE(18:0_18:1) H 744.6 744.558 744.555 4 0.51 ± 0.02 

GlcCer(30:1) H 642.5 642.489 642.495 9 0.50 ± 0.12 

SM(d36:1) +Na 753.6 753.591 753.591 0 0.45 ± 0.07 

SM(d36:1) +K or PE-Cer(d39:1) +K 769.6 769.567 769.562 6 0.45 ± 0.07 

PC(32:0e) +H 720.8 720.594 720.590 6 0.41 ± 0.04 

SM(d34:0) +H 705.8 705.584 705.591 10 0.39 ± 0.06 

SM(d36:1) +H 731.6 731.610 731.606 5 0.38 ± 0.13 
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Table 6.8. Lipid mass signals co‐localised with the myelin layer. Co‐localisation coefficients (Pearson r) are expressed as mean ± standard error of the mean for four cases. TOF obs. m/z and FTICR 
obs. m/z refer to the experimentally observed m/z for the corresponding analyte per MALDITOF and FTICR, respectively. FTICR error denotes the difference (in ppm) between the observed 
accurate mass the predicted m/z of the assignment. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/24:1(15Z)(2OH)) H 904.8 904.624 904.619 6 0.76 ± 0.03 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/24:0(2OH)) H 906.7 906.639 906.635 4 0.74 ± 0.04 

TG(58:1) H 917.7 917.662 917.667 5 0.73 ± 0.06 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/24:1(15Z)) H 888.7 888.628 888.624 5 0.73 ± 0.04 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/24:0) H 890.8 890.645 890.640 6 0.73 ± 0.04 

PS(39:4) H 824.8 824.548 824.545 4 0.73 ± 0.01 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/22:0(2OH)) H 878.8 878.608 878.603 6 0.70 ± 0.06 

TG(18:4/18:4/20:5) H 891.7 891.647 891.651 4 0.69 ± 0.08 

PS(44:4) H 894.7 894.629 894.623 7 0.68 ± 0.07 

PG(44:5) H 879.6 879.612 879.612 0 0.63 ± 0.09 

PC(36:1) +H 788.7 788.621 788.616 6 0.45 ± 0.15 

CL(78:0) +H 1550.2 1550.215 1550.199 10 0.42 ± 0.17 

PG(O-20:0/22:0) +H 849.7 849.688 849.694 7 0.39 ± 0.22 

TG(50:4) +K 865.7 865.662 865.668 7 0.34 ± 0.14 

PC(32:1) +H 732.6 732.557 732.554 4 0.33 ± 0.16 

TG(18:4/18:4/18:4) +H 867.7 867.656 867.650 7 0.33 ± 0.11 
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6.4 Discussion 

This study provides comprehensive analysis and characterisation of the lipid architecture of the 

human SVZ, revealing a lipid profile that can discriminate the SVZ from the neighbouring CN 

and high degrees of specialisation within each constituent SVZ layer. Two complementary 

analysis approaches were used in this study. Firstly, the SVZ was compared to the adjacent 

parenchyma of the CN to identify lipids enriched within the SVZ in its gross anatomy. 

Secondly, the lipidomic substructure within the SVZ was characterised, identifying lipids co-

localised with each layer. This dual approach enabled us to identify associations that would 

have been impervious to one method alone. 

The SVZ- and layer-specific distributions of lipids observed in the present study aligned with 

the known function of each of the SVZ layers. For instance, SM were identified as highly 

abundant in the SVZ relative to the CN (Fig. 6.3, Tables 6.2-6.3). Sphingomyelins are prevalent 

sphingolipids enriched in the plasma membrane, where they play key roles in transmembrane 

signaling. Indeed, SM and the products of its iterative hydrolysis – ceramide and sphingosine 

(and the 1-phosphate derivatives thereof) – are central mediators of sphingolipid signalling, 

which regulates diverse cellular processes including mitogenic signal transduction, self-

renewal, neural differentiation, apoptosis, cell cycle kinetics, migration of SVZ-born postnatal 

neuroblasts to the olfactory bulb and the genesis of primary and motile cilia (346,399–403). 

Biosynthetic regulation of the SM-ceramide-sphingosine axis, therefore, provides a rheostat 

for many cell biological processes that are central to the function of the SVZ. Conversely, less 

requirement for processes such as cell survival, proliferation, migration and differentiation may 

be expected in the CN. 

In the CN, a higher abundance of several examples of more complex glycosphingolipids, 

including gangliosides – a lipid class that is characterised by the presence of sialic acid residues 

and is typically embedded within the plasma membrane – was observed. Due to their 

sialoglycan components, which constitute 75% of the total conjugated sialic acid in the brain, 

gangliosides actively mediate plasticity via cell-cell recognition, cell adhesion, motility and 

growth (404–406). In the mature brain, gangliosides are principally concentrated in the grey 

matter. Their observed presence in the CN is, therefore, unsurprising. However, it is of interest 

to note that despite their well-recognised role in regeneration, plasticity and neurodevelopment 

(407), the particular ganglioside species observed here were less abundant in the SVZ than the 

CN. The observed isoforms of GM1 (d18:1/C18:0) and (d20:01/C18:0) may arise from loss of 
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sialic acid from ganglioside GD1 as result of in-source fragmentation (408). Nevertheless, both 

GM1 and GD1 perturbations have been observed in neurodegenerative disorders such as 

Huntington’s (29) , Parkinson’s (409) and Alzheimer’s (410) diseases. Indeed, the Curtis 

laboratory has previously observed GM1 to be lower in the dentate gyrus – the other neurogenic 

niche in adults – of post-mortem brains from Alzheimer’s disease patients (314). It would be 

of interest to investigate the abundance of gangliosides in the SVZ under neurodegenerative 

conditions using MALDIIMS.  

This study revealed the SVZ to be enriched in eight species of PS (Table 6.3), a lipid class that 

has attracted substantial interest owing to clinical reports of cognitive improvement in patients 

supplemented with ω-3 polyunsaturated fatty acid (PUFA) in order to increase intracerebral PS 

biosynthesis (411). These important lipids are major components of the plasma membrane and 

are primarily retained within its inner leaflet by flippase enzymes (412). Several functions that 

have been ascribed to PS could account for their observed concentration in the SVZ. PS 

stimulate PI3KAKT, RASRAF and protein kinase C (PKC) signalling by providing the 

stereospecific or electrostatic interactions required for the activation of these pathways (413), 

all of which have been implicated in neuronal survival and differentiation (414). 

Pharmacological modulation of PKC in particular, via the endogenous PACAPPAC axis 

(415) or exogenous agents (416), regulates the proliferation of SVZ-resident NSCs and 

migration of neuroblasts (417). PS are also clearly involved in apoptosis, where scramblase-

mediated transfer of PS to the outer leaflet of the plasma membranes tags apoptotic bodies for 

autophagy by NSCs residing in the SVZ (418). Proper functioning of autophagy in NSCs may 

indeed be vital to the survival and homoeostasis of these cells. Autophagic machinery is 

expressed in the adult SVZ and its downregulation suppresses the proliferation of cultured 

NSCs and increases apoptosis (419). Interestingly, autophagy may also be required for non-

cell-autonomous regulation of NSCs by editing their cellular microenvironment, as deletion of 

the autophagic gene FIP200 in NSCs resulted in the chemokine-mediated recruitment of M1-

polarised microglia into the SVZ with subsequent derangement of NSC differentiation (420). 

The SVZ is superficially comprised of a monolayer of ependymal cells that interface with 

ventricular CSF. As such, the ependyma of the SVZ may play an important role in regulating 

neurogenesis and maintenance of SVZ homoeostasis in response to signalling molecules 

circulating in the CSF. Ependymal cells also possess motile cilia, which include the central pair 

of microtubules (‘9+2’ structure). The beating of ependymal motile cilia generates a 
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concentration gradient and a directional flow of CSF chemotactic molecules that are essential 

for the migration of nascent neuroblasts to the olfactory bulb (172). Ependymal cells have a 

striking planar polarity that is central in establishing the orientation of ciliary beating and CSF 

propulsion (421,422). The primary cilia of radial glia initiate the multi-step process of 

establishing planar polarity prior to the transformation of these neural stem cell into their 

ependymal cell progeny. The process is then refined by motile cilia in the mature ependymal 

cells (423). The ependymal layer was enriched in PI (Fig. 6.6, Table 6.6), which have a role in 

primary ciliogenesis and establishing planar polarity (424–426). PI are also relevant in the 

formation of motile cilia, as phosphatase-mediated PI(4,5)P2 depletion prohibits the formation 

of mature flagella (427). It may be that the observed localisation of PI in the ependymal layer 

reflects the requirement for genesis and maintenance of motile cilia in these cells, potentially 

in addition to canonical roles in signaling, membrane organisation and trafficking such as endo- 

and exocytosis, both of which may be involved in the reception of signals from the CSF. 

Interestingly, defects in both primary and motile ependymal cilia and signal transduction are 

seen in hydrocephalus, a common condition associated with excessive CSF accumulation 

(428). It would be of interest to investigate whether PI are perturbed in the SVZ of 

hydrocephalic brains.  

The hypocellular layer, or lamina II, is low in myelin and contains sparse cell bodies – mainly 

astrocytes – with a network of GFAP-positive processes that contain intermediate filaments 

and gap junctions (174). This layer, unique to human SVZ anatomy and absent in rodents, 

creates a gap between the ependymal layer and the third lamina, the astrocytic ribbon. It 

remains unclear what function this hypocellular gap serves in human SVZ. Given the 

prominent astrocytic and ependymal interconnections seen in this lamina, it may serve as a 

regulatory platform for neuronal function, metabolic homoeostasis, NSC proliferation and 

differentiation or as a roadway for cellular migration. Indeed, TuJ1-positive (immature 

neuronal) soma have been reported in the hypocellular layer (174). This lamina was found to 

be enriched with SM. As discussed, SM are involved in many cellular processes that would be 

consistent with a role for the hypocellular layer as an NSC regulatory buffer. A high abundance 

of PE was also observed in this layer. Phosphatidylethanolamines are a principal membrane 

phospholipid and are major reservoirs of n-3 and n-6 PUFA. These naturally-occurring PUFA 

are involved in gap junction coupling, through which astrocytes supply energy to neurons, 

buffer extracellular K+ and glutamate and propagate calcium waves, thereby contributing to the 

prevention of neuronal insult and to brain homoeostasis (429). That the high levels of PE 
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localised in this layer are likely due to PUFA-dependant gap junction coupling and the 

supportive function of astrocytes in the SVZ niche. 

The third layer – lamina III – is a ribbon of astrocyte cell bodies. A subpopulation of astrocytes 

in this layer is believed to possess proliferative capacity, generating multipotent progenitors 

that migrate to their final destination prior to differentiating into neuronal or glial cells. 

Notably, lipids specific to the astrocytic ribbon could not be identified, which may reflect the 

difficulty of defining its boundaries based solely on histological imaging. However, this may 

also result from the high heterogeneity of the layer. NSCs represent a hierarchy of cells with 

non-identical phenotypes and molecular signatures. The astrocytic ribbon is comprised of a 

mixture of quiescent and activated NSCs, amplifying progenitors and neuroblasts as well as 

three discrete populations of astrocytes. Oligodendrocytes are also present, in addition to 

displaced ependymal cells (430). This complex cellular milieu may demand less lipidomic 

specialisation (or rather, a greater diversity of lipids) than seen in other layers. 

The myelin layer transits the SVZ to the parenchyma of the ventral CN. Myelin is a highly-

specialised and multilamellar material synthesised by oligodendrocytes in the CNS. Myelin 

encapsulates axons where, due to its low capacitance, it expedites the conduction of neuronal 

impulses in a saltatory manner. Central to the fulfilment of its function is its high lipid content 

of over 70%. The myelin layer was identified to be enriched in five species of ST or sulfated 

galactocerebrosides (GalC; Fig. 6.6, Table 6.8), a glycosphingolipid class that is abundant in 

several organs including the brain (431,432). The present observation is consistent with 

previous reports that almost 25% of myelin lipids are comprised of ST and non-sulfated GalC 

(432). Sulfatides and GalC in myelin typically carry 24:0 or 24:1 acyl chains (433); notably, 

these fatty acids were present in four of the five ST identified here (Table 6.8). GalC is 

synthesised via the transfer of galactose to ceramide by UDP glycosyltransferase 8 (UGT8) 

(434). The importance of GalC was shown in ugt8 knockout mice, which demonstrate a 

breakdown of axon insulation and loss of saltatory conduction with the emergence of tremor, 

splayed hindlimbs and uncoordinated gait (435). While UGT8 can glycosylate ceramide 

containing hydroxylated or non-hydroxylated acyl units, it has a higher affinity for the 

hydroxylated substrate (331). Accordingly, 2-hydroxylated glycolipids are amongst the most 

abundant components of myelin (435) and three of the ST identified here were 2-hydroxylated 

(Table 6.8). Mice lacking fatty acid 2-hydroxylase initially synthesise structurally-normal 

myelin, yet show progressive demyelination and axonal degeneration, indicating the 2-

hydroxylated form to be important in long-term maintenance and stabilisation of myelin (436). 
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ST and GalC are also considered vital to the development of oligodendrocytes, which are key 

constituents of the myelin layer. Indeed, GalC is one of the earliest markers distinguishing 

immature oligodendrocytes from their O2A progenitors, while exposure of immature 

oligodendrocytes to anti-GalC antibodies impedes their maturation (437).  

Four species of TG were also observed – three polyunsaturated and one monounsaturated – 

that were co-localised with the myelin layer (Table 6.8). Triglycerides principally serve as a 

repository for fatty acyl units that may be liberated by lipases expressed in CNS tissue (438). 

Triglycerides themselves and the fatty acids they sequester – particularly PUFA – have been 

implicated in myelination and NSC biology. Oligodendrocytes isolated from murine (439), 

bovine (439) and porcine brains (440) synthesise TG in long-term culture, presumably to 

produce myelin precursors. Adult NSC activity appears to be intimately associated with fatty 

acid metabolism. Unlike mature neurons and astrocytes, SVZ-resident NSCs do not require 

glucose to sustain respiration and instead drive the citric acid cycle by beta-oxidation of fatty 

acids to acetyl-CoA (441). Accordingly, pharmacological inhibition of beta-oxidation 

suppresses oxygen consumption and proliferation in NSCs (441). In isolates from the rat 

cerebral cortex, proliferating cells primarily oxidise exogenous fatty acids, whereas post-

mitotic cultures esterify these units to produce TG (442). Omega-3 PUFA, which must be 

obtained from dietary sources, appear to be especially important in NSC regulation. It is 

noteworthy that the two SVZ-localised TG for which acyl chains could be identified by 

LCMS/MS in this study – TG(18:4/18:4/20:5) and TG(18:4/18:4/18:4) – are sources of the 

omega-3 PUFA eicosapentaenoic acid (EPA) and stearidonic acid (SDA). 

The lipid neurochemistry described here contributes to improving the understanding of adult 

neurogenesis in the human SVZ and highlights the relevance of lipids in the neurogenic niche, 

which has been under-appreciated. Although neurogenesis persists throughout life, its capacity 

declines as a function of age (443,444). In this regard, it is noteworthy that three of the four 

cases in this study were more than 60 years old at the time of death. Post-mortem brains from 

young adults are, thankfully, scarce, though it would be of interest to investigate lipid profiles 

in a younger human cohort. It will also be of interest to investigate whether the lipidomic 

signatures identified here are preserved or altered in neurodegenerative diseases that influence 

the SVZ. Finally, the analytical approaches reported here are readily repurposed to address this, 

and other, questions in the burgeoning field of lipidomics. 
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6.5 Summary 

The SVZ is a key site of plasticity in the adult brain and is implicated in neurodegenerative 

diseases. In the SVZ, cell proliferation, migration and differentiation of nascent stem cells and 

neuroblasts are regulated at least in part by lipids. The human SVZ is distinctly layered and 

each layer contains discrete cell types that support the processes of neuroblast migration and 

neurogenesis. This study used high-resolution MALDIIMS to characterise the lipid signatures 

of each SVZ layer in the adult human brain (n = 4). Histology and microscopy were also used 

for identifying anatomical landmarks. The findings indicate that the SVZ is rich in SM and PS 

but deficient in PE. The ependymal layer had an abundance of PI, whereas the myelin layer 

was rich in ST and TG. The hypocellular layer showed enrichment of SM. No discrete lipid 

signature was seen in the astrocytic ribbon. The biochemical functions of these lipid classes 

are consistent with the localisation observed within the SVZ. This indicates that the human 

SVZ with its unique cytoarchitecture have unique lipid signatures that are in keeping with its 

neurogenic function. 
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Chapter 7. Subventricular Zone Lipidomic Architecture Loss in 

Huntington’s Disease 

7.1 Introduction 

The neurogenesis and plasticity in the SVZ shows varied responses to neuronal degeneration 

(185). In Alzheimer’s and Parkinson’s diseases, neurogenesis in the SVZ appears to be reduced 

(for review see (185)). In contrast, the degeneration of the CN adjacent to the SVZ provokes 

increased NSC activity in the SVZ (15). The Curtis laboratory previously reported that the SVZ 

in HD post-mortem brains becomes significantly thicker (2.8-fold), with a concomitant 2.6-fold 

increase in the number of proliferating cells, the majority of which are found in layer III. This 

increase was positively correlated with neuropathological grade (15,187). The disparity in 

responses of the SVZ to neurodegenerative disorders is poorly understood since little is known 

about the molecular and cellular processes that regulate this neurogenesis under pathological 

conditions. Furthermore, despite the promising increase in neurogenesis seen in HD, the process 

appears to be ineffective in mitigating the degeneration of the striatum and the processes of 

neurogenesis in HD remain largely unexplored. 

Recent work has shown that lipids are implicated in regulation of SVZ response in 

neurodegeneration where aberrant fatty acid homoeostasis in the SVZ of Alzheimer’s disease 

brain has been observed. Early accumulation of triglycerides enriched in oleic fatty acid was 

observed in the SVZ of both post-mortem brains as well as transgenic mice (221). Furthermore, 

it was shown that this fatty acid metabolism defect directly inhibited NSC proliferation, a 

phenotype that was rescued by inhibiting the rate-limiting oleic acid synthesis enzyme SCD-1. 

This indicates that pharmacological intervention of lipid-related targets could potentially be of 

use in enhancing favourable endogenous repair response, and as such identification of lipid 

candidates implicated in the dysregulation of neurogenesis is of importance.  

Chapter 6 investigated the lipidome of the SVZ in the adult human brain by MALDIIMS. The 

study indicated that indeed, the SVZ shows a unique lipidome that is directly related to its cell 

layer constituents and function (445). IMS provides an ideal approach for the high-throughput 

analysis of lipid composition by simultaneously interrogating the relative abundance. The SVZ 

and its constituent layers exhibited a lipid signature that closely aligns with the specific function 

of each layer. Given that HD provokes an upregulation in SVZ NSC proliferation and 

differentiation, this study sought to take ‘discovery-based’ and a non-a priori approach to 
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investigate the lipid profile of the SVZ in four grade 3 HD cases in comparison to neurologically-

normal cases matched for age, sex and PMD.  
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7.2 Materials and methods 

The methods used in this section of the thesis have been described in chapter 3. Additional details 

specific to the present chapter are noted in the following sections. 

7.2.1 Tissue collection 

Fresh-frozen, post-mortem human brain tissue from CN blocks of HD grade 3 cases and 

neurologically-normal donors (both n = 4) matched for age, sex and PMD. The presence of intact 

SVZ on the CN sections was confirmed by performing haematoxylin and eosinLuxol fast blue 

(HELFB) staining on serial sections immediately adjacent to those used for MALDIIMS. The 

age, sex, cause of death and PMD of the cases used in this study are provided in Table 7.1. 

7.2.2 Tissue preparation 

The tissue blocks were sectioned and prepared for MALDIIMS as described in section 3.2. All 

sections were obtained from the central region of the rostral-caudal axis of the SVZ. For 

MALDIMS in positive ion mode, DHB (SigmaAldrich, St Louis, MO) was deposited onto the 

samples by vacuum sublimation for 10 min at approximately 50 mTorr and 110°C. For 

MALDIMS in negative ion mode, DAN (SigmaAldrich, St Louis, MO) was similarly 

deposited for 5 min at approximately 50 mTorr and 140°C. 

 

Table 7.1. Details of the neurologically‐normal and matched HD (grade 3) cases. 

Case Age PMD (h) Sex Case HD Grade Age PMD (h) Sex 

H123 78 8 M HC107 HD-3 75 3 M 

H155 61 7 M HC102 HD-3 64 10 M 

H165 43 26 F HC96 HD-3 39 20 F 

H245 63 20 M HC60 HD-3 64 23 M 

Mean 61 15    61 14  

SD 14 9    15 9  

 

7.2.3 MALDITOF imaging 

MALDIIMS was undertaken and data externally calibrated using methods reported in section 

3.2.5. The laser was set to the minimum beam size. Images were acquired with 150 laser 

shots/spectrum for negative ion mode and 200 shots/spectrum for positive ion mode, with a raster 
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step size of 10 µm, resulting in images consisting of between 6,988 and 12,418 spectra. Data 

were collected in the range of m/z 320-2000. Each HD-normal case pair was imaged together in 

a single acquisition, alternating the order of tissue section analysis for subsequent pairs. HELFB 

stains were performed after MALDIIMS as described in section 3.5. 

7.2.4 Alignment and analysis of TOF data 

MALDITOF spectra were pre-processed and realigned by internal calibration as described in 

section 3.3.1. Aligned spectra were read into SCiLS Lab 2016b (Bruker Daltonics, Bremen, 

Germany), where baseline subtraction was achieved using the convolution algorithm and data 

were normalised using the total ion count. Peak finding was performed for each 9th spectrum 

with interval widths of ±0.12 Da (positive mode) or ±0.15 Da (negative mode) and a maximum 

of 300 signals per spectrum. Post-MALDI HELFB images were co-registered with the IMS 

images to define the SVZ and its constituent laminae as analysis regions. The abundances of 

lipid signals within SVZ of HD and normal sections were compared using spatial co-localisation 

(Pearson correlation), areas under receiver operating characteristic (AUCROC) curves and one-

sample t-tests as reported in sections 3.3.5-3.3.7. In each instance, HD-normal comparisons were 

made for each matched case pair and the inter-pair mean ± standard error of the mean of each 

statistical metric is reported. 

7.2.5 Fourier transform ion cyclotron resonance (FTICR) imaging mass spectrometry 

Fourier transform ion cyclotron resonance (FTICR) IMS was performed as described in section 

3.4.2.  

7.2.6 Liquid chromatographytandem mass spectrometry (LCMS/MS) 

Liquid chromatographytandem mass spectrometry (LCMS/MS) was performed as described 

in 3.4.1 

7.2.7 Lipid assignments 

Lipid assignments were made as described in 3.4.  
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7.3 Results 

7.3.1 Lipidomic differences in the HD SVZ 

To investigate the lipidomic signature of the SVZ in human HD subjects, high-resolution 

MALDIIMS was performed on the central region of the rostral-caudal aspect of the SVZ in the 

post-mortem brain of four Vonsattel grade 3 cases. The cases were matched, pairwise, for age, 

sex and PMD to a cohort of neurologically-normal subjects that have been reported (445) and 

that were imaged concurrently (Table 7.1). To empirically compare the lipidomic spectra of the 

SVZ in HD and normal sections, PCA was performed first to reduce the dimensionality of the 

dataset. PCA was performed using the normalised ion intensities of all mass signals (649 in 

positive mode, 378 in negative mode) in summary spectra for analysis regions corresponding to 

the entire SVZ in each section. In this manner, 8 principal components were identified that 

explained the entirety of variance in the spectral data (Fig. 7.1a-b). Comparison of principal 

component intensities in the SVZ of HD and normal cases identified the third principal 

component (PC3), which explained 13% and 15% of spectral variance in positive and negative 

modes, respectively, to show approximately two-fold lower intensity in the HD SVZ (Fig. 7.1a-

b), with statistical significance in negative mode (paired, two-tailed t-test; Fig. 7.1b). The latter 

observation was investigated further by performing PCA on normalised ion intensities in 

negative mode spectra for individual sampling positions within the SVZ, thus generating a 

spatially-resolved PC3 heatmap (Fig. 7.1c). Comparison of the spatial distribution of PC3 

intensity revealed this component to show maximal intensity in the deep, myelin-rich aspect of 

the normal SVZ (H245, Fig. 7.1c), with reduced intensity and loss of spatial patterning in the 

HD SVZ (HC60, Fig. 7.1c). These data empirically identified lipidomic aberrations in the HD 

SVZ, especially for lipids detected in negative ion mode, with potential disruption of lipid 

compartmentalisation within the myelin layer. 
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Fig.  7.1.  Lipidomic  differences  in  the  HD  SVZ.  (a)  The  intensity  of  principal  component  3  (PC3)  in  normal  (Norm)  and 
Huntington’s disease (HD) SVZ in positive ionisation mode (left panel). Data are mean ± SEM. The P‐value arises from a paired 
Student’s  t‐test.  The  cumulative  fraction of  variance  explained by principal  components  in  positive  ionisation mode  (right 
panel). The fraction of variance explained by PC3 is indicated. (b) The intensity of principal component 3 (PC3) in normal (Norm) 
and Huntington’s disease (HD) SVZ in negative ionisation mode (left panel). Data are mean ± SEM. The P‐value arises from a 
paired Student’s t‐test. The cumulative fraction of variance explained by principal components in negative  ionisation mode 
(right panel). The fraction of variance explained by PC3 is indicated. (c) Intensity map of PC3 in negative ionisation mode in a 
representative normal‐HD case pair. 

 

7.3.2 The HD myelin layer is depleted in sulfatides and triglycerides 

To interrogate differences in the intensity and spatial distribution of individual lipids in the HD 

SVZ, an integrated statistical pipeline was utilised that considered (1) the ability of m/z signals 

to discriminate between HD and normal SVZ using receiver operating characteristics, (2) spatial 

co-localisation of m/z signals with either the HD or normal SVZ and (3) significant differences 

in the mean intensity of m/z signals (i.e. within summary spectra) in matched HD-normal case 

pairs. Eighteen lipids were identified to show reproducibly lower abundance and 14 that were 

reproducibly higher in abundance in the HD SVZ (Tables 7.2-7.3). As described previously 

(445), co-registered histological images were utilised to define analysis regions corresponding 

to the ependymal, hypocellular and myelin layers of the SVZ (the astrocytic ribbon could not be 

robustly demarcated). The statistical pipeline was then iterated for each layer to identify lipids 

that were altered in the constituent laminae of the HD SVZ relative to the corresponding laminae 

in normal brains (Tables 7.4-7.9).  
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Fig. 7.2. The HD SVZ myelin  layer  sulfatides are reduced.  (a) Relative  ion  intensities of ST  in  the myelin  layers of HD cases 
expressed as a percentage of ion abundance in the myelin layer of the matched normal case. Data are mean ± SEM of four case 
pairs. (b) Volcano plot of all mass signals detected in negative ionisation mode plotted as the log2‐transformation of the HD‐
normal ion intensity ratio. This quotient was calculated separately for each case pair and the mean is shown as a function of P‐
values arising from one‐sample t‐tests, where the null hypothesis was a log2 ratio equivalent to 0. (c) Scatter plot of the relative 
intensities in normal and HD myelin layers of all m/z signals detected in negative ionisation mode. Data are mean of four cases 

per group. (d) HELFB and MALDI images of ST intensity and distribution in a representative normal‐HD case pair. The positions 
of the myelin layers are indicated by green arrows. White arrows denote loss of ST in the myelin layer of the HD SVZ. 

 

Chapter 6 reported enrichment of several lipid classes – notably including sulfatides (ST) and 

TG – in the myelin layer of the SVZ of neurologically-normal human brains (445). When 

examining the lipidomic signature of the HD myelin layer, 40-60% lower abundance of six ST 

was observed within this lamina (Fig. 7.2a). Sulfatides were clustered among the most 

significantly lower signals in HD myelin layer per volcano analysis (Fig. 7.2b). Several of the 

lower ST were among the most abundant lipids in the neurologically-normal lamina IV (Fig. 
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7.2c). The lower intensity of these species in HD was associated with a marked loss of myelin-

specific compartmentalisation evident in MALDI images (Fig. 7.2d). Three TG that co-localised 

with the myelin layer in the normal SVZ were similarly reduced by approximately 40% in HD 

(Fig. 7.3a), could discriminate between (Fig. 7.3b) and were co-localised with normal relative to 

HD myelin layers (Fig. 7.3c). While enrichment of TG in the myelin layer was clearly evident 

in neurologically-normal SVZ, this patterning was absent in HD cases (Fig. 7.3d).  

 

 

Fig. 7.3. The HD SVZ myelin layer triglycerides are reduced. (a) Relative ion intensities of TG in the myelin layers of HD cases 
expressed as the percentage of ion abundance in the myelin layer of the matched normal case. Data are mean ± SEM of four 

case pairs. (b) Areas under the ROC curves (AUCROC) defined by TG lipids as discriminators between normal and HD myelin 

layers. Data are mean ± SEM of the AUCROC calculated separately for 3 (positive mode) or 4 (negative mode) matched normal‐
HD pairs. (c) Pearson correlation coefficients arising from co‐localisation analysis of TG lipids in the myelin layers of normal and 

HD cases. Data are mean ± SEM of the coefficient calculated separately for 4 matched normal‐HD pairs. (d) HELFB and MALDI 
images of TG intensity and distribution in a representative normal‐HD case pair. The positions of the myelin layers are indicated 
by green arrows. White arrows denote loss of TG in the myelin layer of the HD SVZ. 
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7.3.3 The HD myelin layer is enriched in sphingomyelins 

While the intensity of ST and TG was decreased in the myelin layer in HD, resulting in a loss of 

spatial patterning, an ectopic concentration of sphingomyelins (SM) was observed in lamina IV 

of HD brains (Fig. 7.4). Six examples of this sphingolipid class were enriched by 1.5-2.5-fold 

relative to normal specimens (Fig. 7.4a), provided highly robust discriminative statistics, with 

areas under the ROC curves <0.25 (Fig. 7.4b) and were correspondingly co-localised with the 

HD relative to the normal myelin layer (Fig. 7.4c). MALDI images revealed focal concentrations 

of SM in the HD lamina IV, while this was not seen in normal brains (Fig. 7.4d), consistent with 

the prior observation that SM are present within the SVZ but not exclusively localised to the 

myelin layer (445).  

7.3.4 The HD ependymal layer phosphatidylinositols are reduced 

Our prior study of lipidomic signatures in the neurologically-normal human SVZ identified 

compartmentalisation of PI in the ependymal layer, was reasoned to reflect a role in ciliogenesis 

and ependymal polarisation (445). The present analysis revealed a striking loss of PI in the HD 

ependyma, with 10 such phospholipids consistently showing a 30-50% reduction in intensity 

(Fig. 7.5a-c). An abrogation of ependymal localisation was evident in MALDI images (Fig. 

7.5d), where (although not directly studied), loss of intensity in the underlying parenchyma of 

the CN could also be seen. 
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Fig. 7.4. The HD SVZ myelin layer is enriched in sphingomyelins. (a) Relative ion intensities of SM lipids in the myelin layers of 
HD cases expressed as a percentage of ion abundance in the myelin layer of the matched normal case. Data are mean ± SEM 

of four case pairs. (b) Areas under the ROC curves (AUCROC) defined by SM lipids as discriminators of normal and HD myelin 

layers. Data are mean ± SEM of the AUCROC calculated separately for 3 matched normal‐HD pairs. (c) Pearson correlation 
coefficients arising from co‐localisation analysis of SM lipids in the myelin layers of normal and HD cases. Data are mean ± SEM 

of  the coefficient calculated separately  for 3 matched normal‐HD pairs.  (d) HELFB and MALDI  images of ST  intensity and 
distribution in a representative normal‐HD case pair. The positions of the myelin layers are indicated by green arrows. White 
arrows denote enrichment of SM in the myelin layer of the HD SVZ. 
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Fig. 7.5. The HD SVZ ependymal layer is depleted in phosphatidylinositols. (a) Relative ion intensities of PI in the ependymal 
layers of HD cases expressed as a percentage of ion abundance in the ependymal layer of the matched normal case. Data are 
mean ± SEM of four case pairs (b) Volcano plot of all m/z signals detected in negative ionisation mode, plotted as the log2‐
transformation of the HD‐normal ion intensity ratio. This quotient was calculated separately for each case pair and the mean 
is shown as a function of P‐values arising from one‐sample t‐tests, where the null hypothesis was that the log2 ratio is equivalent 
to 0. (c) Scatter plot of the relative intensities in normal and HD DVZ ependymal layers of all m/z signals detected in negative 

ionisation mode. Data are mean ± SEM of 4 cases per group. (d) HELFB and MALDI images of PI intensity and distribution in a 
representative normal‐HD case pair. The positions of the ependymal layers are indicated by green arrows. White arrows denote 
loss of PI in the ependymal layer of the HD SVZ. 
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Table 7.2. Lipid signals that show lower abundance in the SVZ of HD relative to neurologically‐normal brains. Co‐localisation coefficients (Pearson r), areas under the ROC curve (AUCROC) and 
HD/normal signal abundance ratios are expressed as mean ± standard error of the mean for four cases. FTICR error denotes the difference (in ppm) between the observed m/z and the predicted 
m/z of the assigned lipid. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (HD/normal) 

PI(18:0) H  599.5 599.322 599.320 3 0.57 ± 0.17 0.86 ± 0.01 0.55 ± 0.12 

PE(O-16:0_18:1) or PE(O-18:1_16:0) H 700.5 700.531 700.529 3 0.59 ± 0.11 0.84 ± 0.05 0.57 ± 0.14 

PE(O-18:2_18:1) H 726.5 726.547 726.544 4 0.57 ± 0.13 0.83 ± 0.04 0.55 ± 0.14 

PC(32:1) +H 732.6 732.558 732.554 5 0.39 ± 0.07 0.75 ± 0.06 0.64 ± 0.06 

PE(36:4) H 738.6 738.510 738.508 3 0.38 ± 0.13 0.70 ± 0.12 0.65 ± 0.10 

PC(34:1) +H 760.6 760.589 760.585 5 0.56 ± 0.06 0.86 ± 0.04 0.66 ± 0.04 

PC(36:2) +H  786.6 786.605 786.601 5 0.43 ± 0.09 0.78 ± 0.08 0.59 ± 0.07 

PC(36:1) +H 788.7 788.621 788.616 6 0.41 ± 0.09 0.77 ± 0.06 0.54 ± 0.10 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/18:0) H 806.5 806.549 806.545 5 0.70 ± 0.04 0.93 ± 0.02 0.43 ± 0.06 

PG(40:6) H 807.6 807.553 807.555 2 0.61 ± 0.06 0.88 ± 0.04 0.56 ± 0.05 

Sulfatide (3'-sulfo)Galbeta-
Cer(d18:1/22:0(2OH)) H 

878.8 878.608 878.603 6 0.38 ± 0.20 0.73 ± 0.13 0.61 ± 0.21 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/24:1) H 888.7 888.628 888.624 5 0.45 ± 0.16 0.76 ± 0.09 0.60 ± 0.15 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/24:0) H 890.8 890.645 890.64 6 0.54 ± 0.07 0.81 ± 0.04 0.49 ± 0.09 

TG(18:4/18:4/20:5) H 891.7 891.647 891.651 4 0.44 ± 0.19 0.76 ± 0.11 0.59 ± 0.22 

PS(44:4) H 894.7 894.629 894.623 7 0.43 ± 0.11 0.76 ± 0.07 0.60 ± 0.10 

Sulfatide (3'-sulfo)Galbeta-
Cer(d18:1/24:1(2OH)) H 

904.8 904.624 904.619 6 0.36 ± 0.15 0.72 ± 0.09 0.63 ± 0.16 

TG(58:14) H 917.7 917.663 917.667 4 0.40 ± 0.16 0.74 ± 0.08 0.61 ± 0.19 
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Table 7.3. Lipid signals that show higher abundance in the SVZ of HD relative to neurologically‐normal brains. Co‐localisation coefficients (Pearson r), areas under the ROC curve (AUCROC) and 
HD/normal signal abundance ratios are expressed as mean ± standard error of the mean for four cases. FTICR error denotes the difference (in ppm) between the observed m/z and the predicted 
m/z of the assigned lipid. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (HD/normal) 

CerP(d18:1/20:0) H 672.6 672.536 672.534 3 0.33 ± 0.11 0.30 ± 0.04 1.50 ± 0.17 

DG(42:9) H 689.6 689.515 689.515 0 0.38 ± 0.03 0.26 ± 0.02 1.83 ± 0.25 

SM(d34:0) +H 705.8 705.584 705.591 10 0.47 ± 0.07 0.21 ± 0.05 1.61 ± 0.19 

PC(30:0) +H 706.8 706.542 706.538 6 0.41 ± 0.08 0.24 ± 0.05 1.49 ± 0.17 

SM(35:1) H or PE-Cer(38:1) H 715.6 715.579 715.576 4 0.31 ± 0.07 0.35 ± 0.07 2.90 ± 1.33 

SM(d36:4) +H 725.6 725.561 725.559 3 0.43 ± 0.09 0.24 ± 0.06 1.51 ± 0.25 

PE(18:1/18:1) H 742.7 742.543 742.539 5 0.23 ± 0.14 0.36 ± 0.10 1.32 ± 0.16 

SM(d36:1) +Na 753.6 753.592 753.591 1 0.46 ± 0.19 0.22 ± 0.11 1.93 ± 0.48 

PG(33:0) +NH4 754.6 754.595 754.597 3 0.43 ± 0.16 0.24 ± 0.10 1.73 ± 0.35 

PC(34:3) +H 756.6 756.555 756.554 1 0.58 ± 0.09 0.15 ± 0.06 1.85 ± 0.37 

SM(d18:0/17:0) +K 757.6 757.559 757.562 4 0.53 ± 0.08 0.17 ± 0.05 1.80 ± 0.35 
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Table 7.4. Lipid signals that show lower abundance in the SVZ ependymal layer of HD relative to neurologically‐normal brains. Co‐localisation coefficients (Pearson r), areas under the ROC curve 

(AUCROC) and HD/normal signal abundance ratios are expressed as mean ± standard error of the mean for four cases. FTICR error denotes the difference (in ppm) between the observed m/z 
and the predicted m/z of the assigned lipid. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (HD/normal) 

PI(18:0) H 599.5 599.322 599.320 3 0.63 ± 0.20 0.86 ± 0.11 0.55 ± 0.13 

PI(20:4) H 619.5 619.290 619.289 2 0.43 ± 0.09 0.80 ± 0.07 0.72 ± 0.06 

PE(O-16:1_20:4) H 722.7 722.516 722.513 4 0.43 ± 0.27 0.76 ± 0.15 0.68 ± 0.21 

PE(36:4) H 738.6 738.510 738.508 3 0.74 ± 0.10 0.93 ± 0.06 0.49 ± 0.09 

PC(34:1) +H 760.6 760.589 760.585 5 0.37 ± -0.19 0.76 ± 0.12 0.75 ± 0.11 

PE(18:1_20:4) H 764.6 764.527 764.524 4 0.51 ± 0.23 0.80 ± 0.14 0.67 ± 0.16 

PC(36:2) +H 786.6 786.605 786.601 5 0.43 ± -0.09 0.81 ± 0.03 0.65 ± 0.03 

Sulfatide (3'-sulfo)Galbeta-
Cer(d18:1/18:0) H 

806.5 806.549 806.545 5 0.51 ± 0.10 0.82 ± 0.06 0.55 ± 0.10 

PG(40:6) H 807.6 807.553 807.555 2 0.44 ± 0.05 0.79 ± 0.04 0.65 ± 0.04 

PC(38:5) +H 808.6 808.589 808.590 5 0.35 ± -0.10 0.77 ± 0.03 0.69 ± 0.02 

SM(42:2) +H 813.7 813.689 813.680 6 0.18 ± -0.06 0.60 ± 0.16 0.76 ± 0.02 

PI(34:1) H 835.6 835.536 835.534 2 0.45 ± 0.15 0.77 ± 0.09 0.69 ± 0.11 

PS(22:4_18:0) H 837.7 837.555 837.550 6 0.42 ± 0.11 0.77 ± 0.05 0.70 ± 0.05 

PI(36:4) H 857.7 857.522 857.519 3 0.45 ± 0.11 0.86 ± 0.06 0.60 ± 0.06 

PS(42:8) H 858.6 858.526 858.529 3 0.63 ± 0.08 0.90 ± 0.05 0.49 ± 0.07 

PI(36:3) H 859.6 859.542 859.534 9 0.57 ± 0.09 0.85 ± 0.04 0.57 ± 0.05 

PI(36:2) H 861.6 861.554 861.550 5 0.58 ± 0.07 0.83 ± 0.07 0.65 ± 0.08 

PI(O-38:4) H 871.7 871.574 871.571 3 0.58 ± 0.04 0.88 ± 0.03 0.53 ± 0.06 

PS(42:1) H 872.7 872.634 872.639 6 0.66 ± 0.07 0.92 ± 0.03 0.47 ± 0.05 

PI(38:6) H 881.6 881.522 881.519 3 0.66 ± 0.03 0.89 ± 0.05 0.54 ± 0.06 

PI(18:1_20:4) H 883.7 883.539 883.534 6 0.45 ± 0.14 0.82 ± 0.08 0.62 ± 0.09 
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Table 7.5. Lipid signals that show higher abundance in the SVZ ependymal layer of HD relative to neurologically‐normal brains. Co‐localisation coefficients (Pearson r), areas under the ROC curve 

(AUCROC) and HD/normal signal abundance ratios are expressed as mean ± standard error of the mean for four cases. FTICR error denotes the difference (in ppm) between the observed m/z 
and the predicted m/z of the assigned lipid. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (HD/normal) 

PC(34:3) +H  756.6 756.555 756.554 1 0.48 ± 0.15 0.18 ± 0.08 1.61 ± 0.30 

SM(d18:0/17:0) +K 757.6 757.559 757.562 4 0.42 ± 0.15 0.23 ± 0.09 1.58 ± 0.30 

 

Table 7.6. Lipid signals that show lower abundance in the SVZ hypocellular layer of HD relative to neurologically‐normal brains. Co‐localisation coefficients (Pearson r), areas under the ROC curve 

(AUCROC) and HD/normal signal abundance ratios are expressed as mean ± standard error of the mean for four cases. FTICR error denotes the difference (in ppm) between the observed m/z 
and the predicted m/z of the assigned lipid. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (HD/normal) 

PI(18:0) H 599.5 599.322 599.320 3 0.54 ± 0.27 0.80 ± 0.15 0.67 ± 0.16 

PI(20:4) H 619.5 619.290 619.289 2 0.46 ± 0.11 0.76 ± 0.07 0.77 ± 0.06 

PC(32:1) +H 732.6 732.557 732.550 4 0.24 ± 0.27 0.75 ± 0.14 0.74 ± 0.23 

PE(36:4) H 738.6 738.510 738.508 3 0.78 ± 0.05 0.96 ± 0.02 0.54 ± 0.04 

PS(34:1) H 760.5 760.516 760.513 4 0.52 ± 0.17 0.80 ± 0.10 0.68 ± 0.12 

PC(34:1) +H 760.6 760.589 760.585 5 0.68 ± 0.10 0.89 ± 0.06 0.67 ± 0.13 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/18:0) H 806.5 806.549 806.545 5 0.44 ± 0.05 0.78 ± 0.04 0.69 ± 0.03 

PI(36:4) H 857.7 857.522 857.519 3 0.49 ± 0.18 0.80 ± 0.11 0.70 ± 0.12 

PS(42:8) H 858.6 858.526 858.529 3 0.66 ± 0.07 0.90 ± 0.04 0.60 ± 0.06 

PI(36:3) H 859.6 859.542 859.534 9 0.48 ± 0.09 0.78 ± 0.06 0.69 ± 0.10 

 

Table 7.7. Lipid signals that show higher abundance in the SVZ hypocellular layer of HD relative to neurologically‐normal brains. Co‐localisation coefficients (Pearson r), areas under the ROC curve 

(AUCROC) and HD/normal signal abundance ratios are expressed as mean ± standard error of the mean for four cases. FTICR error denotes the difference (in ppm) between the observed m/z 
and the predicted m/z of the assigned lipid. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (HD/normal) 

PC(34:3) +H  756.6 756.555 756.554 1 0.53 ± 0.19 0.18 ± 0.12 1.56 ± 0.33 

SM(d18:0/17:0) +K 757.6 757.559 757.562 4 0.48 ± 0.16 0.19 ± 0.07 1.52 ± 0.30 
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Table 7.8. Lipid signals that show lower abundance in the SVZ myelin  layer of HD relative to neurologically‐normal brains. Co‐localisation coefficients (Pearson r), areas under the ROC curve 

(AUCROC) and HD/normal signal abundance ratios are expressed as mean ± standard error of the mean for four cases. FTICR error denotes the difference (in ppm) between the observed m/z 
and the predicted m/z of the assigned lipid. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (HD/normal) 

PE(O-16:0_18:1) or PE(O-18:1_16:0) H 700.5 700.531 700.529 3 0.80 ± 0.07 0.96 ± 0.02 0.42 ± 0.13 

PE(O-18:2_18:1) H 726.5 726.547 726.544 4 0.81 ± 0.08 0.96 ± 0.03 0.37 ± 0.11 

PE(O-16:0_20:1) or PE(O-18:1_18:1) H 728.7 728.563 728.560 4 0.62 ± 0.08 0.89 ± 0.03 0.55 ± 0.09 

PC(32:1) +H  732.6 732.558 732.554 5 0.50 ± 0.18 0.81 ± 0.13 0.67 ± 0.15 

PS(36:2) H 786.5 786.532 786.529 4 0.53 ± 0.22 0.81 ± 0.12 0.61 ± 0.19 

PC(36:2) +H  786.6 786.605 786.601 5 0.62 ± 0.20 0.86 ± 0.13 0.56 ± 0.18 

PC(36:1) +H 788.7 788.621 788.616 6 0.63 ± 0.23 0.85 ± 0.14 0.54 ± 0.20 

PC(36:0) +H or PE(39:0) +H 790.7 790.628 790.632 5 0.54 ± 0.21 0.82 ± 0.14 0.57 ± 0.18 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/18:0) H 806.5 806.549 806.545 5 0.82 ± 0.04 0.98 ± 0.01 0.39 ± 0.06 

PG(40:6) H 807.6 807.553 807.555 2 0.75 ± 0.07 0.96 ± 0.03 0.48 ± 0.06 

SM(42:2) +H 813.7 813.689 813.680 6 0.60 ± 0.20 0.86 ± 0.13 0.52 ± 0.21 

TG(39:3) +H 815.7 815.707 815.710 6 0.48 ± 0.16 0.81 ± 0.11 0.60 ± 0.15 

PS(39:4) H 824.8 824.548 824.545 4 0.50 ± 0.17 0.81 ± 0.09 0.55 ± 0.16 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/22:0) H 862.6 862.613 862.608 6 0.54 ± 0.22 0.84 ± 0.12 0.61 ± 0.16 

Sulfatide (3'-sulfo)Galbeta-
Cer(d18:1/22:0(2OH)) H 

878.8 878.608 878.603 6 0.56 ± 0.26 0.82 ± 0.15 0.56 ± 0.21 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/24:1) H 888.7 888.628 888.624 5 0.59 ± 0.19 0.87 ± 0.09 0.57 ± 0.13 

Sulfatide (3'-sulfo)Galbeta-Cer(d18:1/24:0) H 890.8 890.645 890.640 6 -0.75 ± 0.09 0.95 ± 0.03 0.49 ± 0.09 

TG(18:4/18:4/20:5) H 891.7 891.647 891.651 4 0.61 ± 0.24 0.84 ± 0.14 0.58 ± 0.22 

PS(44:4) H 894.7 894.629 894.623 7 0.67 ± 0.14 0.91 ± 0.07 0.54 ± 0.09 

Sulfatide (3'-sulfo)Galbeta-
Cer(d18:1/24:(2OH)) H 

904.8 904.624 904.619 6 0.60 ± 0.20 0.84 ± 0.12 0.57 ± 0.15 

TG(58:14) H 917.7 917.663 917.667 4 0.59 ± 0.24 0.84 ± 0.14 0.64 ± 0.24 

CL(78:0) +H 1550.2 1550.193 1550.199 4 0.60 ± 0.23 0.85 ± 0.13 0.46 ± 0.20 
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Table 7.9. Lipid signals that show higher abundance in the SVZ myelin layer of HD relative to neurologically‐normal brains. Co‐localisation coefficients (Pearson r), areas under the ROC curve 

(AUCROC) and HD/normal signal abundance ratios are expressed as mean ± standard error of the mean for four cases. FTICR error denotes the difference (in ppm) between the observed m/z 
and the predicted m/z of the assigned lipid. 

Assignment TOF obs. m/z FTICR obs. m/z Predicted m/z FTICR error (ppm) Co-localisation (r) AUCROC Abundance (HD/normal) 

CerP(34:1) H 616.7 616.473 616.471 3 0.60 ± 0.15 0.12 ± 0.09 4.96 ± 2.21 

DG(42:9) H 689.6 689.515 689.515 0 0.58 ± 0.13 0.12 ± 0.08 2.26 ± 0.35 

SM(d34:0) +H 705.8 705.584 705.582 3 0.61 ± 0.15 0.13 ± 0.09 2.11 ± 0.58 

PC(30:0) +H 706.8 706.542 706.538 6 0.50 ± 0.16 0.20 ± 0.10 1.85 ± 0.47 

PC(31:0) +H  720.6 720.557 720.554 4 0.63 ± 0.05 0.11 ± 0.03 2.11 ± 0.14 

PC(32:0e) +H 720.8 720.594 720.590 6 0.65 ± 0.13 0.11 ± 0.08 2.25 ± 0.66 

SM(d36:1) +H 731.6 731.610 731.606 5 0.61 ± 0.00 0.12 ± 0.01 1.61 ± 0.05 

SM(d36:1) +Na 753.6 753.592 753.591 1 0.73 ± 0.09 0.06 ± 0.05 2.63 ± 0.85 

PG(33:0) +NH4 754.6 754.595 754.597 3 0.62 ± 0.13 0.12 ± 0.09 2.06 ± 0.54 

PC(34:3) +H  756.6 756.555 756.554 1 0.75 ± 0.11 0.05 ± 0.05 2.25 ± 0.59 

SM(d18:0/17:0) +K 757.6 757.559 757.562 4 0.69 ± 0.12 0.08 ± 0.06 2.17 ± 0.52 

SM(36:1) +K or PE-Cer(39:1) +K 
or PE-Cer(382) +K 

769.6 769.567 769.562 6 0.74 ± 0.08 0.05 ± 0.04 2.34 ± 0.64 

PC(35:3) +H 770.6 770.570 770.569 1 0.66 ± 0.13 0.10 ± 0.07 1.94 ± 0.51 

SM(36:0) +H 771.6 771.574 771.578 5 0.59 ± 0.16 0.14 ± 0.10 1.99 ± 0.55 

PC(32:0) +K or PE(35:0) +K 772.6 772.529 772.525 5 0.75 ± 0.12 0.06 ± 0.06 2.09 ± 0.56 
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7.4 Discussion 

This study reports for the first time lipid differences in the SVZ laminae in human HD subjects, 

with wide disruption in lipidomic architecture observed in the HD SVZ. The greatest 

differences were seen in the myelin layer, an unsurprising finding given the lipid-rich 

composition of myelin, which has a lipid-to-protein ratio (by molarity) of 186:1 (251). Indeed, 

impairment in white matter has been reported to precede the onset of clinical symptoms of 

striatal atrophy in HD (446–449). The other most affected lamina was the ependymal layer, 

where residing ependymal cells are considered key regulators of SVZ NSCs.  

The principal finding relevant to the myelin layer was the lower abundance of several ST 

species. ST are synthesised via sulfonation of galactocerebroside and hydrolysed by sulfatase 

and galactosylceramidase to produce ceramides (450). Together, ST and galactocerebroside 

comprise approximately 30% of myelin lipids. They are considered markers of 

oligodendrocytes as these species are almost exclusively synthesised by the latter and are 

localised on the extracellular leaflet of myelin plasma membranes in the CNS (450). ST are 

crucial species in the processes of myelination, signal transduction, cell-adhesion 

modifications, neuronal plasticity and cell morphogenesis (250,450). Reduced levels of ST 

results in demyelination and axonal dysfunction of the CNS in mice. Mice lacking cerebroside 

sulfotransferase, the enzyme that catalyses the final step in ST biosynthesis, develop ataxia that 

progresses to paralysis and premature death at 15 months (451). The observation of reduced 

myelin-localised ST in the HD SVZ is in keeping with previous studies in Alzheimer’s disease 

(452,453), where significant deficiency in ST was reported at the clinical presentation of the 

disease. Han et al. reported the levels of ST to be reduced by approximately 50% in 

Alzheimer’s disease patients (a similar magnitude to the data in this chapter) and that ST 

deficiency preceded aberrations of other phospholipids and remained stable throughout 

progression. The authors suggested that the ST deficiency may initiate prior to the presentation 

of the clinical symptoms, implying that ST deficiency results from a specific mechanism 

directly related to Alzheimer’s disease pathology and is not simply a result of neuronal 

degeneration. The lower levels of ST detected in the HD myelin layer may be due to expedited 

degradation, dysfunctional biosynthesis and/or irregular translocation of these species. As 

concomitantly higher levels of several SM were detected in the HD SVZ myelin layer, it may 

be that the ST deficiency results from accelerated degradation via direct loss of sulfate moieties 

from ST to form GalC, or through the transfer of the galactosyl-sulfate moiety with 
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phosphocholine to generate SM (452). Examining the expression of enzymes such as GalC 

sulfotransferase in the HD myelin layer would be of interest to assess this possibility. It would 

also be attractive to examine ST levels in earlier stages of HD, as this would shed light on the 

underlying mechanism of ST deficiency in the disease. The degradation of myelin in the SVZ 

is likely to have detrimental proinflammatory consequences within the niche. As seen in 

models of multiple experimental autoimmune encephalomyelitis, debris from degenerating 

myelin triggers expression of proinflammatory molecules such as TNF-α, IL-1ß and IL-6 by 

microglia and astroctic activation (454). 

On the other hand, accumulating evidence suggests that perturbed sphingolipid metabolism 

and elevated ceramide levels occur early in many neurodegenerative diseases, including 

Alzheimer’s (452,455,456), multiple sclerosis (457) and Parkinson’s (458), and that increased 

peripheral ceramide may be a predictor of cognitive decline and loss of hippocampal volume 

in patients with mild cognitive impairment, as well as exacerbation of microstructure 

alterations in cognitively normal subjects (459,460). Although elevated ceramide was not 

observed in this study, an approximately 5-fold increase in its phosphorylated form, Cer-1-

phosphate, was detected in the myelin layer of the HD SVZ (Table 7.9). Ceramide-phosphate 

(CerP) has antagonistic actions to its non-phosphorylated form, promoting cell growth and 

survival (266,461). Ceramides are phosphorylated by Ca2+-dependent CerK. The proliferative 

effects of CerP are mediated via the MEK-ERK1/2 (extracellular signal-regulated kinases 1/2), 

PI3K-AKT and JNK (c-Jun N-terminal kinase) pathways. Additionally, CerP stimulates the 

transcription factor activity of NF-kB, leading to the upregulation of proliferation markers; 

cyclin D1 and c-Myc (462,463). The proliferative action of CerP in macrophages is dependent 

on the production of reactive oxygen species (464). Indeed, in addition to its mitogenic 

properties, CerP is a potent inflammatory mediator through stimulation of cytosolic 

phospholipase A2 and subsequent liberation of arachidonic acid and production of 

prostaglandin. Notably, CerP is principally generated in cells under stress. It has also been 

shown that CerP stimulates macrophage chemotaxis. The higher levels of CerP in the HD SVZ 

may be due to the hostile parenchyma of the CN and potentially the breakdown of SVZ myelin, 

where increased levels of Ca2+ stimulate CerK activity to enhance the phosphorylation of 

ceramide. The mitogenic, pro-survival and migratory effects of CerP would, in turn, be 

protective for SVZ myelin and promote neurogenesis in the adjacent astrocytic ribbon 

generating nascent neurons to be targeted to the degenerating CN to compensate for the atrophy 

in the latter. However, under conditions of chronic degeneration, it is likely that the parallel 
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proinflammatory actions of CerP antagonise its pro-neurogenic effects, thus undermining the 

efficiency of endogenous repair processes. 

The present study also revealed a striking loss of PI localisation within the ependymal layer of 

the HD SVZ. Ependymal cells possess motile cilia, the beating of which generates a 

concentration gradient and directional flow of chemotactic molecules in the CSF that is 

essential for the migration of nascent neuroblasts to the olfactory bulb. Primary cilia of parental 

NSC establish planar polarisation in progenitor ependymal cells, which, in turn, is central in 

establishing the orientation of motile ciliary beating and CSF propulsion in the mature 

ependyma. Despite their distinct functions, both primary and motile cilia share commonalities 

in their biogenesis, where the regulation of proper trafficking and localisation of pericentriolar 

material that serves as an anchor for microtubules is essential (465). In the neurologically-

normal SVZ, the ependymal layer is distinctly characterised by an abundance of PI (445), an 

observation that is in keeping with the function and phenotype of these multi-ciliated epithelial 

cells. PI play a pivotal role in establishing and maintaining epithelial polarity, where the local 

distribution of PI(4,5)P2 establishes the apical and PI(3,4,5)P3 identifies the basolateral surface, 

respectively (426). The local ratio of PI in membrane polarity establishment is so critical that 

ectopic expression of PI(3,4,5)P3 in the apical domain results in a rapid apical-to-basolateral 

transversion, as shown by morphological changes and concomitant recruitment of basolateral 

proteins and disappearance of apical proteins (466,467). PI have a role both in primary and 

motile ciliogenesis (427,468). The present results indicate a significant reduction in PI in the 

ependyma of the HD patients. PI and their metabolised products are implicated in several steps 

during ciliary morphogenesis, coordinately regulating microtubule and membrane 

organisation. Altered levels of PI cause defects in flagellar formation and elongation, 

microtubule and basal body organisation, axoneme outgrowth and architecture and basal body 

docking (427). This is significant since a hypermorphic ciliogenic phenotype, characterised as 

extended and misorientated cilia of the ependyma of the lateral ventricles, has been observed 

in HD patients and mouse models (469,470). As wild type HTT regulates ciliogenesis by 

forming complexes with huntingtin-associate protein 1 (HAP1) and pericentriolar material 1 

protein (PCM1), pathological expansion in HTT precipitated aberrant accumulation of PCM1 

at the centrosome, resulting in misorientated, hypermorphic ciliogenesis. Furthermore, HTT 

has two known binding domains, which, most likely in concert, interact with phospholipids, 

with a particular affinity for PI. Notably, mHTT gains an increased association with certain 

phosphorylated PI (116). As such, dyshomeostasis of PI species is potentially occurring as a 
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result of the aberrant interaction of mHTT with these phospholipids, subsequently leading to 

morphology changes in ependymal cells, particularly in their ciliary formation and function. 

While it is presently impossible to exclude the depletion of PI to arise from loss of ependymal 

cells, these findings are in keeping with ependymal morphology changes observed in a recent 

study that investigated the impact of targeted encephalomyelitis, a model pathology for 

multiple sclerosis, on the spatiotemporal dynamics of the SVZ (471). Induced inflammation 

and demyelination of the corpus callosum (the white matter located above the CN parenchyma 

that serves as the layer IV subependyma) resulted in striking ependymal B1 cell activation, 

contributing to enhanced SVZ proliferation and modification of the ependymal motile cilia, 

described as cilia enlargement, cytoskeletal extension and disruption of the planar polarity and 

orientation of motile cilia in ependymal cells (471). Interestingly, the investigators observed 

neither ependymal cell division nor ependymal ribbon disruption. Evidence suggests that an 

inflammatory process in plasma and within the CNS including the striatum and the CSF, 

although chronic, exists in HD patients (128,472–477). As early as 16 years prior to the 

manifestation of clinical symptoms, levels of IL-6 are increased in individuals with the 

expanded HTT (473). The SVZ is likely to be highly exposed to such inflammatory stimuli by 

virtue of its interface with the CSF and dense vascularity in the myelin layer, in addition to its 

proximity to the inflammatory degenerating CN of the striatum in HD. As such, it is 

unsurprising that the inflammatory effects described in targeted encephalomyelitis are 

analogous to the present observations in HD, with further complexities arising from the 

aberrant functions and interactions of mHTT, which may be implicated in lower levels of PI 

and thus abnormal ciliogenesis. The dysfunctional beating of ependymal cilia that has been 

observed both in HD patients, HD mice and mouse models of multiple sclerosis leads to defects 

in the migration of neuroblasts along the rostral migratory stream, a possible explanation for 

the olfactory abnormalities reported in multiple sclerosis and HD patients, (478,479). 

The increased neurogenesis previously reported by Curtis et al. in HD is likely to be principally 

driven by the degenerating parenchyma of the CN. The current chapter suggests that, from a 

lipidomic perspective, degradation of the myelin layer is likely to create a shift in sphingolipid 

metabolism that consequently promotes neurogenesis. However, this lipid profile alteration is 

concomitant with stimulation of chronic inflammation, which when protracted has inhibitory 

effects on reparative neurogenesis. Additionally, ependymal dysfunction is likely to be driven 

by lower levels of key PI molecules, further disrupting the physiological regulation of NSCs 

by ependymal cells. Follow up studies examining targets identified in this investigation, such 
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as the role of CerP in NSCs in culture, will be beneficial in elucidating the direct effects on the 

behaviour of NSCs. 

7.5 Summary 

The SVZ has a defined cytological and neurochemical architecture, with four constituent 

laminae that act in concert to support its neurogenic activity. The preceding chapter 

demonstrated lipidomic specialisation in the neurologically-normal human SVZ, with 

enrichment of functionally important lipid classes in each lamina. The SVZ is also responsive 

to neurodegenerative disorders, where thickening of the niche and enhanced proliferation of 

resident cells has been observed in HD brains. However, this promising response is inefficient 

in mitigating the severe and progressive neurodegeneration that occurs in the adjacent CN. By 

capitalising on the high resolution of MALDIIMS relative to other ionisation techniques, 

unbiased analysis was undertaken to examine the lipidomic profile of the post-mortem 

Vonsattel grade 3 HD cases. Relative to matched, neurologically-normal specimens, the 

lipidome signature of the HD SVZ was characterised by loss of ST, TG and CL in the myelin 

layer, with an ectopic and focal accumulation of SM and CerP observed in this lamina. A 

striking loss of lipidomic patterning was also observed in the ependymal layer, where the local 

abundance of PI was significantly reduced in HD. This spatially-resolved lipidomic analysis of 

the human HD SVZ identified alterations in lipid architecture that may shed light on the 

mechanisms of SVZ responses to neurodegeneration in HD. 
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Chapter 8. Concluding Discussion 

Despite intensive research and much progress in understanding the pathogenesis of HD, the 

efficacious treatments that were hoped to quickly follow the discovery of the HTT mutation 

have not materialised. Now, 25 years later, it is appreciated that the development of effective 

interventions for neurodegenerative disorders, even for a disease with a “simple” single-gene 

aetiology, is more challenging than once anticipated.  

The challenge in developing treatments for HD stems from the notion that the processes of 

neurodegeneration are multifactorial (25,480,481). The culprit mHTT protein has many 

functions, adding an extra level of complexity to the pathophysiology of neurodegeneration in 

HD, impeding the discovery of effective therapeutic interventions. Indeed, it is not apparent 

whether a single mechanism is the driving force for other pathogenic abnormalities, or whether 

the cumulative effect of parallel mechanisms with an integrated network of mediators 

collectively drives cell death. The latter is the more plausible scenario. With this in mind, lipids 

– as dynamic biomolecules with functions that encompass almost all cellular physiology – 

appear to be strongly implicated in HD (20,26,190). Such considerations led to lipids being the 

focus of this project. Lipids and neurodegeneration in HD are brought even closer by the 

regional selectivity of the pernicious influences of mHTT despite its ubiquitous expression. 

This reinforces the notion that the brain has evolved to possess highly specialised anatomical 

divisions, with lipids increasingly acknowledged to have facilitated this process (482). Many 

functions to which lipids contribute or actively perform are important not only in the 

homeostasis of cells in the striatum but are also fundamental in the regulation of NSCs in 

development and continue to be critical in the adult brain (222). It is apparent that while the 

SVZ shows a favourable neurogenic response in HD, this is insufficient to compensate for the 

degeneration in the adjacent CN. Accordingly, addressing the lack of knowledge concerning 

the lipid profile of the neurologically-normal and HD SVZ was a major avenue of investigation 

in this thesis. The other major aim of the project was to characterise the lipidome of the human 

CN under normal and pathological conditions. The achievement of both aims capitalised on 

the powerful versatility of MALDIIMS as a novel approach in the study of lipids in HD. Using 

this technique, the integrity of anatomical regions of interest was preserved while the relative 

abundance of lipids in these regions was measured. The preservation of spatial resolution is an 

important advantage over traditional MS techniques that have been the sole mode of lipidomic 

analysis in all previous HD studies. MALDIIMS also offered an appropriate m/z detection 
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range that spanned the many species of glycerophospholipids and sphingolipids, the two highly 

interconnected categories of membrane lipids each with members in the hundreds. This high-

throughput capability of MALDIIMS allowed a discovery-based approach to the research 

described in this thesis. Applying such an unbiased approached was reasoned to be suitable 

given the massive structural diversity and the interwoven metabolism of the two principal lipid 

classes examined. For these reasons, a broad investigation of many species within each lipid 

class or category is vital for understanding their behaviour in disease. Indeed, this view was 

corroborated in the MALDIIMS post hoc analysis presented throughout this thesis, where a 

differential abundance of a large number of species, small in magnitude yet highly consistent 

between cases, strongly discriminated anatomical or pathological features. For example, 

lipidomic differences between GM and WM in the human CN were the greatest source of non-

technical variance in these cases, yet the examination of their respective lipid profiles revealed 

these differences to arise from moderate changes in the abundance of a large number of species. 

Indeed, one interesting observation from the work presented in this thesis is that examples of 

each lipid class that differ only in minor structural variations such as acyl chain length and the 

degree of saturation showed markedly different localisation (for instance, in GM or WM). The 

remarkable consistency of these patterns between unrelated neurologically-normal human CN 

sections, which was also recapitulated in the HD cohort, strongly suggests that such lipid 

distributions are neurodevelopmentally conserved. Overall, the finding highlights the profound 

functional importance of minor variation in lipid structure that we remain far from 

understanding. 

Such unique patterns of expression are characteristic of lipids and required careful statistical 

approaches, including the use of t-statistics, receiver operating characteristics with permutation 

analysis, principal component analyses, hierarchical clustering and co-localisation. Some of 

these methods, notably ROC with permutation analysis, are repurposed largely from biomarker 

research using genomic data and represent a novel contribution to the MALDIIMS field. A 

synthesis of these methods, each operating on well-matched HD and neurologically-normal 

case pairs, overcame the large technical variance seen in the MALDIIMS data and identified 

a number of findings of substantial biological interest. While the lipidomic features reported 

for the neurologically-normal and HD SVZ were wholly novel, some of the presented findings 

for the HD CN were consistent with previous lipid aberrations reported in HD. Examples 

include the lower levels of the ganglioside GM1 in HD, infusion of which has already 

demonstrated promising efficacy in preclinical models of the disease (288).  
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A novel contribution of this research is the use of MALDIIMS as the principal modality for 

unbiased discovery of endogenous biomolecules involved in HD by directly imaging 

biologically-complex human tissue, a much more challenging undertaking than analysis of 

more homogenous animal models. The question of the feasibility of this approach is 

particularly salient to lipids given the finding that even GM and WM which, while being 

markedly different in their lipidomic signatures, are defined as such by relatively moderate 

differences in the abundance of a large number of lipids. This observation suggests that 

lipidomic aberrations in disease may be expected to be generally less pronounced in magnitude 

than protein or nucleic acid aberrations. This thesis demonstrates that MALDIIMS provides 

data that is sufficiently quantitative and reproducible for such discovery-focused applications, 

provided that appropriate statistical methods are used. Moreover, MALDIIMS provides 

attractive advantages over alternative modalities, as file sizes are more tractable than FTICR 

mass spectrometry while the retention of spatial resolution allows the detection of disease-

related differences that would not be visible to LCMS/MS analysis of microdissected tissue. 

As such, the thesis builds a strong precedent for these approaches to be applied to other 

neurological disorders. 

The value in adopting a biomarker discovery approach in HD is apparent from similar 

investigations conducted in more common neurodegenerative disorders such as Alzheimer’s 

disease, where such methods have proven fruitful. Numerous studies have reported altered 

levels of circulating glycerophospholipids to be associated with the development of 

Alzheimer’s disease (483–485), where some species are proposed as biomarkers for prognosis 

(484) while others are suited for diagnosis (486). Such a repertoire of studies strengthens the 

understanding of the role of lipids in contexts such as disease mechanisms and as potential 

targets for therapeutic intervention. Similarly, the importance of studying lipid homeostasis in 

HD is in its ability to provide candidates for future mechanistic studies and to explore 

therapeutic opportunities. A top-down ‘omic’ approach for discovery of promising targets has 

been proposed to be more effective than traditional ‘hypothesis-driven’ studies alone (487). 

This is due to the historically very low rate of conversion of claims to clinical impact (487). 

Animal studies have demonstrated that brain lipids are subject to manipulation via multiple 

pathways. To what extent such systems can be manipulated in the human brain for therapeutic 

intervention is unknown. Post-mortem studies such as the work reported here are powerful in 

exploring the potential candidates and numerous other post-mortem studies have examined 

lipids and their associated enzymes in the human brain (251,488,489). Furthermore, magnetic 
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resonance spectroscopy allows limited quantification of individual lipids in vivo and would be 

a useful tool for subsequent translational studies (490). Although lipid research in HD has been 

occurring in the periphery, a number of agents that have advanced to clinical trials have been 

lipids. The outcomes of these trials have generally been limited to improvements in motor 

function (reviewed in (4). However, brain lipids or the downstream effects they mediate can 

be targeted in approaches other than the exogenous administration of the lipid agent itself. For 

instance, enzyme replacement therapy by means of intravenous or intracisternal administration 

of lipid metabolising enzymes is one option. Other avenues of manipulating lipids are through 

small molecule drugs that are able to cross the bloodbrain barrier and alter lipid metabolism 

in situ. Examples of such drugs include inhibitors of acid sphingomyelinase (491), 

phospholipidosis-inducing agents and fatty acid synthase antagonists (492) such as orlistat, 

which was utilised in the study by Knobloch et al. (2012) to demonstrate the dependence of 

adult NSC activation on fatty acid synthesis. Statins are another example of agents that alter 

lipid metabolism (in this case by inhibiting HMG-CoA reductase-dependent cholesterol 

biosynthesis in the mevalonate pathway) and are considered amongst the most effective drugs 

of the modern age (493–495). Interestingly, statin use appears to be associated with a decreased 

incidence of Alzheimer’s disease in epidemiological studies (496). 

8.2 Limitations 

The work presented in this thesis integrated the disciplines of lipidomics, neurodegeneration, 

IMS and high-throughput data analysis to gain new insights into SVZ plasticity and 

neurodegeneration in HD. While it is important to synthesise complementary disciplines and 

incorporate modern technology to explore new territory for a fatal disease, such an undertaking 

is not without its limitations and challenges. The importance of profiling many lipid species of 

those categories highly abundant in the brain has been extolled throughout this thesis, including 

glycerophospholipids, sphingolipids and cholesterol. While the work presented has largely 

covered the first two categories, cholesterol is an important membrane constituent and medium 

for cell signalling which was not efficiently detected in the MALDIIMS data. The challenge 

resides in the difficulty of ionising cholesterol and related sterols for MS analysis, including 

MALDIIMS. This is a considerable limitation as cholesterol is implicated in HD pathology 

(497–501). Nevertheless, methodologies in cholesterol IMS analysis has been a topic of 

investigation and progress is being made in facilitating ionisation by the use of silver 

nanoparticles as a matrix (502).  
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Another challenge arose from the substantial time investment required to manually assign 

hundreds of lipid signals by accurate mass searching and assessment of fragment spectra. A 

concerted effort to create open-source computation tools to automate aspects of this workflow 

would be of great benefit to the lipidomics field. In this respect, the ongoing efforts of the 

European Molecular Biology Laboratory (EMBL) to create the METASPACE platform for 

lipid annotation and pathway analysis is a welcome development (503).  

Despite these challenges, the work presented in this thesis has revealed novel insights into the 

potential contributions of lipids to HD and opened new avenues of investigation to understand 

the pathophysiology of this devastating disease. 

8.3 Future directions 

Lower levels of CL in the CN of HD post-mortem tissue were a key finding in this thesis. These 

phospholipid species are found in the inner membrane of mitochondria. The altered levels of 

CL in the HD CN are speculated to not be incidental as mitochondrial dysfunction is strongly 

implicated in early HD and remains relevant throughout the course of disease progression. 

Mitochondria play critical roles in respiration, cellular energy balance, cell death pathways and 

oxidant production, and cardiolipins are involved in all of these processes (reviewed in (504). 

Curiously, amongst all phospholipid species, the HTT protein has the highest binding affinity 

for CL (116). However, mHTT localises to the outer mitochondrial membranes and very little 

localisation has been detected at the inner mitochondrial membranes (505), suggesting that 

mHTT is unlikely to directly interact with CL. It is possible that the lower levels of CL detected 

in HD in this study are due to oxidation of these lipids and that the oxidised species were not 

detected in the MALDIIMS data due either to assignment failure or to their low abundance. 

CL oxidation occurs due to the presence of ROS, which have a known role in HD 

neurodegeneration. Given that CL are scarcely detectable by MALDIIMS, a comprehensive 

CL profiling in HD and neurologically-normal samples using more suitable mass spectrometry 

modes, with which low levels of CL and their oxidised species are more likely to be detected, 

is of key importance for future investigation (506,507). It is essential that such profiling is 

conducted in striatal tissue, particularly in the early stages of neurodegeneration such as grade 

1 HD cases in order to identify the stage of disease progression at which aberrations in these 

species first present. Another plausible explanation for the low levels of CL could be a 

reduction in total mitochondrial number in HD and relative to control cases, which again is 

pathologic in the homeostasis of striatal cells, where dependency on ATP production due to 
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prolonged exposure to cortical excitatory glutamate stimulus is high and appropriate regulation 

of mitochondrial dynamics is essential (508,509). It is also likely that irrespective of total 

mitochondrial number, there is a deficiency in CL expression in HD. Experimental models of 

CL deficiency have shown numerous phenotypic features that are commonly observed in HD, 

including profound muscle weakness, motor weakness and reduced respiratory activity 

(reviewed in (510). As such, it is also vital to examine the gene and protein expression levels 

of enzymes involved in the metabolic pathway of CL, particularly cardiolipin synthase. These 

and other avenues of investigation opened by this thesis provide new opportunities to 

understand the pathogenesis of HD. 
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Appendix: Lipids Assigned by LCMS/MS 

The following table provides m/z signals seen in MS/MS spectra for lipids assigned by 

LCMS/MS. 

FT m/z Assignment MS/MS m/z signals 

496.343 LPC(16:0) +H 60.081, 86.097, 104.107, 125, 184.073 

687.500 DG(42:10) -H 61.987, 66.641, 120.227, 229.891, 277.084, 318.245, 415.509, 467.570, 
527.476, 635.253 

700.531 PE(O-16:0_18:1) or  
PE(O-18:1_16:0) -H 

78.958, 255.233, 281.249, 436.283 

706.542 PC(30:0) +H 86.097, 125.000, 184.073 

714.510 PE(16:1_18:1) -H 78.958, 84.542, 140.011, 196.039, 253.218, 281.249 

716.526 PE(16:0_18:1) -H 78.958, 140.011, 196.038, 255.233, 281.249 

720.558 PC(31:0) +H 86.097, 125.000, 184.073 

722.516 PE(O-16:1_20:4) -H 78.958, 140.011, 196.039, 259.244, 303.234, 418.273, 436.284 

726.547 PE(O-18:2_18:1) -H 78.958, 281.249 

728.563 PE(O-16:0_20:1) or  
PE(O-18:1_18:1) -H 

78.958, 281.249, 309.281 

729.595 SM(d18:1/18:1) +H 82.066, 95.086, 125.000, 184.074, 264.268, 282.279, 339.290 

731.611 SM(d36:1) +H 86.097, 95.086, 125.000, 184.073 

734.574 PC(32:0) +H 71.073, 86.097, 98.985, 125.000, 184.073 

742.543 PE(18:1/18:1) -H 78.958, 140.011, 196.037, 281.249 

744.558 PE(18:0_18:1) -H 78.958, 140.011, 196.038, 281.249 

747.500 PG(16:0_18:1) -H 78.958, 168.043, 255.233, 281.249 

748.532 PE(O-16:1_22:5) -H or  
PE(O-18:2_20:4) -H 

59.013, 78.958, 122.001, 140.011, 163.017, 196.037, 259.243, 303.234, 
329.251, 444.289, 462.300 

748.589 PC(33:0) +H or PC(O-34:0) +H 86.097, 125.000, 184.073 

750.547 PE(20:4/17:1) -H or 
PE(O-18:1_20:4) -H 

59.013, 78.958, 122.001, 140.011, 163.016, 196.038, 259.244, 267.269, 
303.233, 446.305, 464.314 

751.576 SM(d36:2) +Na 86.097, 95.086, 146.982, 184.073, 528.513, 568.506 

752.564 PE(16:0_18:1) + Cl 78.958, 152.996, 158.027, 176.037, 227.202, 255.233, 281.249 

754.576 PE(O-18:2_20:1) -H or 
PE(O-20:2_18:1) -H 

78.958, 281.249, 309.281, 444.289, 462.300 

760.589 PC(34:1) +H 71.074, 86.097, 98.985, 125.000, 184.073 

762.607 PC(34:0) +H 86.0968, 125.000, 184.073 

764.527 PE(18:1_20:4) -H 59.013, 78.958, 122.000, 140.011, 196.039, 259.243, 281.249, 303.234 

766.541 PE(18:0_20:4) -H 59.013, 78.958, 122.001, 140.011, 196.037, 259.243, 283.265, 303.234 

770.570 PC(35:3) +H 86.097, 125.000, 184.073 

778.579 PE(17:1_22:4) -H 78.958, 140.011, 196.038, 267.270, 287.274, 331.265, 446.304, 464.315 

782.576 PC(36:4) +H 67.055, 79.055, 91.055, 95.086, 105.070, 121.101, 135.117, 145.101, 
184.074, 262.253, 294.315, 308.303, 390.308, 460.029 

784.592 PC(36:3) +H 56.050, 86.097, 104.071, 122.081, 184.074 
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786.531 PS(36:2) -H 61.987, 78.958, 96.969, 152.995, 281.249, 417.243 

786.605 PC(36:2) +H  86.097, 125.000, 184.073 

788.547 PS(36:1) -H 61.988, 78.958, 96.969, 152.995, 283.265, 419.258, 437.268 

788.621 PC(36:1) +H 71.073, 86.097, 98.985, 125.000, 184.073 

790.542 PE(18:0_22:6) -H 59.013, 78.958, 122.001, 140.011, 196.038, 229.197, 283.267, 327.234 

792.546 PE(18:0_22:5) -H 59.013, 78.958, 122.001, 140.011, 196.038, 231.213, 283.265, 329.249, 
480.311 

794.573 PE(18:0_22:4) -H 59.013, 78.958, 122.001, 140.011, 196.038, 283.265, 331.265 

804.556 PC(38:7) +H 86.097, 125.000, 146.982, 184.073 

806.578 PC(38:6) +H 67.055, 81.070, 91.055, 95.086, 105.070, 121.101, 133.101, 179.513, 
184.073, 292.299, 364.988, 390.276, 417.337 

808.590 PC(38:5) +H 70.066, 128.107, 146.118, 184.073 

810.532 PS(18:0_20:4) -H 78.958, 96.969, 152.995, 283.265, 303.234, 419.256 

812.549 PS(18:0_20:3) -H 78.958, 96.969, 152.995, 283.265, 305.249 

812.620 PC(38:3) +H 86.297, 125.000, 159.041, 184.073, 207.997, 297.562, 407.745, 
465.593, 531.280, 636.346, 691.947 

813.691 SM(d42:2) +H 86.097, 125.000, 184.073, 199.309, 264.268, 326.082, 377.575, 
636.440, 672.775 

814.638 PC(38:2) +H 86.097, 125.000, 159.042, 184.073, 211.177, 636.436, 749.422 

815.700 SM(d42:1) +H 86.097, 125.000, 159.042, 184.073, 297.594, 437.338, 585.418, 621.487 

818.574 PE(42:6) -H 78.958, 92.294, 140.011, 196.038, 269.249, 281.249, 331.265, 418.275, 
436.282 

830.612 PS(O-20:0_18:1) -H 78.958, 96.959, 168.042, 224.069, 281.249 

833.521 PI(16:1_18:1) -H 78.958, 115.920, 152.995, 255.234, 281.249, 369.147, 506.608, 549.744 

834.532 PS(18:0_22:6) -H 78.958, 96.969, 152.995, 283.265, 327.234, 419.260 

834.610 PC(40:6) +H 86.097, 125.000, 184.073 

836.537 PS(18:0_22:5) -H 78.958, 96.969, 124.778, 152.995, 230.955, 283.265, 329.249, 419.259, 
591.361 

836.624 PC(40:5) +H 86.097, 125.000, 184.073 

837.554 PS(22:4_18:0) -H 78.958, 96.969, 152.995, 215.693, 283.265, 331.265, 419.257, 681.360 

838.563 PS(18:0_22:4) -H 78.958, 96.969, 152.995, 283.265, 331.265, 419.258 

838.641 PC(40:4) +H 86.097, 125.000, 159.042, 184.073 

843.599 PI(O-16:0_20:4) -H 78.958, 119.760, 231.211, 303.234, 536.763 

870.700 PC(42:2) +H 86.097, 125.000, 159.042, 184.073 

883.537 PI(18:1_20:4) -H 78.958, 96.969, 152.995, 223.001, 241.012, 281.249, 303.233, 331.267, 
417.241, 579.301, 630.255, 883.537 

885.554 PI(18:0_20:4) -H 78.958, 96.969, 152.995, 223.002, 241.012, 283.265, 303.234, 335.750, 
368.945, 419.258, 668.405 

909.555 PI(18:0_22:6) -H 78.958, 96.969, 152.995, 223.002, 241.012, 283.266, 327.234, 419.259, 
623.203, 715.010 

911.572 PI(18:0_22:5) -H 78.958, 96.969, 152.995, 223.001, 241.012, 283.264, 329.249, 419.257, 
462.300, 581.313, 863.511 

913.586 PI(18:0_22:4) -H 78.958, 96.969, 152.995, 223.003, 241.013, 283.265, 331.265, 367.866, 
419.258, 513.665, 599.320 
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1478.016 CL(20:4_18:1_18:1_18:1) -H 140.011, 259.244, 281.249, 303.233, 331.265, 462.299, 726.545, 
926.119 

1526.133 CL(20:4_18:0_18:0_18:0) -H 140.011, 196.038, 259.244, 283.265, 303.233, 462.299, 480.310, 
1165.272 
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