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Abstract 

Introduction  

Interactions between cells of different types are likely to be critical in 

developmental cortical lesions. However, methods to dissect these 

interactions in human tissue are limited. I have explored cell-cell interactions 

in Focal Cortical Dysplasia (FCD) and Tuberous Sclerosis (TS), two of the 

most common cortical malformations leading to multidrug-resistant paediatric 

epilepsy. I hypothesised that cellular diversity including heterogeneity of 

balloon cells in FCD2b/TS plays an important role, and that understanding this 

will enable a better understanding of the disease pathogenesis, leading to 

novel therapeutic avenues. 

Materials and Methods  

Using gene expression data, I identified the major secretory signalling 

molecules in the FCDIIb/TS group. Then, I characterised the cell types 

expressing these signalling molecules using immunohistochemistry. Finally, to 

explore the functional relevance, I developed an organotypic slice culture 

model of FCD using tissue resected from children undergoing epilepsy surgery 

and visualised them in 3D using the tissue-clearing technique CLARITY. 

Results  

Gene expression analysis identified 55 up-regulated secretory molecules in 

FCD IIb/TS. After immunohistochemical validation of selected highly 

differentially expressed genes, I found two interesting cell populations, that 

were either CHI3L1-positive or CCL2-positive, potentially involved in the 

pathogenesis of FCD IIb/TS. By using the 3D technique CLARITY, I 

demonstrated heterogeneity of the small glial cells within the 3D architecture 

of malformations, as well as the variability of balloon cells structure. Finally, to 

develop a function model for cell-cell interactions, I successfully maintained 

organotypic cultures for up to 2 weeks from patients undergoing neurosurgery 
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for epilepsy. Hyperactivation of the mTOR pathway is well known in these 

developmental lesions. After pharmacological mTOR inhibition, I showed that 

these two cell populations (CHI3L1, CCL2 cells) decreased in FCD IIb and TS 

cases.  

Conclusion  

Heterogeneity of the cells and their interactions may play a significant role in 

the pathogenesis of FCDIIb/TS. I have identified diversity in small glial cells in 

FCDIIb/TS (namely CHI3L1 positive and CCL2 positive cells) and used 

CLARITY to visualise their anatomical relationships in three dimensions. I 

have developed a model to determine the functional roles of these interactions 

with the mTOR pathway. The current project provides a generalisable 

approach to understanding cellular heterogeneity in developmental 

neuropathology. 
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Impact Statement  

This thesis improves our understanding of the underlying abnormalities in the 

brains of children with a severe form of epilepsy. The diseases studied are 

abnormalities of development of the cerebral cortex. These diseases are the 

most common cause of epilepsy in children who need surgical treatment 

(affecting 39.3% of such children) These children have very severe, frequent 

seizures from an early age. Furthermore, these seizures are often drug-

resistant from childhood (up to 40%) and require surgical removal. However, 

a significant proportion of children still suffer symptoms, even after the 

affected part of the brain has been removed. It is difficult to design novel 

rational treatments or diagnostic tests for this disease as we understand 

relatively little of the underlying abnormalities. 

  

In this thesis, I have discovered novel cell types in the brains of these 

children, I have explored the biological properties of these cells and have 

shown that they can be targeted using a drug that inhibit a particular 

molecular pathway (mTOR). Some of these novel cells secreted unique 

markers (CHI3L1 and CCL2, respectively) and are found specifically in 

particular diagnoses (e.g. cortical dysplasia type IIb (FCDIIb) and tuberous 

sclerosis (TS)). After inhibition of mTOR, these cells reduce in number.  

  

This work brings impact in several ways. First, this changes the way we think 

about the biology of the disease because it identifies new cells that play a 

part in the disease. Therefore, it will form a basis for thinking about this 

disease in a more complex way, and any future description of how the 

disease will need to take explain how the cells arise and what role they play. 
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Second, the approach used in this thesis maps out a way to identify new 

disease-related cells in the brains of children with other developmental 

abnormalities. The research pipeline used in this thesis began from gene 

analysis and narrowed down to specific targets by using bioinformatics. This 

was followed by on validation and functional testing. Finally, I introduced a 

3D-visualization technique to map out the structure of these and other cells 

in the disease. This approach could be generalised to a wide range of other 

brain diseases. 

  

Third, based on the improved understanding of the disease, we could 

improve our management of patients by designing tests and treatments that 

take account of these new cells. Furthermore, the models I have developed 

could be used to test novel therapies. 

  

In summary, the data presented in my thesis improves the understanding of 

these diseases, providing a pipeline for similar future research, and clinical 

benefit by developing better treatments. 
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Chapter 1 Introduction and Hypotheses 

 Epilepsy and Malformations of Cortical Development 
(MCD)  

Epilepsy is a common neurological disorder that affects people of all ages. 

The aetiology of epilepsy differs with age as well as geographic location (1). 

For example, epilepsy resulting from congenital, developmental and genetic 

alterations is most common in childhood to early adulthood; while epilepsy 

resulting from both trauma and infection can occur at any age. Also, infection-

induced epilepsy tends to accumulate in undeveloped or some developing 

countries (1). It affects more than 50 million people worldwide (2) and is 

especially prevalent in children (3). The International League Against Epilepsy 

(ILAE) states that a diagnosis of epilepsy should be made when any of the 

following conditions are present: i) At least two unprovoked (or reflex) seizures 

occurring >24 h apart; ii) one unprovoked (or reflex) seizure and a probability 

of further seizures similar to the general recurrence risk (at least 60%) after 

two unprovoked seizures, occurring over the next 10 years; iii) diagnosis of an 

epilepsy syndrome (4). By the age of 18 years, the cumulative incidence of 

epilepsy in the paediatric population is 7.22 (95%CI, 5.74 to 8.70) out of every 

1000 children (5). One of the most important causes of childhood epilepsy are 

Malformations of Cortical Development (MCD), which is a structural 

abnormality of the cerebral cortex (6). The incidence of MCDs is unknown. 

However, it has been reported that up to 40% of drug-resistant childhood 

epilepsy is associated with MCD (7) and at least 75% of patients with MCDs 

develop seizures (7, 8). MCDs encompass a wide range of disorders and 

abnormalities; for example, disorders of neurogenesis (microcephaly or 

macrocephaly) and disorders of early neuroblast migration (periventricular 

heterotopia). Furthermore, abnormalities of migration also vary in their 

manifestation and may cause type I lissencephaly, subcortical band 

heterotopia, type II lissencephaly (cobblestone lissencephaly), or 

polymicrogyria. Sometimes the abnormalities occur focally (e.g. focal cortical 

dysplasia), multifocally (e.g. Tuberous sclerosis), or even diffusely (e.g. 
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hemimegalencephaly). A recent review article used a simplified classification 

to explain these complicated diseases (9). According to this classification, 

MCD can be divided into 3 large groups: (1) disorders of proliferation, 

apoptosis, and/or differentiation, (2) disorders of neuronal migration, and (3) 

disorders of axon pathway formation. 

In the current project, I will focus on one of these MCDs – FCDII, which in this 

schema is included in “the disorders of proliferation, apoptosis, and 

differentiation group” (9).  However, the exact pathogenesis of this disorder is 

poorly understood. There are many pieces of evidence that indicate that a 

common feature of the pathogenesis of FCDII is hyperactivation of signalling 

through the serine/threonine kinase, mTOR. Before discussing MCD and 

FCDII, it is essential to review the basics of the development of the cerebral 

cortex.  
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 Development of the cerebral cortex 

In the past decade, studies of cortical development have progressed a lot from 

animal models, especially those in mice. These advances are helping us 

understand the origins of projection neurons and inter-neurons, as well as 

appreciating their migration routes. Furthermore, these studies have also 

identified that there are many types of progenitors that contribute to cell growth 

and expansion during the stages of cortico-genesis. These are all necessary 

developmental basics to assist in the understanding of possible routes to 

pathogenesis underlying MCDs. 

 The beginning of brain development 

Brain development can be divided into several distinct processes, including 

neurogenesis, neuronal migration, astrocytes maturation, oligodendrocytes 

maturation, myelination, etc. The first two (neurogenesis and neuronal 

migration) occur between approximately gestational weeks 7 and 18 in 

humans (10). Traditionally, cell proliferation was thought to occur 

predominantly adjacent to the embryonic ventricles, and then neural 

progenitor cells migrated from the periventricular zones to the surface where 

they form the cortical plate (9). More recently, data indicates that interneurons 

are produced outside the cortical neuroepithelium in the ganglionic eminences 

(11, 12). These two groups of neuroepithelial progenitors correspond to the 

two groups of cortical neurons: the glutamatergic and GABAergic neurons. 

The proliferative niche of glutamatergic neurons is located in the ventricular 

zone (VZ) of the pallium. The neurons derived here have long axons and 

account for 70-80% of the cortical neurons (13). They migrate radially from the 

ventricular zone to the apical surface. The GABAergic neurons come from the 

ganglionic eminence (medial and lateral ganglionic eminences). This group of 

neurons have short axons and constitute 20-30% of neurons (13). Unlike the 

glutamatergic neurons, the GABA-containing interneurons move tangentially 

from their proliferation niches (Figure 1.2.1-1). The split origins and migration 

routes of projections neurons and interneurons have a significant impact on 

understanding the effects of mosaic mutations that arise during development. 
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Figure 1.2.1-1 Glutamatergic and GABA-containing neurons migrate in 
different patterns. The glutamatergic neurons migrate radially from the 

ventricular zone (VZ), while the GABA-containing interneurons move 

tangentially from lateral ganglionic eminence (LGE) and medial ganglionic 

eminence (MGE). (Image from a 17 gestation weeks human brain, UCL ICH 

HDBR). The scale bar is 5 mm in length. 

 

 Progenitor cells 

During development, the brain expands in both cell number and brain volume. 

The primary sources of projection neurons in the mammalian cortex are 

neuroepithelial neurons from periventricular zones. The first group of 

progenitors derived from the neuroepithelial cells are termed radial glial cells, 

or radial glial progenitor cells (RGPs) (14, 15), which are capable of producing 

different types of neurons and glia. Due to their multipotency and extensive 

self-renewal, RGPs are thought to be a type of neural stem cell for the 

developing cortex. 

The second type of progenitor cell are intermediate progenitors (IPs) (16, 17), 

which are produced from RGPs but differ from them in many ways, including 

their distribution, proliferation capability, morphology and markers (9) (Table 

1.2.2-1).   
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 Radial glial cells (RGPs) Intermediate progenitors (IPs) 
1. Distribution Ventricular zone Ventricular zone + Subventricular zone 
2. Proliferation 

capability 
High proliferation capacity 

multipotent 
Lower proliferation capacity 

committed to producing projection neurons 
3. Morphology Long radial processes short processes 

4. Markers SOX2, SOX9 Tbr2 
Table 1.2.2-1 Differences between Radial glial cells and Intermediate 
progenitors. 

 

Compared to the mouse brain, larger mammal brains with gyration have more 

complex developmental features, for example, their expanded SVZ can be 

further divided into inner and outer SVZ (18). More recent research revealed 

a third type of cortical progenitor in the outer SVZ, termed outer RGPs 

(oRGPs) (19). Compared to the ventricular RGPs (tRGPs), oRGPs maintain a 

similar proliferation capability to produce IPs and neurons. However, the 

oRGPs do not connect to the ventricular surface and express a unique marker, 

HOPX, which differs from the tRGPs (Table 1.2.2-2). Interestingly, increased 

mTOR signalling activity has been reported in the oRGPs (20), which might 

be relevant to the MCDs. 

 

 Ventricular Radial glial cells 
(tRGPs) 

Outer Radial glial cells 
(oRGPs) 

1. Distribution Ventricular zone Outer subventricular zone 
2. Connections to the 
ventricular surface Yes No 

3. Proliferation capability capacity to produce IPs  
and neurons 

ability to produce IPs  
and neurons 

4. Markers NSC markers, ex SOX2, SOX9 HOPX 
Table 1.2.2-2 Difference between ventricular radial glial cells and outer 
radial glial cells. 
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 Brain zonation formed during cortex development 

As a consequence of the expansion and migration of progenitor cells, the brain 

forms several district zones, including the ventricular zone (VZ), subventricular 

zone (SVZ, containing inner and outer SVZ), intermediate zone (IZ), subplate 

(SP), cortical plate (CP) and marginal zone (MZ) (Figure 1.2.3-1). One of these 

zones, the cortical plate (CP) contains the cortical layers II through VI and has 

an inside-out pattern of neuronal migration. In-other-words, the inner layer of 

the cortex is formed first, and the outer cortex develops afterwards (Figure 

1.2.3-2). After arriving at their destination, the neurons start to differentiate and 

are associated with specific transcriptional profiles, forming projections and 

connections with other neurons. After mature neurons appear, the mature 

astrocytes, oligodendrocyte, and myelination will form subsequently.  

 
Figure 1.2.3-1 Formation of distinct zones during cortex development.  
During brain development, there are several zones that can be identified 

under the microscope, including ventricular zone (VZ), subventricular zone 

(SVZ), intermediate zone (IZ), subplate (SP), cortical plate (CP) and marginal 

zone (MZ). The CP zone is shown at higher magnification in the lower panel. 

(Image from a 20 gestation weeks human brain, UCL ICH HDBR). The scale 

bar is 1 mm for upper panel and 100 μm for the lower panel. 
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Figure 1.2.3-2 Schematic outline of the inside-out rule of the cortical 
plate development. In the cortical plate (CP), the neuronal migration has the 

inside-out pattern. The inner layer forms first followed by the outer layer. This 

figure was adapted from the (21).  
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 Focal cortical dysplasia (FCD) & Tuberous Sclerosis 
(TS) 

 The classification of focal cortical dysplasia 

Focal cortical dysplasia (FCD) is the most common cortical lesion leading to 

multidrug-resistant epilepsy in children (22). It was first characterised by Taylor 

et al. (23) and was later recognised as a more diverse heterogeneous group 

of cortical lesions with cortical architecture and cytological abnormalities. The 

histopathological classification was initially developed by Palmini (24) and 

colleagues and later modified by an ad hoc Task Force of the International 

League Against Epilepsy (ILAE) which introduced FCD type III (25). FCD is 

currently classified into three main types: FCD I, II and III (Table 1.3.1-1).  

FCD type I is defined by the presence of abnormalities of cortical architecture. 

FCD type Ia is characterised by abnormal radial cortical lamination, while FCD 

type Ib by an abnormal tangential cortical lamination, and type Ic with a mixture 

of both. 

FCD type II is characterised by both cortical dyslamination and the presence 

of the cytologic abnormalities, such as the dysmorphic neurons (DNs) and 

balloon cells (BCs). DNs are enlarged and disorientated neurons with marginal 

and perinuclear Nissl substance, and cytoplasmic accumulation of 

neurofilaments. BCs have large and oval cell bodies with glassy eosinophilic 

cytoplasm. DNs can be identified in both FCD IIa and FCD IIb, while BCs only 

in FCDIIb. 

Type III FCD is defined by abnormal cortical lamination combined with other 

brain lesions. For example, type IIIa is characterised by the coexistence of 

hippocampal sclerosis, type IIIb with the glial/glioneural tumour, type IIIc 

accompanies vascular lesions, and type IIId is adjacent to the acquired lesion 

in early childhood (i.e. inflammatory, ischaemic or traumatic) (25). 
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Recently, the definition of FCD subtypes has been questioned (particularly 

FCDIb and FCDIIIb) (26). Since the new classification was applied in 2011 

(25), very few FCDIb have been diagnosed and reported, which might indicate 

that the diagnostic criteria are difficult to follow, or that this subtype does not 

exist. With regards to FCDIIIb, there is increasing evidence suggesting that 

cortical dyslamination is secondary to occult tumour cell infiltration. Hence, 

more studies are required to fully understand FCDIb and FCDIIIb, which will 

inform better diagnosis. In spite of these questioned subtypes, FCD type II 

remains the best-recognised group, with a clear histologic definition and 

reliable evidence of mTOR hyperactivation (26). 

Type Subtype Characteristic features 
I a FCD with abnormal radial (vertical) cortical lamination 

b FCD with abnormal tangential (horizontal) 6-layer cortical lamination 
c FCD with abnormal radial and tangential cortical lamination 

II a FCD with dysmorphic neurons 
b FCD with dysmorphic neurons and balloon cells 

III a Cortical lamination abnormalities in the temporal lobe associated with HS 
b Cortical lamination abnormalities adjacent to a glial or glioneuronal tumour 
c Cortical lamination abnormalities adjacent to vascular malformations 
d Cortical lamination abnormalities adjacent to other lesions acquired in early 

childhood such as trauma, ischaemic event, encephalitis 
Table 1.3.1-1 The International League Against Epilepsy (ILAE) Task 
force classification of Focal Cortical Dysplasia (FCD).  Adapted from 

paper (25). 
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 Histopathology of FCD IIa and FCD IIb 

On gross pathologic examination, FCDII lesions tend to extend into the sub-

cortical region and lead to junctional border blurring, which is contrary to the 

sharp boarder in corresponding unaffected areas (Figure 1.3.2-1). Under the 

microscope, there is cortical dyslamination plus cytological abnormalities, 

including the presence of dysmorphic neurons (DNs) and balloon cells (BCs) 
(Figure 1.3.2-2). FCDII can be further divided into two subtypes based on the 

presence of the BCs. By definition, BCs are only present in FCDIIb, while DNs 

appeared in both FCDIIa and FCDIIb. Besides using H&E for interpretation, 

several useful markers enable a precise diagnosis: NeuN (25), MAP2 (25), 

Neurofilament (25) (e.g. Figure 1.3.2-3) highlights the neuronal arrangement 

and DNs, while anti-β-integrin (27), vimentin (25), Nestin (25) can also be used 

to identify the BCs (Figure 1.3.2-4). Although FCD IIa and FCD IIb are clinically 

similar, FCDIIb seems to have a better prognosis following surgery in several 

independent studies (28-30) and a recent meta-analysis of all the published 

data reached the same conclusion (31). Apart from the histological type, 

complete surgical resection is also an important prognostic factor (32). 

 
Figure 1.3.2-1 Macroscopic view of the FCDII lesion. FCDII lesion region 

shows the blurred border between grey and white matter. On the contrary, 

the normal area reveals a sharp junction line. Image courtesy of Prof. Tom 

Jacques.  
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Figure 1.3.2-2 Histology of FCDIIb On histology, a diagnosis of FCDIIb is 

made when features of cortical dyslamination are identified along with 

cytological abnormalities, including DNs and BCs. The diagnosis of FCD IIb 

relies on the detection of the BCs. 

 
Figure 1.3.2-3 Demonstration of the value of anti-NeuN in FCDII 
diagnosis. Immuno-staining of NeuN helps identification of cortical 

dyslamination (the cortical disarray in the right lower corner) and highlights 

the DNs in FCDIIa. The arrow indicates a balloon cell. 
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Figure 1.3.2-4 Demonstration of the value of anti-β-integrin for a 
diagnosis of FCDIIb. Β-integrin helps to highlight the presence of balloon 

cells; it is negative in the dysmorphic neurons. 

 Tuberous Sclerosis (TS) and its relation of FCD 

Tuberous Sclerosis complex (TS) is a multisystem, autosomal dominant 

disorder which is estimated to have a live birth incidence of 1 in 6,000 (33), 

making cortical tubers one of the most common causes of intractable epilepsy 

in children (34). It is caused by mutations in either TSC1 or TSC2, which also 

result in mTOR hyperactivation, similar to FCD2b as mentioned above. Hence 

it is also regarded as a mTORopathy (26), and the activation of mTOR 

signalling can be detected by elevation of pS6 (35) and other downstream 

markers of mTOR activation. Histologically, cortical tubers are characterised 

by cortical dyslamination with both dysmorphic neurons and giant cells (also 

known as Balloon Cells, BCs) (36), which are identical to FCDIIb. Therefore, 

cortical tubers are regarded as a genetic disease that mimics the pathology of 

FCDIIb (37, 38). However, cortical tubers often contain dystrophic calcification 

and more inflammatory changes (35, 39). Furthermore, cortical tubers tend to 

be associated with other brain lesions, i.e. subependymal giant cell 

astrocytoma (SEGA) (34).  
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 Evidence of increased mTOR activity in DNs and BCs 

mTOR is a kinase that forms two complexes: mTOR complex 1 (mTORC1, 

mammalian target of rapamycin complex 1) and mTOR complex 2 (mTORC2, 

mammalian target of rapamycin complex 2). mTORC1 regulates cell 

physiology, such as responding to growth or nutrients inputs. It also controls 

cell growth, proliferation, metabolism, and autophagy, as well as protein and 

lipid synthesis. The mTORC2 complex plays an important role in cell 

proliferation and survival (40-42).  

Knowledge about the mTOR pathway and FCDII has been derived from 

tuberous sclerosis (TS) that shares the same morphology of FCD IIb (section 

1.3.4). TS is caused by mutations in TSC1 and TSC2; these critical genes 

encode hamartin & tuberin that act as negative regulators of mTORC1 and 

lead to mTOR pathway activation. In FCDII, many MTOR related gene 

alterations have also been reported (addressed in section 1.5.3) and 

hemimegalencephaly (HME) also show a similar trend. Some authors suggest 

that FCDIIb, TS, and HME should be categorised as mTORopathies, due to 

the high overlap of histology and molecular changes (raised mTOR pathway 

activation) (9). At a cellular level, both dysmorphic neurons and balloon cells 

are known to show increased expression of mTOR targets (e.g. pS6 and 

p4EBP1) (27). These findings might imply that both cell populations are 

affected by mutational events, leading to mTOR hyperactivation. Further 

results from a single cell analysis study further support this theory (43), finding 

relevant mTOR pathway mutations in both neuronal lineages and glial cells.  
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 BCs show defects in Autophagy  

Data from our group has identified that BCs accumulated lysosomes, LAMP1, 

LAMP2, acid phosphatase, autophagy cargo protein and p62, which all belong 

to autophagy pathways (44) (Figure 1.3.5-1), this indicates defects of the 

autophagy capability in FCD. More interestingly, when treated with mTOR 

inhibitors, the autophagy function was reversed (44). This functional study 

implies that the abnormal activation of the mTOR pathway in FCDIIb/TSC 

might directly link to the defects in autophagy (44). 

 
Figure 1.3.5-1 Autophagy defect in the BCs. The increased expression of 

numerous components relates to autophagy pathways identified in BCs, 

including p62, ATG-5/12, Beclin-1, LC3-II, LAMP1/2, and Acid Phosphatase. 

Electron microscopy also demonstrated the abundance of lysosomes (arrow) 

in the cytoplasm of Balloon cells. The image is adapted from Dr Yasin’s 

paper (44). 
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 Inflammation in the FCD and other histological features 
(Hypomyelination, and Rosenthal fibres) 

Recently, a growing body of evidence has shown increased 

neuroinflammation in FCDIIb and TS (38, 39, 45-47). The release of 

proinflammation mediators (such as complement, cytokines, chemokines, 

etc.) not only trigger the immune system but also acts as neuromodulators, 

which direct excitability and induced epilepsy (48-53). The increase of the 

classical complement system components were reported in the TS a few years 

ago (38). Several pieces of research have also pointed out that C1q and C3 

might play a role in mediating the elimination of CNS synapses (54-57). 

Moreover, the activation of both innate and adaptive immune response in 

FCDII was also noticed (45, 46, 58). From these articles, apart from 

complement components, some molecules might be crucial in the regulation 

of neuroinflammation, which were also noted from our data, such as IL-

1beta(45), MCP1 (38, 45), ECM2(38), ANGPT1(38), SERPINA3(38), 

CHI3L2(38, 46), CP(38), phospholipase A2 group IIA (PLA2G2A)(46), and C-

C motif chemokine ligand 4 (CCL4)(46). However, the full extent of the cell 

types implicated in FCD is not known. Routine pathological assessment of 

these cases would suggest that there may be more unknown cell types in 

FCDIIb. Therefore, there may be other yet unidentified cells in the lesions that 

lack such distinctive morphology as the DN and BCs. Interestingly, the early 

activation of inflammatory pathways in TSC brain was also reported(39). 

Furthermore, in one TSC mouse model (59), the inflammatory markers were 

expressed before the onset of epilepsy in vivo, which implies that the 

inflammation might be primary. Recently, it has been suggested that epilepsy 

might be better controlled through down-regulation of the mTOR pathway in 

TSC patients (60). In addition to the inflammation described above, some 

structural abnormalities have also been found in the previous literature. Such 

as the marked white matter hypomyelination has been described in the 

lesional area (25, 61), as well as the Rosenthal fibres have been detected in 

several FCDIIb cases (62). 
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 Cellular heterogeneity in FCDIIb/TS 

DNs and BCs are the histopathological hallmarks of FCD IIb and cortical tuber 

of TSC. However, in the literature, there is significant variability in the 

expression of markers in these cells, including those indicating 

stem/progenitor cell phenotypes, mature glial markers, and neuronal markers, 

etc.  

 

 BCs display a stem/progenitor cell phenotype 

BCs are readily identified based on their distinctive cellular morphology (Figure 

1.3.2-2) and may contain one or more nuclei (multinucleate cells). BCs are 

predominantly located in the subcortical white matter and sometimes in the 

molecular layer of the grey matter. The significance of the existence of BCs 

remains unknown. Many researchers have performed a range of 

immunohistochemical staining to understand their origin and identified several 

BC markers. However, there is marked variability at a protein expression level 

of these markers, including those for stem/progenitor cells, mature glial 

markers, and neuronal markers. For expression of the stem/progenitor cell 

phenotype, a summary is listed below (Table 1.4.1-1). These markers included 

CD34, vimentin, Nestin, GFAPδ, CD133, Doublecortin (DCX), Doublecortin-

like (DCL), PAX6 (Paired Box 6), Brain lipid-binding protein (BLBP), MASH1, 

β1 integrin, and Collapsin-Response-Mediator-Protein-4 (CRMP4) (27, 63-

73), which will be further discussed below.  
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Table 1.4.1-1 Summary of the stem/progenitor cell phenotype at BCs 
from the previous literature. NP (not provided) 

 

CD34 serves as a stem cell marker and its expression in balloon cells is 

confined to the cell membrane (65). Positive BCs were found in 22.2 to 83.3% 

of FCDIIb cases, 66.7% of TS cases, and 33.3% of Hemimegalencephaly 

(HME) cases (65, 67, 70). Although CD34 expression can be identified in most 

cases, it is only expressed a small portion of BCs: from the available data, this 

is estimated be to 0.4 to 7.5% of BCs (67, 70). One of the papers found that 

CD34 positive BCs were mostly limited to the deep white matter, with none 

found in the neocortex area (65). 

  

Marker DX % of Cases % of 
BCs 

SE (% of 
BCs)  Methods Reference 

CD34 

HME 1/3 (33.3%) NP NP IHC (65) 
TS 4/6 (66.7%) NP NP IHC (65) 

FCDIIb 
2/9 (22.2%) 0.4 0.3 IHC (67) 

15/18 (83.3%) 7.5 4.8 IHC (70) 
20/34 (58.8%) NP NP IHC (65) 

Vimentin FCDIIb 

NP 68 NP IHC (72) 
10/10 (100%) 83 NP IHC (68) 

8/9 (100%) 59.2 8.7 IHC (67) 
5/5 (100%) 41.5 NP IHC (73) 

18/18 (100%) 63.1 7.8 IHC (70) 

Nestin FCDIIb 

NP 18 NP IHC (72) 
9/9 (100%) 37.6 8.5 IHC (67) 
5/5 (100%) 27.7 NP IHC (73) 

18/18 (100%) 57.1 8.4 IHC (70)] 

GFAPδ 

TS 5/5 (100%) 70.6 2.6 Double (69) 
6/6  (100%) 71.5 4.5 IHC (64) 

FCDIIb 
NP 42 NP IHC (68) 

10/10 (100%) 81.9 3.9 Double (69) 
6/6 (100%) 78.3 6.8 IHC (64) 

CD133 FCDIIb 6/9 (66.7%) 22 7.7 IHC (67) 
5/5 (100%) 28.3 NP IHC (73) 

DCL TS 8/8  (100%) 86 6 IHC (63) 
FCDIIb 8/8 (100%) 82 4 IHC (63) 

Pax6 FCDIIb 10/10 (100%) 58 NP IHC (68) 
NP Majority NP IHC (66) 

BLBP FCDIIb 10/10 (100%) 74 NP IHC (68) 
CRMP4 FCDIIb 10/10 (100%) 27 NP IHC (68) 
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Vimentin is another primitive marker used in the diagnosis of FCDIIb. During 

brain development, it is abundant in radial glia, which guides neuronal 

migration, and in young astrocytes regulating their motility (74). In the 

published literature, vimentin identifies BCs in all FCDIIb cases and is 

expressed in a high proportion of BCs, with estimates ranging between 41.5 

to 83% of all BCs (67, 68, 70, 72, 73). In the classification paper (25), vimentin 

is also one of the suggested markers that could be used for highlighting the 

BCs. 

Nestin is a primitive marker which has also been suggested to highlight the 

balloon cells (25). Like vimentin, the Nestin positive BCs could be identified in 

all FCDIIb cases (67, 70, 72, 73). However, the rate of positive BCs was 

slightly lower when compared to vimentin staining and is estimated to range 

between 18% to 57.1% of cells. 

GFAPδ is another immature cell marker. The specific functions of GFAPδ’s 

are not well characterised, but its expression is restricted to the subpial layer, 

subventricular zone and the sub-granular zone astrocytes during brain 

development (75). Previous studies suggest that its expression influences 

filament stability and may regulate cell motility (74-77). Subsequently, diffuse 

expression pattern of GFAPδ has been found in balloon cells in three different 

studies (64, 68, 69).  

CD133 is also a common marker for stem-like cells, which has been applied 

particularly for the identification of cancer stem cells. From the previous 

literature, it stains 22% to 28.3% of BCs and could be identified in 66.7% to 

100% of FCDIIb cases tested (67, 73). 

DCX is highly expressed during fetal development and becomes infrequently 

and near absence in early postnatal life (78). Its expression during human 

brain development is summarised in the table below (Table 1.4.1-2) (71). A 

portion of BCs also expressed DCX in FCDIIb cases (n=4). 
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 Age Description of the DCX+ cells 

Fe
ta

l 

20 GW Positive in islands of immature cells in the germinal matrix 

23 GW 
Distinct bipolar and fusiform cells migrating through the subplate 
An additional population of DCX+ small round cells found along the 
subplate 

36 GW Diminished in number compared to 23GW 
N

eo
na

ta
l 

1 Day Features similar to 36 GW 
13 Day Features similar to 1 Day but the number decreased 

10 Month Marked diminished in the number of DCX+ cells 

15 Month A near absence of fusiform and bipolar cells, while occasional 
residual DCX+ small cell persisted. 

29 Month DCX+ cell with the process was seen only infrequently. However, 
DCX+ small round cells still presents in the white matter at all stages.  

Table 1.4.1-2 The dynamic changes of DCX expression from gestational 
stage to neonatal. This table was adapted from paper (71). 

 

Doublecortin-like (DCL) is selectively expressed in radial glial cells, radial 

fibres, and in dividing neural progenitors, particularly during the early stages 

of cortical development (79, 80). In Boer’s paper (63), they found DCL to be 

expressed in all FCDIIb and TS cases. More than 80% of BCs were positive 

for DCL (63). Hence, the staining of DCL further provides evidence of the 

association between BCs and radial glial cells. 

PAX6 (Paired Box 6) expression begins around gestational age four weeks. 

It has also been confirmed to be a marker of radial glial cells (81, 82). 

Interestingly, two papers have described the increased expression of PAX6 in 

BCs (66, 68). All tested FCD cases were positive for PAX6, and it is estimated 

that 58% of BCs stained positively.  

Brain lipid-binding protein (BLBP) is another radial glial cell marker which 

has been demonstrated in the BCs, with up to 74% of BCs expressing the 

staining (68). This observation provides more evidence of the association 

between BCs and radial glial cells.  
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Another stem cell marker, MASH1, has been reported to be expressed in 

inhibitory interneurons and ventricular zone progenitors. In one study, 34% 

BCs expressed MASH1 (68), which increased the possibility of either the 

nature of inhibitory interneurons (83) or the progenitors (66). However, there 

was little/none expression of the other interneuron markers mentioned 

previously, Dlx1 and Dlx2 (which were interneurons’ markers) (68, 83). Hence, 

the MASH1 might reflect the relevance of the VZ lineage rather than the 

inhibitory neurochemical phenotype. 

β1-integrin is commonly expressed in a subpopulation of BC (27), which is 

also used clinically to identify BCs. Interestingly, β1 integrin has been reported 

as an essential for normal neuronal migration (84, 85).  

Collapsin response mediator protein 4 (CRMP4) is expressed in the 

immature brain and downregulated in the adult (86). The identification of 

CRMP4 in BCs is in keeping with their immature and progenitor-like nature 

(68). This finding is also consistent with the previous data showing that BCs 

express other stem cell markers, including CD34, CD133, GFAPδ, Nestin, and 

vimentin, as well as  Musashi-1,and SOX-2 (27). 

From the above series of stem cell markers’ expression in BCs, they all 

support the idea that some BCs show a stem cell/progenitor phenotype. 

However, these results also reveal the heterogeneous staining of all the 

markers, which might imply that the balloon cells were not a single cell type. 

Hence, to develop a method to look at their difference might help understand 

the diseases, FCD/TS.  
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 A proportion of the BCs also express a neuronal phenotype 

Numerous lines of evidence also suggest that some BCs have a neuronal 

phenotype, including expression of Microtubule-associated protein 1B 

(MAP1B), class III β-tubulin (TUJ-1), Neurofilament-H (NF-H), Neurofilament-

M (NF-M), SMI 331, Synaptophysin, Microtubule-associated protein 2 (MAP2), 

and neuronal nuclei (NeuN) (67, 70, 72, 73, 87). The summary of the 

expression of different neuronal markers is listed in (Table 1.4.2-1), which will 

be further discussed below. 

DX Marker % of Cases % of BCs SE (% of BCs)  Methods Ref. 

FCDIIb 

TUJ-1 5/5 (100%) 10.3 NP IHC (73) 
MAP1b 13/15 (86.7%) NP NP Double IF (87) 
NF-H 18/18 (100%) 29.8 6.3 IHC (70) 

NF-M/H 5/9 (55.6%) 10.2 4.6 IHC (67) 
MAP2 5/5 (100%) 27 NP IHC (73) 
MAP2 4/9 (44.4%) 8.3 5.0  IHC (67) 

SMI 311 NP 14 NP IHC (72) 
Synap 3/9 (33.3%) 4.2 3.3 IHC (67) 
NeuN 0/9 (0%) 0 0 IHC (67) 
NeuN NP 0.2 NP IHC (73) 

Table 1.4.2-1 Summary of the expression of neuronal markers in BCs 
from the previous literature. NP (not provided) 

 

Unlike the mature neuronal markers, MAP2 and neurofilament (NF), MAP1B 

is enriched in neural progenitors (88, 89). Two papers have reported its 

expression in BCs (87, 88) and in one study MAP1B was expressed in 13 out 

of 15 FCDIIb cases and expressed in around 50% of BCs (87). Interestingly, 

another immature neuronal antibody TUJ-1 has also been described in FCD 

cases (73). TUJ-1 positive BCs was found in all the analysed cases (n=5) and 

accounted for 10.3% of BCs. 

In addition to immature neuronal markers, BCs also express mature neuronal 

markers, including NF-H, MAP2, SMI 311, Synaptophysin, and NeuN. 

However, unlike the immature neuronal markers (such as MAP1b or TUJ-1), 

BCs do not show positivity in all FCDIIb cases. BC positivity was found in 23/27 

cases tested for NF, 9/14 for MAP2, and 3/9 for SMI 311 (72). When tested 
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with NeuN, BCs were negative in almost all cases (67). However, one paper 

does report limited NeuN positivity, accounting for around 0.2% of BCs (73)). 

From the (Table 1.4.2-1) and above summaries, there are 2 points for further 

discussion. Firstly, similar to the previous (section 1.4.1), the balloon cells 

show heterogeneous expression in the neuronal markers. Secondly, we can 

see that BCs tend to express immature neuronal markers more frequently, 

such as DCX, DCL, MAP1B, and TUJ-1, rather than mature neuronal ones, 

e.g. NF-H, MAP2, SMI 311, Synaptophysin, and NeuN. While there is still a 

lack of explanation for these phenotypic trends, these patterns of expression 

are also another piece of evidence to support the BCs’ immature/progenitor 

features and heterogeneity.  

 

 Some BCs express glial markers 

As discussed previously, the BCs show stem cell and neuronal phenotypes. 

Furthermore, there is a significant proportion of BCs that also express the glial 

marker, GFAP (67, 69, 70, 73). To summarise the current literature (Table 

1.4.3-1), positive GFAP staining was identified in 93.6% (n=44/47) of 

FCDIIb/TS cases and 14.2 to 67.4 % of BCs. 

Dx Marker % of Cases % of BCs SE (% of BCs)  Methods Ref. 
TS GFAP 5/5 (100%) 37.8 3.8 Double (69) 

FCDIIb 

GFAP 10/10 (100%) 64.4 6.9 Double (69) 
GFAP 18/18 (100%) 67.4 8.9 IHC (70) 
GFAP 6/9 (66.7%) 34.3 10.4 IHC (67) 
GFAP 5/5 (100%) 14.2 NP IHC (73) 

Table 1.4.3-1 Summary of the expression of the GFAP at BCs from the 
previous literature. NP (not provided) 
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 Morphology and phenotype of the Dysmorphic neurons (DNs) 

DNs are enlarged and mal-orientated neurons with perinuclear Nissl 

substance and neurofilament accumulation. DNs can be found in FCDIIa, 

FCDIIb and the FCDIIb mimicking subtypes (i.e. TSC and hemi-

megalencephaly). Based on the current classification system of the ILAE (25), 

there are four criteria help to recognise the DNs, including their enlarged cell 

size, enlarged cell nucleus, abnormal Nissl substance distribution, and 

accumulation of neurofilament in the cytoplasm (Table 1.4.4-1). Furthermore, 

the orientation of DNs’ longest processes is also helpful to separate the 

dysmorphic neurons from the pyramidal neurons. However, it has been 

highlighted that there is a pitfall of solely using cell shape for defining the DNs 

because several neuronal populations might have similar morphologies, such 

as pyramidal or interneuron cells (25).  

 Pyramidal neurons  
in layer 3 

Dysmorphic neurons 
(DNs) 

(1) Cell diameter 12–25 μm 16–43 μm 
(2) nucleus diameter 10–18 μm 15–28 μm 

(3) Nissl substance - Aggregated and displaced toward the cell 
membrane 

(4) Neurofilament 
 accumulation - Phosphorylated and non-phosphorylated 

neurofilament accumulation 
Table 1.4.4-1 Morphology criteria to define the dysmorphic neurons 
(DNs). Adapted from paper (25). 

 

DNs express several mature neuronal markers, such as NeuN, MAP2 and 

Neurofilament (Figure 1.4.4-1 & Table 1.4.4-2), including Neurofilament 200 

(N200) (66), synaptic vesicle protein 2A (90) and glutamate receptors (70). 

Beyond mature neuronal markers, several immature neuronal makers are also 

found to be expressed in DNs, including DCX, DCL, and MAP1b (63, 66, 71). 

Furthermore, a small proportion of DNs also show a stem cell phenotype and 

are positive for vimentin and CRMP-4 (68). However, DNs are negative for 

GFAPδ (68, 71). In summary, DNs seem to show a spectrum of markers 

associated with immature and mature neurons. Furthermore, they express 

lower levels of PAX 6, MASH1, and BLBP compared to the BCs (68), which 
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supports the view that DNs may be a more differentiated cell type than BCs. 

The complete negativity for GFAPδ in DNs also supports this idea (68, 71). 

Furthermore, the phenotype of DNs somewhat resembles cortical pyramidal 

projection neurons. One paper tried to compare the DNs expression of several 

stem cell markers versus BCs (68); some of these findings are summarised 

below (Table 1.4.4-3). Overall they found that the DNs tended to have less 

‘stemness’ than BCs, as there were several makers linking BCs to radial glial 

cells, e.g. DCL, Pax, and BLBP (63, 66, 68). Hence, the hypothesis was that 

DNs might originate from more mature cell types than radial glial cells, such 

as intermediate progenitor cells (IPs). However, direct evidence is still lacking. 

Moreover, the interneuron markers Dlx1 and Dlx2, are only expressed at very 

low levels in DNs (67), which argues against an association with interneuron 

lineages. Finally, the increased expression of glutamate receptors in DNs 

supports the hypothesis that DNs are more closely resemble the pyramidal 

projection neurons. 

 
Figure 1.4.4-1 Demonstration f the possible phenotypes of DNs and 
BCs in FCD II.  DNs are positive for the neuronal markers: NeuN, MAP2, 

and NF66 in both FCDIIa (A-E) and FCDIIb (F-J); and negative for a glial 

phenotype, shown by GFAP.  
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Table 1.4.4-2 Summary of the phenotype of DNs described in the 
literature. 

 

Markers BCs (%) Comparing DNs (%) Method 
CRMP-4 27 > 13 IHC 
Vim 83 > 45 IHC 
Phospho-Vim 66 > 24 IHC 
GFAPδ 42 > 0 IHC 
Pax6 58 > 12 IHC 
MASH1 34 > 8 IHC 
BLBP 74 > 19 IHC 

Table 1.4.4-3 Comparing the expression of stem cell markers between 
DNs and BCs.  The number in this table revealed the percentage of the cell’s 

expression at each marker. Stem cell marker (CRMP4, Vim, GFAPδ), and 

other primitive markers (Pax and MASH1) are expressed higher levels in BCs 

compared to DNs, which suggests that the DNs may be the more differentiated 

cell type. Adapted from paper (68). 

 

 

 Intermediate cells 

Intermediate cells is a term first used by Talos (91) and are recognised by 

expression of both glial and neuronal markers (25). Although previously 

thought to be rare (25), intermediate cells have been shown to correspond to 

20-30% of glial positive (GFAP or s100) balloon cells (87). However, 

information about intermediate cells is limited. 

  

Dx Marker % of 
Cases % of DNs SE (% of DNs)  Methods Ref. 

TS DCL 8/8 (100%) 68 3.1 IHC (63) 

FCDIIb 

DCL 8/8 (100%) 73 2.1 IHC (63) 
DCX 5/5 (100%) proportion NP IHC (71) 

MAP1b NP commonly NP IHC (66) 
N200 NP commonly NP IHC (66) 
Trb1 NP commonly NP IHC (66) 
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 The aetiology of FCDII 

Genetic alterations are one of the reliable pieces of evidence known to cause 

FCDII. FCD has been categorised as a mTORopathy because the affected 

cells have increased expression of mTOR signalling. Any gene alteration 

belonging to this pathway might lead to FCD II pathology through somatic or 

germline events (41). These genetic alterations can be broken down into four 

groups according to which part of the pathway they target: (1) 

PTEN/PI3K/AKT3 group, (2) TSC1/TSC2, (3) MTOR, and (4) GATOR1 

complex (DEPDC5, NPRL2, NPRL3) (Figure 1.4.5-1). 

A few years ago, in utero infection by the human papillomavirus type 16 

(HPV16) had been suggested as a possible aetiology for FCD and subsequent 

epilepsy (92)]. The data reported a 100% association of HPV16 infection with 

FCDIIb (50/50), but none in control samples (0/36), and the hypothesis was 

supported by a second paper, two years later (93). They found that HPV16 

and also other viruses, such as cytomegalovirus (CMV), herpes simplex virus 

1 (HSV), and human herpesvirus 6B might play an important role in FCD 

pathogenesis. However, this evidence has been challenged by several 

independent groups, who failed to find the same link from their cohorts (94, 

95). So far, there is no updated data to support the association between FCD 

and virus infection. 
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Figure 1.4.5-1 Genetic alterations implicated in FCD belonging to the 
mTOR pathway.  These can be broken down into four groups: (1) 

PTEN/PI3K/AKT3, (2) TSC1/TSC2, (3) MTOR, and (4) GATOR1 complex 

(DEPDC5, NPRL2, NPRL3). 

 

 PTEN/PI3K/AKT3 pathway 

The PI3K/AKT pathway is an upstream component of the mTOR pathway. 

Mutation in either gene can lead to mTOR hyperactivation. The PIK3CA gene 

has several mutational hotspots, for example, c.1624G>A, c1633G>A and 

c.3140A>G. In AKT3, the majority of reported cases involve c.49C>T 

(p.Glu17Lys) alterations. PTEN is regulated by the PI3K/AKT3 pathway and is 

the main brake on mTOR pathway activity. Mutations in PTEN lead to inhibition 

of the PI3K/AKT3 pathway and mTOR hyperactivation. Alterations in the 

above genes lead to the variable MCD phenotypes observed, such as 

hemimegaloencephaly (HME), FCDIIa, FCDIIb, and FCDI even the mutation 

is identical.  
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 Genes Nucleotide/Protein Change MCD % Mutation Subject Ref. 
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PTEN c.834C>G (p.Phe278Leu) FCDIIb Not provide  (96) 
PTEN p.Tyr68His HME 50% LR12-123 (97) 

PIK3CA c.1624G>A p.Glu542Lys HME 28% HME-3 (98) 
PIK3CA c.1624G>A p.Glu542Lys HME 15.9-17.4% HME-22 (43) 

PIK3CA c.1624G>A (p.Glu542Lys)) 
c.1631C>A (p.Thr544Asn) HME 31% LR12-241 (97) 

PIK3CA c1633G>A (p.Glu545Lys) HME 26% LR12-033 (97) 
PIK3CA c1633G>A (p.Glu545Lys) HME 18% HME-4 (98) 
PIK3CA c1633G>A (p.Glu545Lys) HME 17% HME-5 (98) 
PIK3CA c1633G>A (p.Glu545Lys) HME 16% HME-1573 (99) 
PIK3CA c1633G>A (p.Glu545Lys) HME Not provide HME-1916 (99) 
PIK3CA c1633G>A (p.Glu545Lys) HME Not provide HME-1564 (99) 
PIK3CA c1633G>A (p.Glu545Lys) HME Not provide HME-1855 (99) 
PIK3CA c.3140A>G (p.His1047Arg) HME 13% HME-6 (98) 
PIK3CA c.3140A>G (p.His1047Arg) FCDIIa 4.7% LR12-251 (97) 
AKT1 c.49G>A (p.Glu17Lys) HME Not Proteus syn. (100) 
AKT1 c.49C>T (p.Glu17Lys) HME 8.1%–9.3% HME-19 (43) 
AKT3 c.49C>T (p.Glu17Lys) HME 10-18% (LR11-443) (97) 
AKT3 c.49C>T (p.Glu17Lys) HME 28% (HME-1565) (99) 
AKT3 c.49C>T (p.Glu17Lys) HME 17.4% HMG3 (101) 
AKT3 c.49C>T (p.Glu17Lys) HME 3.4%–4.4% HME-12 (43) 
AKT3 c.49C>T (p.Glu17Lys) HME 8-14% (LR15-262) (102) 
AKT3 c.49C>T (p.Glu17Lys) HME 1.8% (LR16-251) (102) 
AKT3 Mosaic trisomy chr1q HME Not provide HMG1 (101) 
AKT3 Mosaic trisomy chr1q21.1-q44 FCDI Not provide  (103) 

Table 1.5.1-1 Summary of PTEN/PI3K/AKT3 gene alterations in MCD.  
MCD (malformations of cortical development), HME (Hemimegalencephaly), 

FCD (focal cortical dysplasia), and TSC (Tuberous sclerosis complex) cortical 

tubers. 
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 TSC1/TSC2 

Tuberous sclerosis proteins 1 and 2 (encoded by TSC1 and TSC2) are critical 

negative regulators of the MTOR complex. The germline mutation of either 

TSC1 (hamartin) or TSC2 (tuberin) results in TSC. More interestingly, there is 

increasing evidence describing that somatic mutations of TSC1 or TSC2 could 

lead to its mimics (43, 104, 105), such as FCDIIb and hemimegalencephaly 

(HME), as well as FCDIIa (Table 1.5.2-1). 

 Genes Nucleotide/Protein Change MCD % 
Mutation Subject Ref 

So
m

at
ic

 M
ut

at
io

n 

TSC1 c.64C>T (p.Arg22Trp) FCDIIa 2.0% FCD81 (105) 
TSC1 c.64C>T (p.Arg22Trp) FCDIIa 1.98% FCD98 (105) 
TSC1 c.64C>T (p.Arg22Trp) FCDIIb 1.37% FCD123 (105) 
TSC1 p. Gln55* FCDIIb 5.1-6.7% Fcd-12 (43) 
TSC1 453G>A, p.E78K FCDIIb NP NP (104) 
TSC1 549 G>A, p.A110T FCDIIb NP NP (104) 
TSC1 c.610C>T (p.Arg204Cys) FCDIIa 1.09% FCD64 (105) 
TSC1 2415C>T (p.H732Y) FCDIIb NP NP (104) 
TSC2 c.4639G>A (p.Val1547Ile) FCDIIa 1.55% FCD94 (105) 
TSC2 p. Arg751* FCD 1% FCD-10 (43) 
TSC2 p.Tyr587* HME 3.1-3.8% HME-11 (43) 
TSC2 p.Glu1558Lys HME 7.5-11.6% HME-15 (43) 
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TSC1 737+1G>A TSC NP  (106) 
TSC1 827–828delCT TSC NP  (106) 
TSC1 1997+1G>A TSC NP  (106) 
TSC1 2347C>T TSC NP  (106) 
TSC2 multiple germlines TSC NP  (106) 

TSC2 1864C>T R622W 
(2nd hit in addition to germline) TSC NP  (106) 

TSC2 p.R1713H HME 50% HME-11 (98) 
Table 1.5.2-1 Summary of TSC1/TSC2 gene alterations in MCD.  MCD 

(malformations of cortical development), HME (Hemimegalencephaly), FCD 

(focal cortical dysplasia), and TSC (Tuberous sclerosis complex) cortical 

tubers. 
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 MTOR 

The mutation of the central components belonging to the MTOR complex can 

cause MCDs, including FCDIIa, FCDIIb and hemimegalencephaly (HME) ( 

Table 1.5.3-1). MTOR hotspots include c.6644C>T (p.Ser2215Phe), 

c.6644C>A (p.Ser2215Tyr), c.4379T>C (p.Leu1460Pro) and c.5930C>A 

(p.Thr1977Lys). There are two interesting points here: all the described MTOR 

mutations associated with MCD are somatic mutations and secondly, the 

genotype and MCD phenotype are inconsistent. For example, the same point 

mutation of MTORc.6644C>T is found in FCDIIa, FCDIIb, and HME.  
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 Genes Nucleotide/Protein Change MCD % Mutation Subject Ref. 
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MTOR c.1871G>A (p.Arg624His) FCDIIa 4.41% FCD104 (107) 
MTOR c.4348T>G (p.Tyr1450Asp) FCDIIb 3.76% FCD121 (107) 

MTOR c.4375G.T(p.Ala1459Ser) 
c.4379T.C(p.Leu1460Pro) FCDIIb 2.41% 

2.46% Patient6 (Fr.) (108) 

MTOR c.4376C>A (p.Ala1459Asp) FCDIIb 1.65% #15622 (109) 
MTOR c.4379T>C (p.Leu1460Pro) FCDIIa 6% LR12-243 (110) 
MTOR c.4379T>C (p.Leu1460Pro) FCDIIb 1.59% #16578 (109) 
MTOR c.4379T>C (p.Leu1460Pro) FCDIIb 4.87% #16964 (109) 
MTOR c.4379T>C (p.Leu1460Pro) FCDIIb 2.3-2.6% FCD-6 (43) 
MTOR c.4447T>C (p.Cys1483Arg) FCDIIb 6.61-9.77% FCD128 (107) 
MTOR c.4447T>C (p.Cys1483Arg) FCDIIb 10-10.6% FCD-8 (43) 
MTOR c.4448C>T (p.Cys1483Tyr) HME 9.7% HME-1563 (99) 
MTOR c.4448C>T (p.Cys1483Tyr) HME 14% HME-2 (98) 
MTOR c.4487T>G (p.Trp1456Gly) FCDIIa 8%  (111) 
MTOR c.5005G>T (p.Ala1669Ser) HME 44% HME-8 (98) 
MTOR c.5126G>A (p.Arg1709His) FCDIIa 1.52% FCD105 (107) 
MTOR c.5930C>A (p.Thr1977Lys) FCDIIb 2.93% FCD116 (107) 
MTOR c.5930C>A (p.Thr1977Lys) FCDIIb 1.51% FCD145 (107) 
MTOR c.5930C>A (p.Thr1977Lys) HME 9-10.4% HME-9 (43) 
MTOR (p.Thr1977Arg) FCD 2.8-4.7% FCD-14 (43) 
MTOR c.6577C>T (p.Arg2193Cys) FCDIIa 1.26% FCD91 (107) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIa 5.5% LR13-354 (110) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIa 1.2-8.6% LR13-389 (110) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 2.11% FCD107 (107) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 2.33% FCD143 (107) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 3.11% #14434 (109) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 6.8% Patient1 (Fr.) (108) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 2.62% Patient2 (Fr.) (108) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIa* 0.93% Patient3 (Fr.) (108) 
MTOR c.6644C>T (p.Ser2215Phe) HME 18.3-20.6% Hme-14 (43) 
MTOR c.6644C>A (p.Ser2215Tyr) FCDIIa 3.5% LR12-245 (110) 
MTOR c.6644C>A (p.Ser2215Tyr) FCDIIb 1.54% #11683 (109) 
MTOR c.6644C>A (p.Ser2215Tyr) FCDIIb 9.31% #17424 (109) 
MTOR c.6644C>A (p.Ser2215Tyr) FCDIIb 3.67% Patient4 (Fr.) (108) 
MTOR c.6644C>A (p.Ser2215Tyr) FCDIIa 1.06% Patient5 (Fr.) (108) 
MTOR c.6644C>A (p.Ser2215Tyr) FCD 2.5-2.8% FCD-7 (43) 
MTOR c.6644C>A (p.Ser2215Tyr) HME 7.1-8.3% HME-13 (43) 
MTOR c.7280T>C (p.Leu2427Pro) FCDIIa 6.57-12.63% FCD4 (107) 
MTOR c.7280T>C (p.Leu2427Pro) FCDIIa 3.48-7.28% FCD6 (107) 
MTOR c.7280T>A (p.Leu2427Gln) FCDIIb 2.86-5.11% FCD113 (107) 

Table 1.5.3-1 Summary of MTOR gene mutations in MCD.  MCD 

(malformations of cortical development), HME (Hemimegalencephaly), FCD 

(focal cortical dysplasia), and TSC (Tuberous sclerosis complex) cortical 

tubers. *FCDIIa, with few balloon-like cells (108). 
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 GATOR1 complex (DEPDC5, NPRL2, NPRL3) 

The GATOR1 complex is another negative regulator of the mTOR pathway. 

This complex contains three essential genes/proteins: DEPDC5, NPRL2 and 

NPRL3. Recently, there are increasing reports finding both germline and 

somatic mutations in these genes leads to focal epilepsy or focal epilepsy plus 

MCD (112) (Table 1.5.4-1). Unlike somatic mutations in MTOR, PI3K, or 

AKT3, there are no apparent hotspot mutations currently identified in 

GATOR1. 

 Genes Nucleotide/Protein Change MCD % Mutation Subject Ref. 
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DEPDC5 c.21C>G (p.Tyr7*) FCD   (113) 
DEPDC5 c.128_129insC (p.Asn45Glnfs*3) HME 61% HME-1 (98) 
DEPDC5 c.279 + 1G>A p.(?) Heterotopia   (113) 
DEPDC5 c.484-1G>A (p.?)) FCDIIa 5% 2/II-2 (114) 
DEPDC5 c.418C>T (p.Gln140*) FCD   (113) 
DEPDC5 c.624 + 1G>A p.(?) FCDIIb   (98) 

DEPDC5 c.783_786delTGAG, 
p.Asn261Lysfs*11) FCDIIb 55% FCD-1 (98) 

DEPDC5 c.865C>T/ p.Gln289* (somatic) +  
856C>T/p.Arg286* (germline) FCDIIa   (115) 

DEPDC5 c.856C>T/p.Arg286* FCDIIa   (115) 
DEPDC5 c.715C>T (p.Arg239*) FCD II?  check (114) 
DEPDC5 c.842A>T p.Tyr281Phe FCDIIa   (116) 

DEPDC5 c.1264C>T (p.Arg422*) (2 hit) + 
c.715C>T(p.Arg239*)(germline) FCDI Not provide 1/IV-9 (114) 

DEPDC5 c.1264C>T (p.Arg422*) FCDI Not provide 3/IV-2 (114) 
DEPDC5 c.1218-18_1218-15delTGTT p.(?) FCDIIb   (98) 
DEPDC5 c.1265G>A p.Arg422Gln HME   (98) 
DEPDC5 c.C1663T (p.Arg555*) FCDIIa   (96) 
DEPDC5 c.1759C>T (p.Arg587*) FCDIIa Not provide 4/III-1 (114) 
DEPDC5 c.2390delA (p.Gln797Argfs*18) FCD?   (116) 

DEPDC5 p.R874∗ FCD IIa 47.7% brain,  
52.4% blood FCD-11 (43) 

DEPDC5 c.3994C>T (p.Arg1332*) FCD?   (117) 

DEPDC5 c.4187delC (p.Ala1396Valfs*78) FCD IIa Saliva 28% 
Brain 35% LR12-250 (110) 

DEPDC5 c.4260delG (p.Glu1421Argfs*153) FCD?  C (112) 
DEPDC5 c.62411G>A FCD IIb 50% FCD-2 (98) 

NPRL2 p.Gln188* FCDIIa 31.7–50.9% Brain 
32.1–51.1% Blood FCD-13 (43) 

NPRL2 c.68_69delCT (p.Ile23Aspfs*6) FCD Ia  E (112) 
NPRL3 c.275G>A (p.Arg92Gln) FCDIIa   (118) 
NPRL3 c. 1070delC (p.Pro357Hisfs*56) FCDIIb  G (112) 
NPRL3 c.1270C>T (p.Arg424*) FCDIIa  F (112) 

NPRL3 c.1352-4delACAGinsTGACCCATCC 
p.?) FCDIIa   (118) 

NPRL3 c.1375_1376dupAC (p.S460Pfs*20) FCDIIa   (118) 

Table 1.5.4-1 Summary DEPDC5/NPRL2/NPRL3 gene mutations in MCD. 
MCD (malformations of cortical development), HME (Hemimegalencephaly), 

FCD (focal cortical dysplasia), and TSC (Tuberous sclerosis complex) 

cortical tubers. 
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 Role of DNA methylation in FCD 

Following the progress in DNA methylation-based classification of human 

brain tumours (119), two papers have described the utility of methylation 

analysis in FCD (120, 121). The Dixit group demonstrated that through 

analysing DNA methylation signatures, several enriched pathways were 

identified in FCDII, including the receptor tyrosine kinases, EGFR, PDGFRA, 

NTRK3, and mTOR signalling pathways (120). The other group identified that 

DNA methylation profiling could accurately cluster the FCD Ia, FCD IIa, FCD 

IIb, temporal lobe epilepsy and non-epileptic controls (121). However, in this 

study, the mTOR pathway was not recognised as a principal target. There may 

be several reasons for this. For example, the methylation may have reflected 

the cell of origin at the epigenetic level (which helped to cluster and established 

the diagnosis), whereas mTOR activation regulates cell growth and is mostly 

post-translational. In tumours, there is not a strong correlation between 

Differentially methylated regions (DMRs) and genetic mutations. Another 

reason might be the confounding factor of cellular heterogeneity, i.e. that many 

other cells diluted the signals of mutated cells. Therefore, the more precise 

genetic analysis might be needed, such as single-cell sequencing analysis. 
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 Key markers relevant to the current project 

 CHI3L1 

Chitinase 3-like protein 1 (CHI3L1), also named YKL-40, is chitinase which 

catalyses the hydrolysis of chitin(122). Its presence is rich in insect 

exoskeletons and fungal cell walls (122). CHI3L1 is secreted by activated 

macrophages, chondrocytes, neutrophils and synovial cells (122). It was found 

to be up-regulated in inflamed tissues, such as asthma (123-125), chronic 

obstructive pulmonary disease (126), liver cirrhosis, inflammatory bowel 

diseases(127), rheumatoid arthritis, osteoarthritis, as well as malignancy (128-

132). In the central nervous system, up-regulation of CHI3L1 (+) has been 

seen in many diseases, including encephalitis (133), prion disease (134), 

Alzheimer’s (135), amyotrophic lateral sclerosis (136), multiple sclerosis (137), 

bipolar disorder (138), trauma (139), developmental status (140), and in 

glioblastoma (132). The physiological role of CHI3L1 is still unknown. However, 

it is hypothesized to be involved in tissue remodelling during inflammation 

(141), regulate excess inflammatory cell recruitment (139, 142), and promote 

cell survival (122, 143). 

 CCL2 

CCL2 (MCP1) is a member of the C-C chemokine family. It plays a critical role 

in both the innate immune response (by recruiting monocytes) and the 

adaptive immune response (by assisting the differentiation of T helper 

lymphocytes) via its G protein-coupled receptor, CCR2. When CCR2 is 

stimulated, it activates monocyte chemotactic protein-1-induced protein-1 

(MCPIP1), phosphatidylinositol-3-OH kinase (PI3K), mitogen-activated protein 

kinases (MAPK), and protein kinase C to initiate the secretion of the 

inflammatory-associated molecules, IL-1β, CCL2 and TNFα. Besides 

leukocyte recruitment, CCL2 also influences the adaptive immune response, 

resulting in increased IL-4 secretion from Th2 cells (144). The association of 

elevated CCL2 levels in the brain has been linked to numerous brain diseases, 

including Alzheimer’s (145) Parkinson’s (146), ischaemic stroke (147), multiple 

sclerosis (148), alcoholic neuropathy (149), and trauma (150). In 2010, 
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Aronica and her colleagues addressed that CCL2 (MCP1) was significantly 

increased in FCD II (38), which is similar to my present findings. However, 

which cell types contribute to CCL2 overexpression and its specific role still 

needs to be further characterised in the developmental cortical lesion. 

 

 Treatment options for FCDII 

The main therapeutic strategy for patients with FCDII is to treat the presenting 

symptoms. Seizures are the most common symptom in this disease, and 

therefore, anti-epileptic drugs (AEDs) are the first-line medical treatment. 

When the AEDs cannot sufficiently control the symptoms, some patients will 

need surgical intervention to remove the dysplastic lesion (3). Surgical 

treatment offers a promising therapeutic option in these patients (30, 151), and 

there are now several recognised factors which are helping to predict the 

postoperative outcome. A complete resection (31, 152) and histological 

diagnosis of FCDIIb (28, 31) is associated with better seizure control, while an 

incomplete resection together with a histological diagnosis of FCDI and 

extratemporal location are linked to a higher recurrence (31). However, the 

seizure-free rate is around 32-66% (28), which indicates that there are many 

patients who still suffer epilepsy, despite the removal of part of the abnormal 

part of the brain. One of the possible reasons is that there is poor recognition 

of the epileptogenic zone, that the epileptogenic zone may not be entirely 

contained within the lesion, or that the lesion was not sufficiently identified on 

imaging, via methods such as computed tomography (CT), or magnetic 

resonance imaging (MRI). Beyond the AED and surgical treatments, a 

ketogenic diet (low carbohydrate diet) (153) and vagus nerve stimulation 

therapy also have promising results for refractory seizures in children (154). 

From Guerrini’s report (155), mTOR inhibitors, such as Everolimus and 

rapamycin also show a potential role in treatment. Hence, to further 

understand this disease, pathogenesis is needed, and this may help develop 

new therapeutic targets. 

  



66 
 

 Challenges for FCD research 

 Genotype and phenotype are not consistent.  

Having reviewed the genetic alterations and their corresponding phenotypes, 

we can see that the genotype and phenotype are not well correlated. As 

described, MTOR is one of the commonly affected genes in FCDII. However, 

the same point mutation (e.g. c.6644C>T) might generate different MCD 

phenotypes, such as FCDIIa, FCDIIb, or HME (Table 1.9.1-1). A recent review 

article addressed the same issue (156).  

Genes Nucleotide/Protein Change MCD % Mutation Refer. 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIa 5.5% (110) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIa 1.2-8.6% (110) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 2.11% (107) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 2.33% (107) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 3.11% (109) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 6.31-6.8% (108) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIb 3.15-2.62% (108) 
MTOR c.6644C>T (p.Ser2215Phe) FCDIIa 1.13-0.93% (108) 
MTOR c.6644C>T (p.Ser2215Phe) HME 18.3-20.6% (43) 

Table 1.9.1-1 Example of mismatching between genotypes and MCD 
phenotypes. 

 

One way to explain the discordance between genotypes and phenotypes 

might be to address when the mutation occurs and in which cell type. The 

same mutation occurring at different times in development, in different cells 

could disrupt development in different ways and produce different kinds of 

malformation. Hence, the variable timing (e.g. early or late) and affected cell 

types (e.g. RGP or IPs) might be the reason why the genotypes and 

phenotypes were not always matched perfectly. Recently, it has also been 

suggested that combined genomic and phenotypic results as an essential step 

for moving forward in this field (156). 
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 Difficulty in detecting pathogenic mutations due to low allele 
frequencies 

Another challenge is the difficulty in detecting relevant mutations due to their 

low frequencies. According to a recent review, the average mutation rate in 

FCDII is around 3.6% (0.93-9.31%) (41). Thus, when testing a sample, more 

than 90% of genetic signatures belong to normal cells, which will mask 

identification of muted signals. Therefore, detection of mutations by 

conventional methods (e.g. PCR, Sanger sequencing, whole exon array) in 

FCD is difficult.   
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 Previous unpublished data leading to this project  

This project builds on previously unpublished data from the laboratory. Brief 

description of the methods are described in (section 2.2). The key results are 

described in this section.  

 543 Differentially Expressed Genes (DEGs) by using Affymetrix™ 
Human Exon 1.0ST microarray  

A previous PhD student, Dr Picker, in the lab undertook gene expression 

analysis on FCDIIB, IIA, TSC and control tissue (157). Through unsupervised 

hierarchical clustering of the gene expression data was performed and 

visualised by a heat map and clustering dendrogram (Figure 1.10.1-1A). 

Cases did not cluster into their four pathologically diagnostic groups but 

instead clustered into only two groups, which correlated to the presence or 

absence of balloon cells. FCDIIb and TS clustered together (termed as BCs 

group, referred to Balloon Cell group), and away from FCDIIa and HS which 

formed a separate cluster (termed as non-BCs group, referred to non-Balloon 

Cell group). Principal component analysis (PCA) also clustered the samples 

into the same two groups; one group containing FCDIIb and TS samples and 

another group containing FCDIIa and HS samples (Figure 1.10.1-1B). A 

Silhouette plot of the PCA confirmed the clustering (Figure 1.10.1-1C). 

Through comparing the ‘BCs group’ and ‘non-BCs group’, Dr. Picker identified 

543 Differentially Expressed Genes (DEGs), including 308 up-regulated and 

235 down-regulated genes (Figure 1.10.1-2). 
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Figure 1.10.1-1 Various expression analyses identified balloon cells to 
be the most significant factors accounting for variability in the 
datasets.  A) Heat map and clustering dendrogram show FCDIIb and TS 

(balloon cell positive cases) were clustered together and away from FCDIIa 

and HS (balloon cell negative cases). B) Principal component analysis (PCA) 

clustered the samples into the same two groups. C) Silhouette plot of the 

PCA confirmed the clustering. (157) 
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Figure 1.10.1-2 The 543 DEGs between BCs versus non-BCs groups. 
The DEGs listed here could be separated into 2 parts. The first part was the 

308 up-regulated genes, and its increased fold showed from 1.5 folds (white) 

up to 22.7 (red). The other part was the 235 down-regulation genes which 

showed a green colour. 

 

 

  

Gene (Folds) Gene (Folds) Gene (Folds) Gene (Folds) Gene (Folds) Gene (Folds) Gene (Folds) Gene (Folds) Gene (Folds)
CP 22.7 SCIN 3.5 EGF 2.6 GYG2 2.3 BAZ1A 2.1 PFKFB3 2.0 C13orf36 -2.2 MGAT4C -2.4 GRIN3A -2.8
SERPINA3 22.1 BANK1 3.5 FAM107A 2.6 DAB2 2.3 CYBB 2.1 VAMP3 2.0 CACNB3 -2.2 HOMER1 -2.4 DGKB -2.8
ANXA1 12.6 MS4A6A 3.5 CYR61 2.6 BTN3A2 2.3 TPST1 2.1 NSBP1 2.0 AFF2 -2.2 CNTN4 -2.4 SLC4A10 -2.8
LUM 10.1 EMP3 3.4 BBOX1 2.6 SCARA3 2.3 PAMR1 2.1 SOCS4 2.0 HECW1 -2.2 LPHN2 -2.4 OLFM3 -2.8
GPNMB 8.6 IL1R1 3.4 CD24 2.6 OSBPL11 2.3 BARD1 2.1 CCDC55 2.0 EPHA5 -2.2 LRRC7 -2.4 PCLO -2.8
C21orf62 8.2 SERPING1 3.4 NEK11 2.6 FAM70A 2.3 CHEK1 2.1 PPIC 1.8 CAMKV -2.2 GRIN2A -2.4 OR10G9 -2.8
CHI3L2 7.5 VCAM1 3.4 ANTXR2 2.6 DTX3L 2.3 SPARC 2.1 MSH5 1.6 MAP2 -2.2 ODZ1 -2.4 EPHA4 -2.8
CD44 7.2 LYZ 3.4 ANTXR1 2.6 TIMP1 2.3 C21orf63 2.1 TDRD7 1.6 FGF9 -2.2 INA -2.4 ERC2 -2.8
MAOB 7.2 PDPN 3.3 SLC16A4 2.6 PROS1 2.3 SPAG1 2.1 SCG3 -2.0 KCNC2 -2.2 PRKCB -2.5 OPCML -2.8
CCL2 7.2 HSPB8 3.3 HLA-DMA 2.6 TGFB2 2.3 ANXA4 2.1 MICAL2 -2.0 PLCB1 -2.2 KRT222 -2.5 NCALD -2.8
HLA-DRA 6.9 AHNAK2 3.3 STK33 2.6 CAST 2.3 C1orf162 2.1 CSMD3 -2.0 SLITRK3 -2.2 NETO2 -2.5 ACBD7 -2.8
C21orf62 6.9 TXLNB 3.3 RPS27L 2.6 C3AR1 2.3 NFATC2 2.1 C21orf41 -2.0 SCN8A -2.2 CNTNAP5 -2.5 RGS4 -2.9
SFRP4 6.8 PRUNE2 3.3 CCDC102B 2.6 C2orf40 2.3 RNASE6 2.1 SEZ6L -2.0 SNAP25 -2.2 PLK2 -2.5 C11orf41 -2.9
FBXO32 6.3 TSPAN6 3.3 ZAK 2.6 CGNL1 2.3 PLOD2 2.1 SLC44A5 -2.0 KCNA1 -2.2 VSTM2A -2.5 KIF5A -2.9
NEXN 6.3 CD109 3.2 OLR1 2.5 PLEK 2.3 ITGB1 2.1 CAMKK2 -2.0 KALRN -2.2 PCDH20 -2.5 SYNPR -2.9
S100A10 6.3 PLCE1 3.1 MSN 2.5 WEE1 2.3 CAV2 2.1 EPHA7 -2.0 SLC4A4 -2.2 ST8SIA3 -2.5 MYT1L -2.9
C1S 5.5 CXCL10 3.1 CAV1 2.5 CFB 2.2 PIH1D2 2.1 TMEM155 -2.0 ELMOD1 -2.2 KIAA0748 -2.5 KCNJ6 -2.9
WWTR1 5.4 CCDC81 3.1 DTNA 2.5 RDH10 2.2 RASSF8 2.1 LRRTM4 -2.0 SLC1A2 -2.2 SYN2 -2.5 NEUROD6 -3.0
HGF 5.4 CCL4 3.1 LTBP1 2.5 CRYGS 2.2 ERAP2 2.1 RASGRF2 -2.0 CLIC5 -2.2 GABBR2 -2.5 GABRA5 -3.0
C1orf88 5.3 IL1B 3.1 TLR2 2.5 HLA-DMB 2.2 CNN3 2.1 GABRB1 -2.0 C1orf173 -2.2 PPP4R4 -2.5 GABRG1 -3.0
EFEMP1 5.3 SYNM 3.1 CYP4F11 2.5 RFX4 2.2 FTH1  // FTH1 2.1 SLC17A7 -2.0 HOOK1 -2.2 NDST3 -2.5 GABRA1 -3.0
HLA-DPA1 5.2 CCDC80 3.1 AHR 2.5 PIR 2.2 RAB7L1 2.1 CNNM1 -2.0 HPCAL4 -2.2 CACNA2D3 -2.5 LRFN5 -3.0
PLA2G2A 5.2 TCEA3 3.1 SPP1 2.5 ASPN 2.2 PLBD1 2.1 SATB2 -2.0 EPHA6 -2.2 CA10 -2.5 SCN2A -3.0
TNC 5.2 AEBP1 3.1 NPC2 2.5 AKR1C1 2.2 TTC18 2.1 GABRA2 -2.0 GNG2 -2.2 MMD -2.6 CALB1 -3.1
HLA-DPB1 5.0 PDLIM3 3.1 OR5AK2 2.5 CTSH 2.2 SPAG8 2.1 DLG4 -2.0 NELL2 -2.2 FLJ33996 -2.6 SLITRK4 -3.1
C4B 5.0 WDR49 3.1 RAI14 2.5 DPYSL3 2.2 PCDHB4  // PCDHB4  // PCDHB4 2.1 DLG3 -2.1 HSD17B6 -2.2 RYR2 -2.6 FAM19A2 -3.1
GBP7 4.9 RAB27A 3.1 CCDC109B 2.5 IQCG 2.2 PLSCR4 2.1 SERPINI1 -2.1 C14orf162 -2.2 LDB2 -2.6 RXFP1 -3.1
ANGPT1 4.9 C1orf110 3.0 PTPRC 2.5 PLSCR1 2.2 DSE 2.1 GLT1D1 -2.1 RERG -2.2 PCLO -2.6 GABRA4 -3.1
GBP1 4.8 GLIS3 3.0 BCL6 2.5 ZDHHC15 2.2 DAAM1 2.1 THRB -2.1 R3HDM1 -2.2 NELL1 -2.6 CDH12 -3.1
ANXA2 4.8 CLEC7A 3.0 AKR1C3 2.5 TLR5 2.2 HLA-DQA2 2.1 TSPAN13 -2.1 CACNA1E -2.2 NRXN3 -2.6 RIT2 -3.1
APLNR 4.6 MYO5C 3.0 RNF19A 2.5 SWAP70 2.2 SEC11C 2.1 FBXW7 -2.1 C6orf142 -2.3 FAM5C -2.6 RIMS2 -3.1
ECM2 4.6 FCGR2A 3.0 TMBIM1 2.5 TLR6 2.2 IFITM1 2.1 KCNG3 -2.1 NMNAT2 -2.3 RIMS1 -2.6 DOK6 -3.1
OSMR 4.5 MS4A14 3.0 GOLIM4 2.5 ERBB2IP 2.2 IL7R 2.1 THY1 -2.1 AKAP5 -2.3 KHDRBS2 -2.6 ENC1 -3.1
NUPR1 4.5 LPAR4 2.9 TUBA1C 2.4 PLA2G4A 2.2 FOS 2.1 DLGAP1 -2.1 CHRM2 -2.3 ARPP-21 -2.6 NPY5R -3.2
CHI3L1 4.5 FBLN5 2.9 GDPD2 2.4 KYNU 2.2 RAB23 2.1 HLF -2.1 DLG2 -2.3 RAB3C -2.6 SV2B -3.2
PLP2 4.4 SYNE2 2.9 NEK7 2.4 SLC44A3 2.2 ANP32B 2.1 TBR1 -2.1 CREG2 -2.3 GNG3 -2.6 EPB41L4B -3.2
TC2N 4.4 BNC2 2.9 PARP9 2.4 TGFBR1 2.2 DSC2 2.1 TMEM130 -2.1 KCNIP1 -2.3 SYT1 -2.6 GABRB2 -3.3
C12orf63 4.4 PRRX1 2.9 FAM129A 2.4 FYB 2.2 PTPN21 2.1 LNX1 -2.1 DIRAS2 -2.3 GULP1 -2.6 TMEM196 -3.3
GFAP 4.4 MTTP 2.9 SQRDL 2.4 ENAH 2.2 CETN2 2.1 SLIT2 -2.1 FSTL5 -2.3 RAB3B -2.6 RPH3A -3.4
CD74 4.3 SAMD4A 2.9 PRSS23 2.4 C7 2.2 B2M 2.0 STX1B -2.1 A2BP1 -2.3 HMP19 -2.6 TRHDE -3.4
CLEC5A 4.3 GNG12 2.9 FGF1 2.4 KBTBD10 2.2 CALD1 2.0 GRM3 -2.1 CACNG2 -2.3 GABRG2 -2.6 CDH8 -3.4
DDR2 4.2 FCER1G 2.8 IL13RA1 2.4 SAMD9L 2.2 LRRCC1 2.0 GABRG3 -2.1 DNM1 -2.3 OLFM1 -2.6 (Q8WZ91) -3.5
COLEC12 4.2 LEPREL1 2.8 FIGN 2.4 GPX3 2.2 CRTAP 2.0 LOC284033 -2.1 SORBS2 -2.3 CDH10 -2.7 MAL2 -3.5
RPE65 4.2 CYBRD1 2.8 PGCP 2.4 NEDD1 2.2 IGFBP7 2.0 (Q8NAG1) -2.1 PAK7 -2.3 RGS7 -2.7 NETO1 -3.6
FAS 4.2 GLIS3 2.8 FGL2 2.4 CLIC1 2.2 CSRP1 2.0 ADCY1 -2.1 GPR12 -2.3 RALYL -2.7 CAMK4 -3.6
EMP1 4.1 SOD2 2.8 NAMPT 2.4 OGFRL1 2.1 MT1L 2.0 CSMD1 -2.1 RLBP1L1 -2.3 SYT16 -2.7 GRIN2B -3.7
VIM 4.1 CD58 2.8 IFI16 2.4 BHLHE40 2.1 HPGDS 2.0 TAGLN3 -2.1 HS6ST3 -2.3 SLC17A6 -2.7 GPC5 -3.7
CLEC9A 4.1 ABCC9 2.8 CD59 2.4 SRPX 2.1 LITAF 2.0 LMO7 -2.1 NRSN1 -2.3 NRXN1 -2.7 RAB27B -3.7
MGC24103 4.1 C1R 2.8 ARHGAP15 2.4 MYL12A 2.1 CCDC11 2.0 RAB3A -2.1 GRIK1 -2.4 KCND2 -2.7 CAMK2A -3.8
MSR1 3.9 SSFA2 2.8 SORBS1 2.4 ACSS3 2.1 STON2 2.0 CBLN2 -2.1 KCNIP4 -2.4 CDH18 -2.7 CDH9 -3.8
MATN2 3.8 FANK1 2.8 CCDC46 2.4 GPR177 2.1 STAT3 2.0 GDA -2.1 FGF14 -2.4 GPR26 -2.7 SYT4 -3.9
NQO1 3.8 SERPINI2 2.8 FCGR3A 2.4 GMPR 2.1 ADAM12 2.0 ATP2B2 -2.1 SST -2.4 NRN1 -2.7 EPHA6 -4.0
GEM 3.7 ACADL 2.7 HAS2 2.4 ALPK1 2.1 HEATR5A 2.0 VSNL1 -2.1 STX1A -2.4 PCDH11X -2.7 ANO3 -4.1
GALNTL2 3.6 DCDC2 2.7 TLR3 2.4 BTN3A2 2.1 ANXA5 2.0 SYT13 -2.1 LOC151009 -2.4 KCNQ5 -2.7 CABLES1 -4.2
RARRES3 3.6 MT1H 2.7 FDXACB1 2.3 GLIPR2 2.1 BGN 2.0 PAK1 -2.1 PCSK2 -2.4 PAK3 -2.7 NPY1R -4.2
PALLD 3.6 FRZB 2.7 ENPP1 2.3 LCP1 2.1 SVIL 2.0 FGF12 -2.1 ATP8A2 -2.4 GABRB3 -2.7 CACNG3 -4.4
IQGAP2 3.6 FAM114A1 2.7 GAPT 2.3 DOCK11 2.1 TLR1 2.0 C6orf168 -2.1 KIF5A -2.4 CDH13 -2.7 LINGO2 -4.7
GBP3 3.5 C3 2.7 C9orf70 2.3 (Q6UY26) 2.1 FAM189A2 2.0 SLITRK1 -2.2 MFSD4 -2.4 RAPGEF4 -2.7 KCNH7 -5.2
TPD52L1 3.5 TEX9 2.7 ZFP36L1 2.3 AQP1 2.1 (Q9P0V9 ) 2.0 CPNE4 -2.2 RORB -2.4 KLHL1 -2.7 FAM19A1 -5.7
MYOF 3.5 TAGLN2 2.7 MBOAT1 2.3 SSPN 2.1 CLIC4 2.0 HCN1 -2.2 CPLX2 -2.4 PTPRR -2.8 MCHR2 -7.4

CNTNAP2 -2.8 GJB6 -10.0
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 CHI3L1 novel cells population in a Balloon cell group  

Using this data, a previous PhD student Dr Scerif used (158) Ingenuity 

Pathway Analysis (IPA; bioinformatics software) to analyse the 543 DEGs to 

generate 21 networks. One of them is shown below (Figure 1.10.2-1). To 

validate part of this network’s involvement in the FCDIIb/TS she performed 

antibody staining (blue circle, Figure 1.10.2-1). Markers tested were PALLD 

(palladin), PRRX1 (paired related homeobox 1), CHI3L1 (chitinase 3 like 1) 

and TNC (tenascin C). Through this work, CHI3L1 expression was identified 

to be unique in the BCs cases. 

 
Figure 1.10.2-1 One of the 21 gene-networks previously generated. To 

validate the relations between FCDIIb/TS pathogenies with this network. 

Four protein (within the blue circle), including PRRX1, CHI3L1 and TNC was 

tested in the FCDIIb cases. Unpublished work from Dr Scerif (158).  
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The CHI3L1 staining demonstrated BCs to display a spectrum of 

immunoreactivity for CHI3L1 showed many of the BCs to be immuno-negative. 

However, a notable population of BCs exhibited CHI3L1 cytoplasmic 

immunoreactivity; the staining intensity of these positive BCs varied from weak 

to moderate staining (Figure 1.10.2-2). Strong cytoplasmic CHI3L1 

immunostaining was also seen in a subpopulation of cells that appeared to be 

small glial cells; the remaining glial cells were negative as where the glial cells 

in non-BC cases. The CHI3L1-positive cells were frequently found adjacent to 

BCs. Neurons in the BC cases were generally negative, with only a few 

neurons exhibiting weak cytoplasmic staining. The neuropil in BC cases had 

moderate staining.  

 
Figure 1.10.2-2 Chitinase 3 Like 1 (CHI3L1) immunostaining.  Images of 

representative immunohistochemical staining of A) FCDIIb, B) TS, C) 

FCDIIa, and D) HS. Beneath each of the immunostaining images, a radar 

plot depicts staining intensity. The intensity of staining of various cell types 

and brain regions is scored from 0 (negative) to 3 (heavily stained). Scale bar 

20 μm. (Data from Dr Fatma Scerif) 
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 CHI3L1-positive cell populations have a glial progenitor 
phenotype 

Double staining was performed on two cases to confirm the cell lineage of 

CHI3L1-positive cells. This cell population was negative for neuronal markers 

(DCX, TuJ-1 and NeuN) and microglial markers (CD68 and Iba-1). However, 

a significant proportion of cells (57.1%) expressed GFAP, an astrocytic marker 

that is also expressed in progenitor cells (17). The vast majority of CHI3L1-

positive cells expressed SOX-2 (91.6%), a reliable neural stem cell marker, 

and a proportion of cells expressed Nestin (35.6%), another neural 

stem/progenitor marker. Occasionally, cells also expressed vimentin (12.1%), 

which can be considered a progenitor cell marker. Furthermore, 99.1% of 

CHI3L1-positive cells were immunoreactive for S100β, and a majority 

expressed GFAP-δ (83.6%); two key glial progenitor cell markers. A proportion 

also expressed reelin (19.6%), another glial progenitor cell marker. In 

summary, the CHI3L1-positive cells expressed neural stem cell markers and 

glial progenitor markers, as well as some glial marker (Figure 1.10.3-1). Thus, 

the data suggest the cells should be glial progenitor cells. In summary, this 

preliminary data indicates that i) the expression profile of BCs cases differs 

from that of non-BC cases and ii) that there are additional populations of 

hitherto unrecognised cells in FCD IIB. 
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Figure 1.10.3-1 CHI3L1-positive cell populations have a glial progenitor 
phenotype. Graph showing the percentage of the CHI3L1-positive glial-like 

cells to express various neural and glial progenitor markers, including the 

SOX2, Nextin, vimentin, S100β, GFAP-δ, and Reelin. Further, a proportion of 

them also expressed mature glial marker, GFAP, but were negative for 

neuronal ones (158). 

 

 
Table 1.10.3-1 The percentage of the CHI3L1-positive cells to express 
various lineage markers.  % = Percentage; Cl= half-width of 95% 

confidence interval (158).  
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  Project hypothesis 

The traditional concept of the pathology of FCDIIb/TS consists of cortical 

dyslamination plus dysmorphic neurons, with BCs (Figure 1.10.3-1). However, 

this scheme may over-simplify as it lacks consideration of cell heterogeneity, 

which might be important to explain the disease. For example, from Dr Scerif’s 

work(158), a novel cell type was identified which might be important in FCD 

pathogenies. Hence, there might be more kinds of these unexplored cell types 

yet to be discovered. Therefore, I hypothesised that cellular heterogeneity and 

cell-to-cell interactions might play a significant role in the pathology of 

FCDIIb/TS (Figure 1.10.3-1). 

 

Figure 1.10.3-1 Illustration of the hypothesis.  In the FCDIIb/TS, apart 

from the presence of abnormally large cells (DNs and BCs), I hypothesis that 

there are unknown cells, which might play an important role in the 

pathogenesis. 
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 Project aims  

I aimed to understand the cellular heterogeneity in FCDIIb and establish a 

model to functionally manipulate these cells. My final aim was to introduce a 

3D visualisation technique to look at heterogeneity and cellular structure in 

FCD in more detail. To achieve this, there were several more specific aims as 

described below.  

 Identify populations of novel cell types  

To explore the cellular heterogeneity, I aimed to identify novel cells types by 

further using the DEGs between BCs and non-BCs groups. Hence, the first 

step was used to use IPA software to select the differentially expressed genes. 

Candiate DEGs were then narrowed down by only selecting proteins which 

were mainly expressed in the extracellular space. We hypothesised that 

secreted proteins would have a key potential role in regulating cell-cell 

interactions and cellular heterogentiy. Next, I validated these targets by using 

immunohistochemical stains and immunofluorescence to understand which 

cell types contributed these biomarkers, which might help identify novel cells. 

Then, I tried to characterise these novel cells by double immuno-labelling.  

 Develop a model to test the function role of novel cell types in 
FCD 

To understand why these novel cells were present in FCDIIb as well as their 

functional role, I aimed to establish a model for their functional testing using 

the Organotypic Brain Slice Culture (OBSC). Using this model, I 

pharmacologically manipulated FCDIIb/TS (e.g. by mTOR inhibition) to 

investigate how these novel cell populations respond, which may help to 

understand the relations between these cells and the mTOR pathway. 
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 Visualise novel cell types and structure using advanced 3D 
imaging method (CLARITY) 

Besides studying the cellular heterogeneity in 2 dimensions through 

immunohistochemistry, it was also helpful to have an understanding of cellular 

3D relationships. This permitted the discovery of these principal cells’ 

structure, such as DNs and BCs. Hence, I introduced a 3D visualisation 

technique – CLARITY into the current project to achieve this goal. 
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Chapter 2 Materials & Methods  

 Tissue samples  

Both fresh and Formalin-Fixed Paraffin-Embedded (FFPE) tissue were 

obtained from the histopathology department at Great Ormond Street Hospital. 

All samples were taken from excess surgical material and were reviewed by 

an experienced paediatric neuropathologist and classified according to the 

International League Against Epilepsy (ILAE) classification of FCD (25). 

Clinical details of the samples were listed as follows. Control samples were 

from the temporal neocortex of children undergoing temporal lobectomy 

surgery due to Hippocampal Sclerosis (HS). Ethical approval was granted by 

the Great Ormond Street Hospital Ethics Committee and the Institute of Child 

Health Ethics Committee (NHS Approval # 05/Q0508/129). All samples were 

assigned a unique code in order to anonymise patient data. The details of the 

tissue/samples were listed in each section. 
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 Extracted differentially expressed genes by using 
Affymetrix™ Human Exon 1.0ST microarray  

 Tissue for Affymetrix human exon ST1 microarray (by Simon 
Picker) 

To find the differentially expressed genes between BCs group and Non-BCs 

group, 18 frozen samples were used for Affymetrix human exon array study, 

including 5 FCDIIa, 4 FCDIIb, 4 Tuberous cases of sclerosis, and 5 the 

neocortex from Hippocampal sclerosis cases (Table 2.2.1-1). 

 Case Code Diagnosis   Case Code Diagnosis 
1 Simon-FCD2b_1 FCD 2b  10 Simon-FCD2a_2 FCD 2a 
2 Simon-FCD2b_2 FCD 2b  11 Simon-FCD2a_3 FCD 2a 
3 Simon-FCD2b_3 FCD 2b  12 Simon-FCD2a_4 FCD 2a 
4 Simon-FCD2b_4 FCD 2b  13 Simon-FCD2a_5 FCD 2a 
5 Simon-TS_1 TS  14 Simon-HS_1 HS 
6 Simon-TS_2 TS  15 Simon-HS_2 HS 
7 Simon-TS_3 TS  16 Simon-HS_3 HS 
8 Simon-TS_4 TS  17 Simon-HS_4 HS 
9 Simon-FCD2a_1 FCD 2a  18 Simon-HS_5 HS 

Table 2.2.1-1 Tissue used for Affymetrix human exon ST1 microarray  (by 

Simon Picker) 

 

 Extracted differentially expressed genes by using Affymetrix™ 
Human Exon 1.0ST microarray 

To identify the molecular abnormalities in FCDIIb/TS, whole gene expression 

was analysed using Affymetrix exon arrays 1.0 st arrays (157). Thirteen cases 

of different FCD subtypes (4 FCDIIb, 4 TS and 5 FCDIIa) were analysed. 

Another 5 HS cases were used as controls as they contain tissue from normal 

neocortex that has previously been exposed to seizures. Fresh frozen 

samples from the selected cases were cut in half. One half was used for RNA 

extraction, and the other was used to generate frozen H&E sections for 

pathological review and diagnostic confirmation. The RNA samples used for 

microarray analysis were selected based on standardised histological review 
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criteria and passed an RNA quality control threshold of RIN. The microarray 

analysis was performed by UCL Genomics, using total RNA extracted from all 

18 cases. Raw data (.CEL files) were normalised using the Robust Multi-array 

Average (RMA) algorithm (Figure 2.2.2-1). 

 
Figure 2.2.2-1 Workflow to identify differentially expressed genes using 
Affymetrix human exon array.  The whole Exon Array was used to analyse 

18 samples, including FCD 2A, FCD2B, Cortical tuber, and normal temporal 

lobe from Hippocampal sclerosis cases as control. After un-supervising 

clustering analysis, these cases can be clustered into 2 groups by the 

presence of balloon cells. It means the groups with balloon cells have unique 

gene regulations than the other group. Then, we compare both groups and 

obtain the differentially expressed genes. Image courtesy of Simon Picker.  
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 Workflow of the Ingenuity Pathway Analysis (IPA) 

The lists of differentially expressed genes (DEGs) generated by a previous 

PhD student, Simon Raphael Picker. Next, I used these data and reanalysed 

by using the latest version of Ingenuity Pathway Analysis 

(http://www.ingenuity.com, Winter 2018 Release version) . The following filters 

were applied when uploading and analysing the data: both indirect and direct 

relationships were considered (Table 2.2.3-1, Step 4); only molecules and 

relationships were considered from data annotated by IPA as being from 

Human species (Table 2.2.3-1, Step 5); data with a confidence (as described 

in the original data) that was highly predicted or experimentally observed 

(Table 2.2.3-1, Step 6). All data sources available were used. No other filters 

or restrictions were applied. 

Table 2.2.3-1 Illustration of IPA workflow in Winter 2018 Release version 

Illustration Explanation 

  

Step 1. Begin a new 
project for core analysis. 

 

Step 2. Upload the 
Differentially Expressed 
Genes, Microsoft Excel 
Worksheet (.xlsx) format. 

 

Step 3. The setting of 
uploaded data. Here, I 
selected a flexible format, 
contained column header, 
and Affymetrix type for 
proceeding. Selected the 
probe ID, folds change, 
and p-value for further 
investigation. Then saved. 
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Step 4. Next, I considered 
both Indirect and direct 
relationships for analysis. 

 

Step 5. Only molecules 
and relationships were 
considered from data 
annotated by IPA as being 
from Human species. 

 

Step 6. The Confidence 
(as described in the 
original data) was Highly 
predicted or 
Experimentally Observed. 
Click saved and then the 
system will take a few 
minutes doing analysis. 

     

Step 7. After completed, 
the results will come out 
when clicking the analysed 
project over the left panel. 
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 DAB immunohistochemistry  

The technique of the DAB immunohistochemistry was conducted in the 

markers validation (Chapter 3), as well as the staining of organotypic brain 

slice culture (OBSC, Chapter 5)  The antibodies were all the commercial ones 

and carefully selected from the CiteAb, (https://www.citeab.com/) based on 

the amount of references. The list of the used antibodies showed in Table 

2.3.3-2. All the antibodies stained successfully in the DAB 

immunohistochemical stains. However, there were 2 of them, CP and C1s, fail 

to show the staining and were discussed in section 3.15 & 3.16. 

 Tissue used for 14 secretory molecules validation 

To validate the key secretory molecules, I used 24 representative cases in the 

experiment, including 19 developmental cortical lesions (10 FCD2b, 4FCD2a, 

and 5 TS), and 5 neocortexes as control tissue from hippocampal sclerosis 

cases (Table 2.3.1-1). The control neocortex was normally formed neocortex 

and white matter for the temporal lobe of patients with HS. 

Table 2.3.1-1 The demographic information of  24 representative cases 
used in the DAB validation.  The 24 cases included 10 FCD2b, 4FCD2a, 5 

TS, and 5 control neocortex. The latter control tissue was normally formed 

neocortex and white matter for the temporal lobe of patients with HS. (HS, 

hippocampal sclerosis; TS, tuberous sclerosis; FCDIIa, focal cortical dysplasia 

type IIa; FCDIIb, focal cortical dysplasia type IIb; M, male; F, female)   

Case Case  
Code 

Gende
r 

Age Dx  Case Case  
Code 

Gende
r 

Age Dx 

1 15-1 F 14 FCD IIa  13 14-8 M 5 FCD IIb 
2 15-2 F 4 FCD IIa  14 14-9 M 17 FCD IIb 
3 15-3 M 13 FCD IIb  15 TS1 M 2 TS 
4 15-5 M 16 FCD IIb  16 TS2 M 2 M TS 
5 15-6 F 5 FCD IIb  17 TS3 M 9 M TS 
6 14-1 F 4 FCD IIa  18 TS4 M 2 TS 
7 14-2 M 16 FCD IIa  19 TS5 F 12 TS 
8 14-3 F 11 FCD IIb  20 HS1 M 1 HS 
9 14-4 M 12 FCD IIb  21 HS2 M 9 HS 

10 14-5 M 5 FCD IIb  22 HS3 M 8 HS 
11 14-6 F 4 FCD IIb  23 HS4 F 9 HS 
12 14-7 M 4 FCD IIb  24 HS5 F 14 HS 
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 Tissue used for CHI3L1 DAB validation (by Dr Fatma Scerif) 

To further understand the CHI3L1 expression in the clinical cases, Dr Fatma 

used two tissue microarrays for this part and contained 26 cases, including 8 

FCD 2b, 5 FCD2a, 3 TS, and 10 HS. The Patient demographics showed as 

following (Table 2.3.2-1). 

Patient demographics for TMA 1 
Diagnosis Patient Gender Age at surgery  Neuroanatomical lesion 

HS 
 

1 M 15 years Central  
2 F 8 years Temporal neocortex 
3 M 9 years Temporal 
4 M 10 years Temporal neocortex 
5 M 3 years Temporal neocortex 

TS 
 

1 M 5 years Temporal neocortex 
2 M 2 years Temporal 

FCDIIa 
 

1 M 6 years Neocortex 
2 M 5 years Occipital 

FCDIIb 
1 F 9 years Frontal 
2 F 13 years Frontal 
3 F 10 years Frontal 

Patient demographics for TMA 2 
Diagnosis Patient Gender Age at surgery Neuroanatomical lesion 

HS 
 

1 M 15 years Temporal neocortex 
2 F 7 years Central  
3 M 13 years Temporal 
4 F 17 years Temporal neocortex 

TS 1 F 3 years Parietal 

FCDIIa 
 

1 M 10 years Central  
2 M 1 year Neocortex 
3 F 8 months Parietal 

FCDIIb 
 

1 F 3 years Frontal 
2 F 6 years Frontal 
3 F 12 years Frontal 
4 F 15 years Frontal 
5 M 6 years Frontal 

Table 2.3.2-1 Patient demographics for cases used in constructing the 
tissue microarrays (TMAs).  HS, hippocampal sclerosis; TS, tuberous 

sclerosis; FCDIIa, focal cortical dysplasia type IIa; FCDIIb, focal cortical 

dysplasia type IIb; M, male; F, female. 
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 DAB immunohistochemistry method 

Most immunohistochemical staining was performed using Leica Bond - 

MaxTM autostainer (Leica Microsystems), which ensures consistency and 

reproducibility of staining across all slides. Before validating the antibodies in 

the clinical cases, the optimal antigen retrieval method of each primary 

antibody was decided during optimisation experiments. In the optimisation, I 

used 5 retrieval methods including (1) HIER1 10 minutes, (2) HIER1 20 

minutes, (3) HIER2 10 minutes, (4) HIER2 20 minutes, and (5) Enzyme 

retrieval 5 minutes. The HIER1 indicated the heat-induced epitope retrieval in 

the epitope retrieval solution 1, pH 6.0. The HIER 2 means heat-induced 

epitope retrieval (HIER) in the epitope retrieval solution 2, pH 9.0. Then, I used 

these 5 different retrieval methods across 2 different antibodies concentrations 

(1:100, 1:300) for the 1st run optimisation of each antibody. Through the 1st 

experiment run, the correct staining was determined by robust staining in the 

positive control, and absent staining in the negative control tissue. Through 

this step, I could determine the best retrieval methods and the rough working 

concentration. Next run, I performed the staining at 4 different antibody 

concentrations using the best retrieval method (obtain from the first run). The 

correct concentration showed robust expression in the positive control and no 

expression in the negative one. All the retrieval methods of the antibodies are 

listed in (Table 2.3.3-1). After optimisation, the primary antibodies were 

prepared by diluting them in BondTM primary antibody diluent (AR9352, Leica 

Microsystems) at the optimised concentrations. Antibody detection was 

carried out with the Bond Polymer Refine Detection according to 

manufacturer’s protocol. The details of the antibodies were listed in (Table 

2.3.3-2). 
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Final Primary Antibody Details for protein validation 
Antibody Product code Retrival Working dilution 

 for DAB 
Species &  

Clonal type 
CP HPA001834 HIER2 10 minutes 1:100 Rabbit Polyclonal 

LUM ab168348 HIER2 10 minutes 1:300 Rabbit Polyclonal 
CHI3L2 HPA005443 HIER2 20 minutes 1:100 Rabbit Polyclonal 

SERPING
1 NBP1-32478 HIER1 10 minutes 1:500 Rabbit Polyclonal 

CCL2 HPA019163 HIER1 10 minutes 1:100 Rabbit Polyclonal 
ANGPT1 HPA018816 HIER1 10 minutes 1:100 Rabbit Polyclonal 

C1S HPA018825 Enzyme retrieval 5 
minutes 

1:100 Rabbit Polyclonal 

CCL4 PA5-34509 HIER1 20 minutes 1:200 Rabbit Polyclonal 
ECM2 HPA035347 HIER2 20 minutes 1:100 Rabbit Polyclonal 

EFEMP1 NBP2-16277 HIER1 20 minutes 1:200 Rabbit Polyclonal 
HGF SAB2101034 HIER1 20 minutes 1:100 Rabbit Polyclonal 

PLA2G2A ab23705 HIER1 10 minutes 1:50 Rabbit Polyclonal 
CXCL10 PA1396 HIER2 20 minutes 1:25 Rabbit Polyclonal 
MATN2 PA1926 HIER2 20 minutes 1:100 Rabbit Polyclonal 
CHI3L1 ab77528 HIER2 20 minutes 1:3000 Rabbit Polyclonal 

Table 2.3.3-1 Summary of retrieval methods for the newly optimised 
antibodies in this project.  There were 5 retrieval methods used here: (1) 

HIER1 10 minutes, (2) HIER1 20 minutes, (3) HIER2 10 minutes, (4) HIER2 

20 minutes, and (5) Enzyme retrieval 5 minutes. 
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Primary Antibody Details for CHI3L1+ Cell characterisation 
Antibody Supplier Product 

code Dilution Positive 
control 

Species & 
Clonal type 

CHI3L1 Abcam ab86428 1:100 Tonsil Mouse, Monoclonal 
CHI3L1 Abcam ab77528 1:250 Tonsil Rabbit, Polyclonal  
NeuN Millipore MAB377 1:50 Brain  Mouse, Monoclonal 
TuJ-1 Convance MMS-435P 1:100 Gut  Mouse, Monoclonal 
DCX Abcam ab18723 1:250 Fetal brain  Rabbit, Polyclonal 
CD68  DAKO M0876 1:50 Tonsil  Mouse, Monoclonal 
Iba-1 Wako  019-19741 1:200 Tonsil Rabbit, Polyclonal 
GFAP Abcam ab4648 1:1000 Brain  Mouse, Monoclonal 
SOX-2 Millipore AB5603 1:1000 FCDII Rabbit, Polyclonal  
Nestin Millipore ABD69 1:1000 Fetal brain Rabbit, Polyclonal  
Vimentin DAKO M0725 1:200 Tonsil  Mouse, Monoclonal 
GFAP-δ Millipore AB9598 1:2000 Brain  Rabbit, Polyclonal 
S100β  Abcam ab52642 1:500 Breast ca Rabbit, Monoclonal 
Reelin  Millipore MAB5366 1:250 Liver  Mouse, Monoclonal 

Primary Antibody Details used in the project 
CP Sigma HPA001834 1:100 Control TMA Rabbit, Polyclonal  
LUM Abcam ab168348 1:300 Control TMA Rabbit, Polyclonal  
CHI3L2 Sigma HPA005443 1:100 Control TMA Rabbit, Polyclonal  
SERPING1 Novusbio NBP1-32478 1:500 Control TMA Rabbit, Polyclonal  
CCL2 ATLAS HPA019163 1:100 Control TMA Rabbit, Polyclonal  
ANGPT1 ATLAS HPA018816 1:100 Control TMA Rabbit, Polyclonal  
C1S BOSTER HPA018825 1:100 Control TMA Rabbit, Polyclonal  
CCL4 Thermo PA5-34509 1:200 Control TMA Rabbit, Polyclonal  
ECM2 ATLAS HPA035347 1:100 Control TMA Rabbit, Polyclonal  
EFEMP1 Novusbio NBP2-16277 1:200 Control TMA Rabbit, Polyclonal  
HGF Sigma SAB2101034 1:100 Control TMA Rabbit, Polyclonal  
PLA2G2A Abcam ab23705 1:50 Control TMA Rabbit, Polyclonal  
CXCL10 BOSTER PA1396 1:25 Control TMA Rabbit, Polyclonal  
MATN2 BOSTER PA1926 1:100 Control TMA Rabbit, Polyclonal  
Vimentin Thermo V9 1:250 Control TMA Mouse, Monoclonal 
Β-integrin SANTA RUZ Sc-9970 1:50 Control TMA Mouse, Monoclonal 
Iba-1 Abcam ab15690 1:150 Control TMA Mouse, Monoclonal 
HLA-DP,DQ,DR DAKO M0775 1:150 Control TMA Mouse, Monoclonal 
Neurofilament AVES, Lab NFM4907982 1:100 Control TMA Chicken IgY 
Vimentin Millipore AB5733 1:100 Vessel Chicken IgY 
GFAP Abcam ab4674 1:50 Control TMA Chicken IgY 

Secondary Antibodies 
Alexa  488 Life Tech. A-11001 1:250 - Goat anti mouse 
Alexa  568 Life Tech. A-11011 1:250 - Goat anti rabbit 
Alexa  647 Life Tech. A-21449 1:250 - Goat anti chicken 

 Table 2.3.3-2 Details of the primary antibodies and conditions used for 
immunohistochemical staining.    

  



88 
 

 Scoring of IHC staining 

The slides were examined and scored using a semi-quantitative scoring 

system. The staining intensity of the major cell types and brain structures – 

BCs, DNs, normal neurons, small glial cells, endothelial cells, the neuropil and 

the white matter – were scored as follows: 0 = negative, 1 = weakly positive, 

2 = moderately positive, 3 = strongly positive. The demonstration showed as 

(Figure 2.3.4-1). After finished scoring, the mean score was calculated across 

different cell types in the four groups of cortical malformations. Then, used 

radar plots to represent the scores graphically and compared between BCs 

and non-BCs groups.   

When interpreting the slides, there were 11 cellular components that were 

scored: (1) Superficial neurons (neurons of layer 1, 2, 4 as superficial 

(effectively granule neurons), (2) Deep neurons (neurons of layer 3, 5, 6 as 

deep (mostly pyramidal), (3) Dysmorphic neurons, (4) Neuropil. (5) Balloon 

cells, (6) small glial cells (7) White matter, (8) Small vessels, and (9) Capillaries 

( Figure 2.3.4-2). For some of the markers, there were obvious staining in the 

(10 ) inflammatory cells, which will be addressed. Furthermore, in the 

interpretation of the C1s staining, there was a unique staining pattern with 

fibre-like elements. Cell types were identified and characterised using the 

following criteria. BCs have large cell bodies (>30 μm) and opalescent glassy 

eosinophilic cytoplasm which lacked Nissl substance. They frequently 

contained more than one nucleus. BCs were often located in cortical layer 1 

or the subcortical white matter. DNs had a large cell size (>30 μm), enlarged 

nuclei, and contained Nissl substance with the abnormal distribution. Normal 

neurons were identified as cells with large nuclei, often with a prominent 

nucleolus and a cell body with abundant Nissl substance (perinuclear Nissl 

substance). “Small glial cells” descriptively refer to any cell in the tissue section 

that is part of the parenchyma of the tissue (i.e. not an endothelial cell), and 

which is not one of the populations of large cells (e.g. BCs, DNs, reactive 

astrocytes) and lacks morphological features of a neuron. Neuronal cell bodies 

are generally larger than those of glial cells. The vessels reveal the hollow 

structure, something contained smooth muscle in their luminal wall and were 
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larger than capillaries. They could be circular or linear shape depended on the 

section angles. Similarly, the capillary is the single layer and very thin vessels. 

The white matter and neuropil are background structures, where the white 

matter is usually more deeply eosinophilic with a coarser matrix. 

 
Figure 2.3.4-1 Demonstration the scoring of IHC staining, PLA2G2A 
staining in FCD2b_9. The intensity of the scoring was defined as follows: 0 

= negative, 1 = weakly positive, 2 = moderately positive, 3 = strongly 

positive. The asterisks indicated the scored cell. The scale was 200 μm for 

lower power, and 50 μm for high power view. 
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Figure 2.3.4-2 Cell types studied by IHC in order to validate secretory 
molecules identified via IPA gene expression analysis.  Key cell types 

were identified in FCD cases, and expression of the 14 key secretory 

molecules analysed for each. By slide review, I identified neurons, dysmorphic 

neurons, balloon cells, small glia, small vessels, capillary, neuropil of grey 

matter, and white matter. For some markers, the staining of the inflammatory 

cells could be identified (e.g. ANGPT1, EFEMP1, CCL4, etc), as well as fibre-

like elements (e.g. C1s). Superficial neurons correspond to the neurons of 

layer 1, 2, 4 (effectively granule neurons). Deep neurons are those identified 

in layer 3, 5, 6 (mostly pyramidal neurons). 
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 Measuring the size of CHI3L1 and CCL2 cell populations 

To estimate the CHI3L1(+) and CCL2 (+) cell size, I collected 3 different 

cases for each group and performed the DAB immunohistochemistry 

followed by methods addressed previously (Section 2.4). Through the 

optimisation of antigen retrieval and working concentration for CHI3L1 

(Abcam, ab77528) and CCL2 (Sigma, HPA019163), the staining was 

performed in the autostainer. Then the stained slides were scanned as E-

slides by using Leica-Aperio-CS2 located in the Histology Department, Great 

Ormond Street Hospital. To minimise the introduction of bias, positively 

stained cells were sequentially identified following a “S-route order” as 

depicted below (Figure 2.3.5-1) and images were obtained at 40 

magnification. A total of 50 positive cells were selected from each case 

following the picture taking the order, without skipping any cells. Then, I used 

software-ImageJ to measure the cell’s longest length by measured several 

and picked the longest.  

 
Figure 2.3.5-1 Systemic “S-route order” method for identifying positive 
cells in DAB staining slides. Example of using a systemic approach for 

identifying positively stained cells in CHI3L1 and CCL2 stained cases. 
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Figure 2.3.5-2 Example of cell size measurement by using image J.  The 

cells were measured according to their longest length by measured several 

and picked the longest. 
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 Immunofluorescence  

The immunofluorescence staining was used in 3 parts of the project. Firstly, to 

identify the cell lineage of the CHI3L1 and CCL2 positive cells. I used triple 

immuno-labelling combined with additional cell lineage markers, including 

neuronal markers (DCX, TuJ-1 and NeuN), microglial markers (CD68 and Iba-

1), glial markers (GFAP), neural stem/progenitor marker (SOX-2, nestin, 

vimentin), and glial progenitor markers (GFAP-δ,  S100β, reelin). Secondly, 

after determining the cell types, I used triple immuno-labelling combined with 

CHI3L1, CCL2, and vimentin, to further confirm that they were not the same 

population and did not colocalise together.  Finally, after validating DAB 

staining in to 14 secretory molecules, I also performed triple immuno-labelling 

at 3 TS cases (BCs group) and 3 HS (non-BCs group) cases for further 

confirmation. The details were addressed as following. 

 

 Tissue used for characterisation of the CHI3L1 cells  

This part of work had been done by previous PhD student Dr Scerif. Two cases 

were used to identify the lineage of the CHI3L1-positive glial-like cell 

population; one was FCDIIb (male, 11 years, frontal) and the other was TS 

(male, two months, parietal) (Table 2.4.1-1).  

Case Case Code Gender Age Diagnosis 
1 Case 1 Male 11 years FCDIIb 
2 Case 2 Male 2 months TS 

Table 2.4.1-1 The tissue used for CHI3L1 immune double labelling. 
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 Tissue used for characterisation of the CCL2 cell population 

To further understand the differentiation of CCL2 positive cells, I used 3 cases 

(Table 2.4.2-1), including 2 FCD2b and 1 TS for triple immuno-labelling and 

combined different cell lineage markers (TUJ-1, GFAP, CD68, Iba-1 and MHC 

class II). After confirmed the CCL2 cell lineage, the same cases were also 

sued for investigated the colocalization of CCL2 and CHI3L1. 

Case Code Gender Age Diagnosis Case 
1 15-5 M 16 FCD IIb 4 
2 15-6 F 5 FCD IIb 5 
3 TS2 M 2 months TS 16 

Table 2.4.2-1 Cases were used to characterise the CCL2 positive cells. 

 

 Tissue used for further confirmation of the secretory molecules 
by using triple immuno-labelling. 

After validating DAB staining in the 24 clinical cases (Section 2.3.2) and 

obtained expression information of different antibodies, I performed triple 

immuno-labelling at 3 TS cases (BCs group) and 3 HS (non-BCs group) cases 

for further confirmation (Table 2.4.3-1). The samples of the HS cases were the 

cortex/white matter from HS patients, not their hippocampi. In the triple 

immuno-labelling, the combination of vimentin, neurofilament, and the novel 

marker  (e.g. CHI3L1, CCL2, LUM…etc). The advantage of this combination 

was that the vimentin could help identify the balloon cells, while the 

neurofilament could outline the dysmorphic neurons. Then, I could interpret 

where the interested marker expressed based on these two reference cells 

(BCs and DNs). 

Table 2.4.3-1 Sample used to confirm the DAB results of 14 secretory 
molecules. 

  

Case Case  
Code 

Gende
r 

Age Dx  Case Case  
Code 

Gende
r 

Age Dx 

1 TS1 M 2 TS  4 HS1 M 1 HS 
2 TS2 M 2 M TS  5 HS2 M 9 HS 
3 TS3 F 9 TS  6 HS3 M 8 HS 
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 Method of the immunofluorescence staining 

FFPE slides were cut at 5 μm and dewaxed in xylene and rehydrated through 

a graded alcohol series. Antigen retrieval was performed by pressure-cooking 

in EDTA-Citrate buffer pH 6.2. Next, 10% hydrogen peroxidase was used to 

block endogenous peroxidase. Sections were then blocked using blocking 

solution (40% heat-inactivated sheep serum diluted in PBS with 0.2% bovine 

sheep albumin, 0.15% glycine, 0.1% Triton X-100) at room temperature for 1 

hour. Next, slides were incubated with primary antibodies at 4ºC overnight in 

a sealed and humid chamber. The following day, the sections were rinsed with 

dH2O, washed in 0.1% Tween/PBS (2 x 3 mins) and then incubated with Alexa 

Fluor 488, 568, and 647 secondary antibodies (Life Technologies) for 1 hour. 

After incubation, the slides were washed and treated with 0.1% Sudan Black 

for 20 minutes to reduce tissue autofluorescence (159). Finally, slides were 

washed in PBS (3 x 3 mins) and mounted in Vectashield aqueous mounting 

medium containing 4', 6-diamidino-2-phenylindole/DAPI (Vector) before 

imaging. 
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 Organotypic Brain Slices Culture experiments  

 Tissue used for the Organotypic Brain Slice Culture (OBSC) 

a. All the tissue used for Organotypic Brain Slice Culture  

To optimise this technique, I used 16 samples (Table 2.5.1-1), each coded 

OBSC. Most of the cases were the relative normal cortex/white matter next 

to the lesion areas. The key pathologic samples were OBSC14, OBSC20, 

and OBSC21, which contained the DNs or BCs or both. After long term 

culture, almost all of the tissue was cultured successfully, except the slices of 

the OBSC , which at Day 20 became infected. The failure rate was estimated 

1% (2 infected slices/total 200 cultured slices). 

Num. Diagnosis Gender Age location Region 
OBSC 2 FCD IIa M 9 Frontal  Cortex/WM 
OBSC 3 Ganglioglioma, WHO Gr I M 7 Temporal Cortex/WM 
OBSC 4 FCD IIb F 5 Frontal  Cortex/WM 
OBSC 5 Ganglioglioma, WHO Gr I F 6 Temporal WM 
OBSC 6 FCD IIb M 11 Temporal  Cortex/WM 
OBSC 7 HS M 11 Temporal  Cortex/WM 
OBSC 8 Reactive Changes M 13 Temporal  Cortex/WM 
OBSC 9 Pilocytic astrocytoma   Post fossa Tumor part 
OBSC10 HS M 5  Temporal  Cortex/WM 
OBSC11 HS F 19 Temporal  Cortex/WM 
OBSC12 Rasmussen’s encephalitis F 13 Temporal  Cortex/WM 
OBSC13 Malformation of cortex* M 13 Frontal  Cortex/WM 
OBSC14 FCD IIb F 2 Temporal  Cortex/WM 
OBSC15 HS M 19 Temporal  Cortex/WM 
OBSC16 HS F 7 Temporal  Cortex/WM 
OBSC17 FCD IIb M 8 Frontal  Cortex/WM 
OBSC18 DNET M 10 - WM 
OBSC19 FCD IIb M 11 Frontal  Cortex/WM 
OBSC20 TS F 8 Parietal & 

Occipital 
Cortex/WM 

OBSC21 TS M 11 - Cortex/WM 
OBSC22 TS F 9 Frontal Cortex/WM 
Table 2.5.1-1 All the cases used for organotypic brain slice culture  
*Diagnosis of OBSC13 was mixed areas of leptomeningeal heterotopia, 

polymicrogyria and white matter heterotopia. WM (white matter) 
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b. Tissue for slice culture with Everolimus supplementation 

I performed new OBSC experiments using FCDIIb/TS pathologic samples 

supplemented with/without mTOR inhibitor, Everolimus (Source BioScience, 

#ABE339). The collected samples listed in the (Table 2.5.1-2). There were 6 

samples from 3 different cases collected. 

Code Diagnosis Gender Age location Sample  
Number  

OBSC14 FCD IIb F 2 Temporal lobe 1 
OBSC20 TS F 8 Parietal & occipital 2 
OBSC21 TS M 11 - 3 

Total     6 
Table 2.5.1-2 Collected samples for Organotypic Brain Slice Culture 
with/without mTOR inhibitor supplementation.  There were 6 samples 

collected from 3 cases (1 FCD2b and 2 TS). 
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 Optimisation of Organotypic Brain Slices Culture (OBSC) 

A tissue chopper (Nickle Laboratory Engineering Co. Surrey, UK) was set up 

in the tissue culture hood, and the culture media was warmed to 37ºC. The 

media were (1) Medium_1: 50ml DMEM/F12 with 5ml penicillin/streptomycin 

(1%),  25 μl of 40 μg/ml EGF,  25ul of 40μg/ml FGF2, and 1ml B27, (2) 
Medium_2: 45ml DMEM/F12 + 5ml FBS (10%) + 20ng/ml NGF + 1 ml N2 (3) 
Medium_3: 45ml DMEM/F12 + 5ml FBS (10%). The tissue chopper was set 

to appropriate thickness (400 μm), and maximum blade force. After obtaining 

tissue (with patient/parental consent), it was put on stage with few drops of 

media and chopped (the tissue orientation needed to include white matter and 

cortex). Then, the slices were transferred to a petri dish containing media using 

a brush and forceps to separate each slice under a micro-dissecting 

microscope. Next, I prepared sterile inserts (0.4μm Millicell-CM culture plate 

insert, Millipore) in 6-well of plates and transferred the slices onto the inserts 

by using a cut 3 ml-pipette.  (Figure 2.5.2-1) demonstrates the workflow of 

OBSC. Finally, I removed the Minimal Essential Medium (MEM) and placed 

1.5 ml culture media in each well. They were left in the incubator (37 C & 5% 

CO2) and the media changed every 2-3 days. A few days later, the healthy 

tissue slices looked glistening in the cortical region (Figure 2.5.2-2). List of the 

slice cultures showed in Table 2.5.1-1. The comparison between metidum_1 

and medium_3 were started at very beginning of this project. From the first 

three sets, I found the trend that the medium_3 couldn’t support the slices very 

well, particularly the neuronal cells. Hence, I supplemented the nerve growth 

factors, termed medium_2, and aimed to better than medium_3. However, due 

the the bacterial infection occurred in the final few slices of OBSC3, this case 

could not be analysed statistcally. Therefore, another two medium_3 

experiments were added in OSBC15 and OBSC16 for achieving the statistic 

comparing. After in vitro culture for pre-defined periods (0,1, 7, 14, 21 or 28 

days), the media was removed and 3 ml 10% non-buffered formalin added to 

each well for fixation. After 24 hours fixation, the tissue was removed from the 

insert for processing to FFPE. Next, the FFPE tissues were sectioned for 

further investigation, including H&E, immunohistochemical, 

immunofluorescent staining, etc.  
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Code. Diagnosis Gender Age Location Medium1 Medium2 Medium3 
OBSC 2 FCD IIa M 9 Frontal V  V 
OBSC 3* Ganglioglioma Gr I M 7 Temporal V  V 
OBSC 4 FCD IIb F 5 Frontal V  V 
OBSC 6 FCD IIb M 11 Temporal  V   
OBSC 7 HS M 11 Temporal V   
OBSC 8 Reactive Changes M 13 Temporal V   
OBSC10 HS M 5  Temporal V   
OBSC11 HS F 19 Temporal V   
OBSC12 Rasmussen’s  F 13 Temporal V V  
OBSC13 HS M 13 Frontal V V  
OBSC14 FCD IIb F 2 Temporal V V  
OBSC15 HS M 19 Temporal V V V 
OBSC16 HS (ILAE type 2) F 7 Temporal V V V 
OBSC17 FCD IIb  M 8 Frontal V V  

Table 2.5.2-1 List of organotypic brain slice cultures (OBSC) generated 
from surgical tissue and their culture conditions. Medium_1 contained 

DMEM/F12+B27+EGF+FGF, medium_2 contained DMEM/F12+10%FBS+NGF+N2, and 

medium_3 contained DMEM/F12+10%FBS. *Diagnosis of OBSC13 was mixed areas of 

leptomeningeal heterotopia, polymicrogyria and white matter heterotopia. V = conditions that 

were tested. 

 

 
Figure 2.5.2-1 demonstrates the workflow for making slice cultures.  
The lower half of the figure shows the chopped slices of OBSC10 transferred 

into the 6-well plate with different culture media. 

  



100 
 

 
Figure 2.5.2-2 Healthy slices showed a translucent cortex during 
culture. Examples of slice cultures from case OBSC4: healthy slices showed 

a glistening cortex after 3 weeks of culture. 

 Functional experiment with mTOR inhibition 

Six surgical samples from three cases were used (1 from case No.1, two from 

case No.2, and three from case No.3) Then, they were separated into three 

groups with different treatments, including medium_1 

(DMEM/F12+B27+EGF+FGF) containing 0.02% DMSO, 100nM, 1μM, or 5μM 

Everolimus (Source BioScience, #ABE339) respectively. Normally, the 

concentration of Everolimus needed in single-cell layer cell culture is in the 

range of 100 nM or 500 nM (44). For some cells-line, it might require higher 

concentration and up to 1 μM (160). However, to compensate for any potential 

problems with drug delivery through the 400 μm thickness tissue, I added 

another 2 higher concentrations. There was no obvious drug toxicity in these 

concentrations (Discussed in Section 5.4.7). The media was changed every 

day. Five days post-treatment, slices were fixed in 10% non-buffered formalin 

before being processed for paraffin embedding (Figure 2.5.3-1). Later, the 

FFPE tissue specimens were sectioned for immunohistochemistry. 

 
Figure 2.5.3-1 mTOR inhibitor experimental workflow. After generating 

fresh slices, they were maintained for 2 days then separated into 3 groups 

with different treatments, (0.02% DMSO, 100nM, 1μM, or 5μM Everolimus). 

The media was changed every day.  Five days later, the slices were fixed in 

10% non-buffered formalin for further investigation. 
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 Passive CLARITY  

The passive CLARITY protocol was adopted from Deisseroth’s (161) and 

Gentleman’s groups (162). The details are as follows.  

 Samples used for CLARITY 

Samples availability for CLARITY were listed as (Table 2.6.1-1), included the 

samples from the slice culture (OBSC 15 and OBSC 16), as well as the fresh 

tissue without tissue processing (OBSC20, OBSC21, and OBSC22).  All the 

samples were made 400 μm thickness for further experiment. 

BCS Num. DX Gender Age location Experiments 

OBSC15 HS M 19 Temporal  Technique optimisation (Chapter 6) 
Neurofilament (Section 6.3.1) 

OBSC16 HS  F 7 Temporal  Ki67 (Section 6.3.2) 
OBSC20 TS F 8 Parietooccipital DNs & BCs morphology 

Cellular heterogeneity  
 (Chapter 7) 

OBSC21 TS M 11 - 
OBSC22 TS F 9 Frontal lobe 

Table 2.6.1-1 List of the organotypic brain slice cultures (OBSC) used 
for CLARITY.   

 Reagent and solution preparation 

The reagents used for these experiments included 40% Acrylamide (Bio-Rad, 

UK), 2% Bis (Bio-Rad, UK), VA-044 Initiator (Wako, UK), 10X PBS, 16% PFA, 

olive oil, Boric acid (Sigma-Aldrich), and Sodium Dodecyl Sulfate (SDS, 

Sigma-Aldrich). I used these reagents to make two essential solutions. The 

first was the hydrogel monomer, and the second was the clearing solution. To 

make 800ml hydrogel monomer solution, 80ml of Acrylamide (40%) was mixed 

with 20ml Bis (2%), 2g VA-044 Initiator, 80ml PBS(10X), 200ml PFA (16%) 

and 420ml dH2O. All reagents were kept on ice to prevent polymerisation and 

stored at -20°C in 40ml aliquots for future use.  Next, to make the clearing 

solution, 12.366g of Boric Acid was mixed with 40g SDS and filled up with 

dH2O to 1 litre. Then, the pH was adjusted to 8.5 by adding NaOH. 
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 Steps of the CLARITY experiment 

First, 400µm tissue slices were incubated in 5ml ice-cold hydrogel monomer 

solution in a 6ml tube. It was then covered with foil and stored at 4°C with 

gentle shaking (~30 rpm) for seven days. After this, the tissue was placed into 

12-well plates between 18 mm coverslips and the hydrogel monomer solution 

was poured on top. Then, a layer of olive oil was poured on top of the cold 

hydrogel monomer solution with the lid tightly screwed on to prevent oxygen 

from stopping the subsequent polymerisation step. To polymerise the hydrogel 

monomer solution, the plate was put into a 37°C water bath for 4 hours. After 

polymerisation, a spatula was used to remove the polymerised sample from 

the well (Figure 2.6.3-1 A-D), to remove the hydrogel from around the 

coverslips (Figure 2.6.3-1 E), and lastly to peel the coverslips away from the 

tissue slice (Figure 2.6.3-1 F-J). The sample was placed on a lint-free wipe 

(Figure 2.6.3-1 I), and the remaining excess hydrogel trimmed away with fine 

scissors (Figure 2.6.3-1 J). Finally, the sample was dipped in PBS to detach 

the tissue from the wipe (Figure 2.6.3-1 K). Then, the sample was ready for 

the tissue clearing step (Figure 2.6.3-1 O). 

 
Figure 2.6.3-1 Illustration of CLARITY procedure after hydrogel 

polymerisation. After polymerisation, a spatula was used to remove the 

polymerised sample from the well (A-D). Then the hydrogel was removed 

from around the coverslips (E), and lastly peeled from the coverslip (F-J). 

The sample was placed on a lint-free wipe (I), and the remaining excess 

hydrogel trimmed away with fine scissors (J). The sample was dipped in PBS 

to detach the tissue from the wipe (K). Then, the sample was ready for the 

tissue clearing stage (O). 
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After removing the excess hydrogel, the tissue was cleared using SDS 

clearing solution. Samples were incubated in a 50°C water bath until 

transparency was achieved (around 3-7 days, depending on the tissue size, 

thickness, texture, and species). The clearing solution was replaced every 

three days. Next, samples were washed with 30 ml of 0.2% PBST 4 times with 

more than 12 hours of shaking between washes. This washing step is 

important as it removes the remaining SDS so white precipitate does not form 

during the blocking step. 

After washing with 0.2% PBST, the samples were placed in 5 ml of blocking 

buffer (10% heat-inactivated sheep serum, 0.2% Triton-X 100, and 0.05% 

sodium azide in PBS) on a shaker at 4°C for three days. Then, the sample 

was incubated in 3 ml primary antibody solution (concentration used was 

1:100, diluted in the antibody dilution buffer, which composed of 1% sheep 

serum, 0.2% Triton-X 100, and 0.05% sodium azide in PBS), on an orbital 

shaker at 4°C for a further 3 days. The samples used here measured around 

4 x 3 x 0.4 mm3 in size. It might need more primary antibody solution for bigger 

samples. Then, the samples were washed with 0.2% PBST 3 times (with more 

than 12 hours each time between washes) at room temperature. Afterwards, 

the samples were incubated in the secondary antibody (concentration used 

was 1:100, diluted in the antibody dilution buffer, which composed 1% sheep 

serum, 0.2% Triton-X 100, and 0.05% sodium azide in PBS) at 4°C for another 

3 days. The nuclear counterstain, 4', 6-diamidino-2-phenylindole (DAPI) was 

also applied at this stage at a concentration of 1 μg/ml. Finally, the stained 

samples were washed with 0.2% PBST 3 times (again with more than 12h 

each time between washes) at 4°C and covered in foil to prevent fluorescence 

decay.   

After staining, the samples were transferred to clean 15 ml falcon tubes and 

filled with 30% TDE in 1x PBS for 24 hr, and then 63% TDE for another 24 hr. 

Next, the samples were mounted on chamber slides (Figure 2.6.3-1) in 63% 

TDE in 1x PBS for imaging. 
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Figure 2.6.3-2 Making the chamber slide to mount the cleared tissue 
onto. To make the chamber slides, I used large microscope slides, 

coverslips, a spatula and some blue tack (A). The blue tack was rolled into a 

thin sausage shape (B), placed onto a microscope slide (C), and a spatula 

was used to compress the edges to make it stick firmly to the slide to prevent 

leakage (D). The chamber slide was then ready for tissue mounting (E). 
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 Facility for images taken and analysis. 

 Confocal microscopy  

Fluorescent slides/samples were imaged using a Zeiss Examiner LSM 880 

confocal microscope driven by ZEN imaging software (Zen2.3, Zeiss) and 

equipped with a 20x/N A1.0 Plan Apochromat Water dipping objective 

with a correction collar. WD 2.4mm. Fluorophore excitation and scanning were 

performed with laser excitation at 405 nm, 488 nm, 561 nm, and 633 nm. 

 

 Use software Imiris 8.0 to composed 3D images and artificial 
solid object 

In order to determine the 3-dimensional morphology of cell types in FCDII/TS 

I used the image analysis software - Imiris 8.0. This provides several different 

viewing functions, including the (1) 3D visualisation of images and (2) creation 

of artificial solid objects by inputting the fluorescently labelled confocal images. 

First, to generate the 3D visualisation of the images, I loaded the fluorescently 

labelled confocal images, and 3D images formed automatically. Then, the 

video and 3D visualisation images were taken. Secondly, to create the artificial 

solid object, there were a few steps to follow as shown below (Figure 2.7.2-1). 

After inputting the fluorescently labelled confocal images, selection of the 

appropriate channel was used to make the artificial surface (e.g. in Figure 

2.7.2-1-A, red channel). Then, a surface grain size of 2 μm was used (default 

setting). Next, selected the threshold fitting the fluorescent signals and set the 

size range of the targets (e.g. in Figure 2.7.2-1-C, the target was the large 

cell). Finally, the artificial surface was set according to the original 

immunofluorescence was generated. According to these rules, there were 

more artificial solid objects could be generated and composed together, as 

(Figure 2.7.2-1-E). 
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Figure 2.7.2-1 Workflow to create an artificial solid object in Imaris 8.0.  
(A) After taking confocal images, the channel of interest was selected (red). 

(B) The surface grain size was set using the default setting, 2 μm. (C) Next, 

the threshold fitting the fluorescent signals was set, and the size range of the 

targets. (D) Finally, the artificial surface was generated (E) Multiple artificial 

solid objects could be generated and composed together. 
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Chapter 3 Use of DEGs to identify novel cell types 
in FCDIl 

In order to find potential novel cell types, I used the unpublished DEGs 

between BCs and non-BCs groups (generated by Dr. Picker (157)). After 

identification, the targets of further interest were validated in clinical cases by 

using immunohistochemical stains and immunofluorescence to look at where 

these molecules came from. 

 

 Using Ingenuity Pathway Analysis identify the regulated 
secretory molecules 

To identify the differentially expressed genes of interest, I began from the 543 

Differentially Expressed Genes (DEGs) identified between BCs and non-BCs 

groups, which were described previously (Figure 1.10.1-2). I uploaded the list 

of the DEGs to the updated Ingenuity Pathway Analysis (IPA) 

(http://www.ingenuity.com, Winter 2018 Release version) by following the 

method described in (Section 2.2). The results showed as follows. 

 

 55 up-regulated secretory molecules were extracted 

After analysing the DEGs in the Ingenuity Pathway Analysis (IPA), I extracted 

55 up-regulated and 21 down-regulated secretory genes/proteins, which are 

listed according to their increased/decreased fold changes (Table 

3.1.1-1&Table 3.1.1-2). From the up-regulated list, there were 19 genes with 

more than a 3-fold increase in expression. These genes were Ceruloplasmin 

(CP), SERPINA3, LUM, CHI3L2, CCL2, C1s, HGF, EFEMP1, PLA2G2A, TNC, 

ANGPT1, ECM2, CHI3L1, MATN2, SERPING1, LYZ, CXCL10, CCL4, and IL-

1 β (Figure 3.1.1-1).  
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In the down-regulated list (Table 3.1.1-2), there were four genes with an 

expression decrease greater than threefold: FAM19A1, LINGO2, NETO1, and 

SLITRK4. As listed in the tables (Table 3.1.1-1 & Table 3.1.1-2), these 

secretory molecules were found to have a variety of functions, including 

cytokine, enzyme, peptidase, growth factor, and others.. 

To further understand these secretory molecules, I investigated the top 19 up-

regulated genes/proteins (Figure 3.1.1-1). Five of them have been previously 

studied in our group (157, 158), including SERPINA3, TCN, LYZ, CHI3L1, and 

IL-1 β. Hence, I focused on the remaining 14 upregulated molecules in the 

current project. 
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Up-regulated extracellular molecules (total 55 in number) 
Symbol Expr Fold Change Expr p-value Location Type(s) 
CP 22.725 0.00017 Extracellular Space enzyme 
SERPINA3 22.148 0.000287 Extracellular Space other 
LUM 10.116 0.00126 Extracellular Space other 
CHI3L2 7.496 0.00016 Extracellular Space enzyme 
CCL2 7.155 0.0016 Extracellular Space cytokine 
C1S 5.536 0.0000129 Extracellular Space peptidase 
HGF 5.356 0.000259 Extracellular Space growth factor 
EFEMP1 5.275 0.000596 Extracellular Space enzyme 
TNC 5.172 0.000314 Extracellular Space other 
C4A/C4B 5 0.000119 Extracellular Space peptidase 
ECM2 4.575 0.000000847 Extracellular Space other 
CHI3L1 4.467 0.026 Extracellular Space enzyme 
MATN2 3.824 0.000115 Extracellular Space other 
BANK1 3.466 0.0000335 Extracellular Space other 
SERPING1 3.417 0.000163 Extracellular Space other 
LYZ 3.379 0.0164 Extracellular Space enzyme 
CXCL10 3.132 0.0273 Extracellular Space cytokine 
CCL4 3.114 0.0176 Extracellular Space cytokine 
IL1B 3.096 0.0399 Extracellular Space cytokine 
FBLN5 2.936 0.000694 Extracellular Space other 
C1R 2.785 0.000181 Extracellular Space peptidase 
SERPINI2 2.756 0.0000129 Extracellular Space other 
DCDC2 2.718 0.00134 Extracellular Space other 
FRZB 2.702 0.00145 Extracellular Space other 
FAM114A1 2.686 0.000293 Extracellular Space other 
C3 2.675 0.000392 Extracellular Space peptidase 
EGF 2.65 0.0000658 Extracellular Space growth factor 
CYR61 2.635 0.00767 Extracellular Space other 
CCDC102B 2.577 0.000337 Extracellular Space other 
LTBP1 2.538 0.0000245 Extracellular Space other 
SPP1 2.498 0.0129 Extracellular Space cytokine 
NPC2 2.492 0.00014 Extracellular Space transporter 
PRSS23 2.426 0.000826 Extracellular Space peptidase 
FGF1 2.425 0.000926 Extracellular Space growth factor 
CPQ 2.403 0.000596 Extracellular Space peptidase 
FGL2 2.4 0.000304 Extracellular Space peptidase 
NAMPT 2.399 0.00149 Extracellular Space cytokine 
TMEM255A 2.297 0.0126 Extracellular Space other 
TIMP1 2.285 0.00637 Extracellular Space cytokine 
PROS1 2.284 0.000368 Extracellular Space other 
TGFB2 2.284 0.00128 Extracellular Space growth factor 
C2orf40 2.268 0.00082 Extracellular Space other 
CFB 2.238 0.000246 Extracellular Space peptidase 
ASPN 2.225 0.0149 Extracellular Space other 
C7 2.183 0.0171 Extracellular Space other 
SAMD9L 2.162 0.0257 Extracellular Space other 
GPX3 2.16 0.00282 Extracellular Space enzyme 
PAMR1 2.118 0.000982 Extracellular Space peptidase 
SPARC 2.115 0.000619 Extracellular Space other 
RNASE6 2.108 0.000144 Extracellular Space enzyme 
RASSF8 2.095 0.0000202 Extracellular Space other 
PLBD1 2.085 0.000532 Extracellular Space enzyme 
CRTAP 2.046 0.000018 Extracellular Space other 
IGFBP7 2.044 0.000426 Extracellular Space transporter 

 Table 3.1.1-1 Important information about up-regulated secretory 
molecular in BCs group. There were 55 up-regulated extracellular molecules 
identified and list by their increased folding. 
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Downregulated extracellular molecules (total 21 in number) 
Symbol Expr Fold Change Expr p-value Location Type(s) 
FAM19A1 -5.737 0.000619 Extracellular Space other 
LINGO2 -4.692 0.00171 Extracellular Space other 
NETO1 -3.621 0.000914 Extracellular Space other 
SLITRK4 -3.083 0.00706 Extracellular Space other 
NELL1 -2.573 0.00207 Extracellular Space growth factor 
VSTM2A -2.509 0.0146 Extracellular Space other 
PCSK2 -2.367 0.00436 Extracellular Space peptidase 
FGF14 -2.354 0.0124 Extracellular Space growth factor 
SST -2.354 0.00298 Extracellular Space other 
FSTL5 -2.291 0.019 Extracellular Space other 
CREG2 -2.265 0.0254 Extracellular Space enzyme 
NELL2 -2.233 0.00849 Extracellular Space other 
FGF9 -2.182 0.0331 Extracellular Space growth factor 
FGF12 -2.146 0.0127 Extracellular Space other 
CBLN2 -2.13 0.00793 Extracellular Space other 
TAGLN3 -2.122 0.0249 Extracellular Space other 
SLIT2 -2.097 0.00705 Extracellular Space other 
GLT1D1 -2.056 0.00637 Extracellular Space enzyme 
SERPINI1 -2.056 0.0155 Extracellular Space other 
LRRTM4 -2.02 0.00431 Extracellular Space other 
SCG3 -2.004 0.000284 Extracellular Space other 

 Table 3.1.1-2 Important information about down-regulated secretory 
molecular in BCs group.  There were 21 down-regulated extracellular 

molecules identified and list by decreasing fold change.  

 

 

Figure 3.1.1-1 There were 55 upregulated genes encoding for secretary 
proteins, extracted from the DEGs.  The top 19 up-regulated ones 

(coloured with red, orange, and yellow) were taken for further validation.  
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 Chitinase 3 like 1 (CH3L1) 

 Chitinase 3 like 1 (CH3L1) is expressed in small glial cells 
distributed near balloon cells. 

CHI3L1 expression was studied by a previous PhD student Dr Scerif (158). In 

order to further validate her previous data, I used triple immunofluorescent 

labelling with combinations of vimentin, CHI3L1, and neurofilament (NF) 

antibodies on cases of TS and HS (n=3 in each group). 

Vimentin highlighted balloon cells, while neurofilament picked out the 

dysmorphic neurons. At low magnification, the pattern of CHI3L1 staining was 

similar to the staining distribution of vimentin, which was found to match to 

areas containing the majority of the balloon cells (Figure 3.2.1-1). However, at 

higher magnifications, I found that the expression of CHI3L1 and Vimentin did 

not colocalise. CHI3L1 was expressed in small glial cells, while Vimentin 

expression was absent in these small cells. (Figure 3.2.1-2). 

When comparing the immuno-staining of CHI3L1 between 3 TS cases (BCs 

group) and 3 HS cases (on-BCs group), CHI3L1 expression was only identified 

in cases belonging to the BC group. When comparing the DAB results (Figure 

1.10.2-2) with the triple immuno-labelling results, the findings were consistent 

(Table 3.2.1-1), both showed that the CHI3L1 (+) cells increased in the BC 

group versus the non-BC group. 
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Figure 3.2.1-1 Vimentin positive cells and CHI3L1 positive cells are in 
similar regions of the brain at low power.  The distribution of CHI3L1 

positive cells (red) was similar to the territory of vimentin-positive area 

(green), which is where most of the balloon cells are located. The scale bar 

is 500 μm in length. 
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Figure 3.2.1-2 Triple immuno-labelling of CHI3L1 with vimentin and NF 
in 3 TS and 3 HS cases. BCs were stained by vimentin (green), and DNs 

were stained by NF (white). CHI3L1 (red) stained a third population of cells, 

mainly corresponding to small glial cells. There was no CHI3L1 positive 

staining identified in the HS cases. DNs (arrow), BCs (asterisk), and small 

glial cells (arrowhead). The scale bar is 50 μm. 

Cell/Tissue types DAB 
(n=26, 8 IIb + 5 IIa + 3 TS + 10 HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons - - 
3. DNs - - 
4. Endothelium - - 
5. BCs - - 
6. Small glial cells ++ ++ 
7. White matter - - 

Table 3.2.1-1 Comparison of CHI3L1 staining using DAB and 
immunofluorescence.  The result of triple immuno-labelling was consistent 

with the previous data using DAB, which was collected by Dr Scerif.  
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 C-C motif chemokine ligand 2 (CCL2)  

 Validation of CCL2 using DAB immunohistochemical staining 

From the whole-exon-array results (Table 3.1.1-1), CCL2 gene expression 

was 7.2-fold increase in the BCs group compared with the non-BCs group. To 

validate this finding, I tested a total of 24 cases for CCL2 protein expression 

by DAB IHC. Cells positive for CCL2 staining by DAB were identified in all the 

BCs groups tested, namely FCD2b (n=10/10), and TS (n=5/5). Only a few 

cases in the non-BCs group stained positive for CCL2 by DAB. Specifically, 

no cells in the HS cases stained for CCL2 staining (n=0/5) and 50% of FCD2a 

cases were positive (n=2/4) (Table 3.3.1-1). When positive, CCL2 staining 

mainly highlighted a small cell population with moderate cytoplasmic 

expression next to the nuclei, while the other cell populations remained 

negative (Figure 3.3.1-1). Occasionally, I found the CCL2 positive cells to 

aggregate in clusters (Figure 3.3.1-2). Radar plots summarising the findings 

of CCL2 expression in BCs and non-BCs groups are shown in (Figure 3.3.1-3).  

Table 3.3.1-1Semi-quantitative analysis of CCL2 expression by DAB 
staining in 24 clinical cases. CCL2 expression was negative in all cell 

populations except in the small glial cells. These positive cells could be 

identified in all cases belonging to the BC group (FCD 2b and TS). In the 

non-BC group (FCD 2a and HS), no cells in the HS cases stained for CCL2 

staining (n=0/5) and 50% of FCD2a cases were positive (n=2/4). 
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Figure 3.3.1-1 Representative images of CCL2 DAB-expression across 
different cell types in the four groups of cortical malformations.  CCL2 

was mainly expressed in small glial cells, while the remaining cell types were 

negative. Staining was present in all 15 cases belonging to the BCs group 

(red square), reduced staining was found in the Non-BCs group, 0% were 

positive in HS (n=0/5), and 50% were positive in FCD2a (n=2/4). The scale 

bar is 50 μm. 
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Figure 3.3.1-2 CCL2 positive cells cluster together forming a nodular-
like pattern.  CCL2 positive cells were sometimes found to be aggregated 

together, reminiscent of microglial nodules. Representative images taken 

from two BCs group cases: 1 FCD2b and 1 TS. The scale bar is 20 μm in 

length. 
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Figure 3.3.1-3 CCL2 is uniquely expressed in a small glial cell 
population. Radar plot for CCL2 DAB expression. In summary, CCL2 

expression was only identified in the small glial cell population and was more 

highly prevalent in BCs group than the non-BCs group. (★ = key cell 

population expression differences between BCs and non-BCs group) 
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 Confirmation of CCL2 expression in small glial cells 

To confirm the expression of CCL2 was limited to small glial cells, I performed 

triple immunofluorescence with vimentin and neurofilament. The results 

showed that CCL2 was expressed in small cells (Figure 3.3.2-1) but not in BCs 

or DNs (or other neurons). When comparing CCL2 expression between 3 TS 

cases and 3 HS cases, there were no CCL2 positive cells identified in the HS 

cases. These findings from immunofluorescence were similar to the DAB 

validation (Table 3.3.2-1). 

  
Figure 3.3.2-1 Triple immuno-labelling of CCL2 with vimentin and NF in 3 TS 

and 3 HS cases.  Triple immuno-labelling showed vimentin (green), CCL2 

(red), and NF (white) immunofluorescence. The vimentin highlighted the BCs 

(asterisks) and NF stained the DNs (arrow). Both BCs and DNs were 

negative for CCL2, while some small glial cells (arrowheads) expressed the 

CCL2 identified in the BCs group. There was no detection of CCL2 in the HS 

cases. The scale bar is 50 μm. 
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons - - 
3. DNs - - 
4. Endothelium - - 
5. BCs - - 
6. Small (glial) cells ++ ++ 
7. White matter - - 

Table 3.3.2-1 Comparison of CCL2 staining using DAB and 
immunofluorescence (IF) methods. From this table, the results of triple 

immune-labelling were same as DAB validation. 
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 EGF containing fibulin extracellular matrix protein 1 
(EFEMP1)  

 Validation of EFEMP1 using DAB immunohistochemical staining 

From the whole-exon-array results (Table 3.1.1-1), EFEMP1 gene expression 

had a 5.3-fold increase in the BCs group compared with the non-BCs group. 

After completed staining, one case failed due to the machine error and the 

remaining 23 cases were available for analyses. The results are listed in 

(Table 3.4.1-1). From these data, moderate to strong EFEMP1 staining was 

identified in small glial cells (4 cases of the BCs group) and strongly in the 

vessels. Weak staining was identified in the neuron, DNs, and BCs. The 

representative images are shown below (Figure 3.4.1-1). Comparing BCs and 

non-BCs groups, there were no moderately stained small glial cells identified 

in the non-BCs group (Figure 3.4.1-2). Hence the combination of strong 

staining in the small glial cells and weak staining in the BCs were the key 

components that explain the relative higher EFEMP1 RNA expression in the 

BCs group compared with the non-BC group. 

 
Table 3.4.1-1 Semi-quantitative analysis of EFEMP1 expression by DAB 
staining in 24 clinical cases.   *Data not available for case FCD2b_3 as 

this failed in the staining process. 
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Figure 3.4.1-1 Representative images of EFEMP1 DAB-expression 
across different cell types in the four groups of cortical malformations.  
In the BCs group, EFEMP1 was strongly expressed in small glial cells and 
weakly in the BCs (red square). The faint EFEMP1 expression in the 
neuronal lineages, including neurons and dysmorphic neurons, were also 
seen. The scale bar is 50 μm. 
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Figure 3.4.1-2 Increases in EFEMP1 expression in the BCs group are 
cell-specific. Radar plots summarising EFEMP1 expression. Comparison of 

EFEMP1 expression in the BC and non-BC groups further explains the gene 

upregulation observed by microarray. Strong staining of EFEMP1 was 

identified in the small glial cells in the BC-group, but it was negative in the 

non-BC group. Additionally, weak EFEMP1 expression was observed in the 

BCs which are not present in the non-BC group. Therefore, were the key 

components cause BCs group has higher EFEMP1 expression. (★ = key cell 

population expression differences between BCs and non-BCs group) 
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 Confirmation of EFEMP1 expression and colocalization  

Next, I used triple immunofluorescent labelling with anti-Vim, anti-EFEMP1 

and anti-Neurofilament to further confirm which cells were positive for 

EFEMP1 (Figure 3.4.2-1). EFEMP1 was weakly positive in the DNs, BCs, and 

small glial cells. By immunofluorescence there were no positive cells identified 

in the HS cases. Further, moderate staining in the small vessels was also 

noted in both groups (Figure 3.4.2-2). After combining the data from the DAB 

staining with triple immuno-labelling, the results were similar to each other and 

overall confirmed that EFEMP1 expression is located in small glial cells, DNs, 

and BCs (Table 3.4.2-1). 

 
Figure 3.4.2-1 Triple immuno-labelling of EFEMP1 with vimentin and NF 
in 3 TS & 3 HS case. Triple immuno-labelling showed vimentin (green), 

CCL2 (red), and NF (white) immunofluorescence. EFEMP1 not only stained 

the DNs (arrowheads) and the BCs (asterisks), but also the small glial cells 

(arrowheads). The scale bar is 50 μm in length. 
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Figure 3.4.2-2 EFEMP1 was also expressed in the vessels in both BCs 
and non-BCs groups. The immunofluorescence showed vimentin (green), 

EFEMP (red), and NF (white). Moderate expression of EFEMP1 was also 

identified in the small vessels wall. The scale bar is 50 μm. 

 

 

Cell/Tissue types DAB 
(n=23, 9 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons + - 
3. DNs + + 
4. Endothelium - - 
5. BCs + + 
6. Small (glial) cells ++ + 
7. White matter - - 
8. Small vessels ++ ++ 

Table 3.4.2-1  Comparison of EFEMP1 staining using DAB and IF 
methods. The results were similar between DAB and triple IF, and EFEMP1 

was mainly expressed moderately in small glial cells, and weakly in the DNs, 

and BCs. Also, there was a moderate expression of the small vessels in both 

groups. 
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 Phospholipase A2 group IIA (PLA2G2A) 

 Validation of PLA2G2A using DAB immunohistochemical 
staining 

From the whole-exon-array results (Table 3.1.1-1), PLA2G2A expression was 

increased 5.2-fold in the BCs group compared with the non-BCs group. The 

results of the PLA2G2A validation is shown in the table below (Table 3.5.1-1). 

From these data, PLA2G2A strongly highlighted the small glial cell, moderately 

in the DNs and BCs. Weak DAB staining was also identified in normal neurons 

and endothelium (Figure 3.5.1-1). Comparing BCs and non-BCs, both groups 

showed moderate expression in the DNs and weakly in normal neurons. 

However, the moderate to strong expression of the small glial cell and BCs 

were only identified in the BCs group (Figure 3.5.1-2). 

 
Table 3.5.1-1  Semi-quantitative analysis of PLA2G2A expression by 
DAB in 24 clinical cases.  PLA2G2A was strongly expressed in the small 

glial cell, and moderately in the BCs & DNs & vessels. There was also a 

weak expression in normal neurons. 
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Figure 3.5.1-1 Representative images of PLA2G2A DAB-expression 
across different cell types in the four groups of cortical malformations. 
PLA2G2A was expressed strongly in the small glia, moderately in balloon 

cells of the BCs group, which were not identified in the Non-BCs group. 

There was also moderate staining in the DNs and weakly in the endothelium. 

The normal neurons showed weak expression. The scale bar is 50 μm. 
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Figure 3.5.1-2 Radar plots of PLA2G2A expression. Comparing BCs and 

non-BCs, both groups showed moderate to strong expression in the DNs. 

However, the expression in small glial cells and, BCs, were uniquely 

identified in the BCs group, which were the key components which differed 

from the control group. (★ = key cell population expression differences 

between BCs and non-BCs group) 
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 Confirmation of PLA2G2A expression using triple immuno-
labelling 

After validating PLA2G2A by DAB staining in the 24 clinical cases, I noticed 

expression was mainly present in the small glia and, balloon cells, of the BCs 

group, which were not seen in the other group. Next, I use triple immuno-

labelling with vimentin, PLA2G2A and NF for further confirmation. Again, I 

found PLA2G2A to be mainly expressed in the small glial cells, BCs and DNs 

belonging to the TS cases (Figure 3.5.2-1). When comparing the PLA2G2A 

DAB staining and triple immuno-labelling results, the findings were similar. 

Both methods showed that PLA2G2A is mainly located in the DNs, BCs, and 

small glial cells. There was also weak staining found in the normal neurons 

same as DAB results. The summary is listed in the table below (Table 3.5.2-1). 
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Figure 3.5.2-1 PLA2G2A is expressed in 3 TS cases (BCs group) and 3 
HS (non-BCs group).  Triple immuno-labelling showed vimentin (green), 

CCL2 (red), and NF (white) immunofluorescence. From the staining, the 

PLA2G2A expressed on DNs (arrow), BCs (asterisk), and small glial cells 

(arrowhead) in the TS cases. The scale bar is 50 μm.  

Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons + + 
3. DNs ++ ++ 
4. Endothelium + - 
5. BCs ++ ++ 
6. Small (glial) cells +++ ++ 
7. White matter - - 

Table 3.5.2-1  Comparison of PLA2G2A staining using DAB and IF 
methods. The expression in DNs, BCs, and small glial cells was consistent 

in both methods. 
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 Serpin family G member 1 (SERPING1)  

 Validation of SERPING1 expression using DAB 
immunohistochemical staining 

From the whole-exon-array results (Table 3.1.1-1), SERPING1 was increased 

3.4-fold in the BCs group compared with the non-BCs group. After completing 

staining, one case failed due to a machine error and the remaining 23 cases 

were available for analyses. When validating SERPING1 expression in both 

BCs and non-BC cases, moderate staining was identified in BCs and small 

glial cells (Figure 3.6.1-1). Weak staining was identified in the endothelium, 

DNs, and normal neurons. Variable staining was identified in white matter, 

which revealed the slightly increased staining in the BCs group. Apart from 

these principal cell populations and structures, I also noted strong staining in 

the inflammatory cells across all cases tested. Most of these inflammatory 

cells were located within the vessels. Only 2 cases of the BCs groups revealed 

parenchymal-like infiltration (Figure 3.6.1-2), but its significance was not sure. 

Comparing BCs and non-BCs, the BCs groups showed increased SERPING1 

expression in the BCs and small glial cells (Figure 3.6.1-3) were the key 

difference. In the non-BCs group, there was only faint expression in the 

endothelium and small vessels. 

 
Table 3.6.1-1 Semi-quantitative analysis of SERPING1 expression by 
DAB staining in 24 clinical cases.   
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Figure 3.6.1-1 Representative images of SERPING1 DAB-expression 
across different cell types in the four groups of cortical malformations.  
SERPING1 showed moderate staining in BCs and small glial cells. Weak 

staining was also identified in the endothelium, DNs, and normal neurons. 

Comparing both groups, the BCs groups showed more expression in the 

BCs and small glial cells (red square). The scale bar is 50 μm. 

 
Figure 3.6.1-2 Inflammatory infiltration into the brain parenchyma in 2 
BCs cases. The inflammatory cells could be identified within the vessels in 

all the validation cases. However, there were 2 BCs cases that showed 

inflammatory cell infiltration. The scale bar is 200 μm and 50 μm for small 

picture. 
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Figure 3.6.1-3 Radar plots of SERPING1 expression.  The staining in the 

BCs and small glial cell, which were the key components differed from the 

other group. (★ = key cell population expression differences between BCs 

and non-BCs group) 
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 Confirmation by using triple immuno-labelling 

Using triple immuno-labelling with vimentin, SERPING1, and NF, I further 

confirmed the above findings (Figure 3.6.2-1). The immunofluorescence 

results showed SERPING1 was not expressed in the non-BCs cases. It 

manifested solely in the BCs and small glia, and slight staining in the DNs was 

also noted. When combined with the DAB staining and triple immuno-labelling, 

it was clear that the robust positive expression was identifiable in BCs and 

small glia. The expression in DNs was very weak same as DAB validation. 

  
Figure 3.6.2-1 Triple immuno-labelling of SERPING1 with vimentin and 
NF in 3 TS and 3 HS cases.  Triple immuno-labelling showed vimentin 

(green), SERPING1 (red), and NF (white) immunofluorescence. Apart from 

the BCs (asterisks) and DNs (arrow), the small glial cell also showed 

SERPING1 expression (arrowheads). On the contrary, there was no 

SERPING1 positive cell identified in the HS cases. The scale bar is 50 μm. 
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Cell/Tissue types DAB 
(n=23, 9 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil + - 
2. Neurons + - 
3. DNs + + 
4. Endothelium + - 
5. BCs ++ + 
6. Small (glial) cells ++ + 
7. White matter +/- - 

Table 3.6.2-1  Comparison of SERPING1 staining using DAB and IF 
methods.  It was clear that the robust positive expressions were BCs, small 

glial cells, and DNs. 
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 Lumican (LUM)  

 Validation of LUM using DAB immunohistochemical staining 

From the whole-exon-array results (Table 3.1.1-1), Lumican (LUM) was 

increased 10.1-fold in the BCs group compared with the non-BCs group. After 

validation, LUM staining was widely expressed throughout the 24 cases tested 

and was identified in the majority of cell populations (Table 3.7.1-1). Strong 

LUM DAB staining was identified in BCs, small glial cells, and small neurons. 

Moderate staining was identified in DNs, small vessels, and capillaries, as well 

as neuropil. Weak staining was identified in the white matter (Figure 3.7.1-1).  

When comparing the BCs group to the non-BCs group (Figure 3.7.1-2), the 

strong staining at balloon cells (limited to the BCs group) was a major 

difference. Overall, LUM expression by DAB staining was highest in the BC 

group compared to the non-BC group, and particularly strongly expressed in 

the balloon cells and fibre-like structures, which further explains the findings 

of the microarray data.  

 
Table 3.7.1-1 Semi-quantitative analysis of Lumican (LUM) expression 
by DAB staining in 24 clinical cases.  Lum was widely expressed in many 

cell populations. When comparing BCs group to non-BCs group, the strong 

staining at balloon cells in the BCs group was a major difference.  
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Figure 3.7.1-1 Representative images of Lumican (LUM) DAB-
expression across different cell types in the four groups of cortical 
malformations.  LUM staining was widely expressed in the majority of cell 

populations. Strong staining was identified in BCs, small glial cells, and small 

neurons. Moderate staining was identified in DNs, small vessels, capillaries, 

and neuropil. Weak staining was identified in white matter. When comparing 

BCs group to non-BCs group, the strong staining at balloon cells in the BCs 

group was the major difference. The scale bar is 50 μm. 
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Figure 3.7.1-2 Lumican (LUM) is expressed in many cell populations, 
particularly in balloon cells, small glia, neurons and dysmorphic 
neurons.  Radar plots summarising LUM expression by DAB staining. LUM 

expressed in many cell populations. The key difference identified (marked 

with ★) was the intense staining in the balloon cells, which are only present 

in the BCs group. 
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 Confirmation of Lumican expression using immunofluorescence  

By DAB, Lumican was expressed in many cell lineages, including the DNs, 

BCs, and small glial cells. Next, I used triple immuno-labelling with vimentin 

and NF for further confirmation in 3 TS and 3 HS cases. The results showed 

LUM was moderately staining in the DNs, and BCs. There was also weak 

LUM expression in small glial cells (Figure 3.7.2-1). When comparing the 

DAB stains and triple immuno-labelling results, both methods showed the 

expression at the BCs, DNs, and small glial cells (Table 3.7.2-1). 

  
Figure 3.7.2-1 Triple immuno-labelling of LUM with vimentin and NF in 3 
TS and 3 HS cases.  Triple immuno-labelling showed vimentin (green), LUM 

(red), and NF (white) immunofluorescence. LUM moderately stained the DNs 

(arrowheads) and the BCs (asterisks). Weak LUM expression was also noted 

in small glial cells (arrowheads). The scale bar is 50 μm. 
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil ++ - 
2. Neurons +++ +/- 
3. DNs ++ ++ 
4. Endothelium ++ - 
5. BCs +++ ++ 
6. Small (glial) cells +++ + 
7. White matter + - 

Table 3.7.2-1 Comparison of LUM staining using DAB and IF methods. 
Variable LUM staining was noted across the cell types analysed. When 

comparing DAB with IF, expression patterns in the DNs, BCs, and small glial 

cells showed the best consistency. 
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 Matrilin 2 (MATN2)  

 Validation of MATN2 expression using DAB 
immunohistochemical stain 

From the whole-exon-array results (Table 3.1.1-1), MATN2 gene expression 

was increased 3.8-fold in the BCs group compared with the non-BCs group. 

The results of the MATN2 validation are shown in the table below (Table 

3.8.1-1) MATN validation by DAB staining in both BCs and non-BCs cases 

suggested a very striking expression pattern on the giant cells which contained 

a few projections, assumed to be the DNs (Figure 3.8.1-1). These strongly 

stained DNs only occupied a small fraction of overall DNs number, and their 

frequency increased in the BCs group (Figure 3.8.1-2). MATN2 was also 

expressed weakly in the balloon cells and small some vessels. The strongly 

stained BCs-like cells (3+) could be identified sometimes (Figure 3.8.1-1), but 

were very rare.  Comparing the BCs and non-BCs groups, there was also weak 

expression of MATN2 in balloon cells, which are only present in the BCs group 

(Figure 3.8.1-3), further contributing to the upregulation of MATN2 in the BCs 

group identified by the microarray data. 

 
Table 3.8.1-1 Semi-quantitative analysis of MATN2 expression in 24 
clinical cases. 
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Figure 3.8.1-1 Representative images of MATN2 DAB-expression across 
different cell types in the four groups of cortical malformations. MATN2 

was strongly expressed in the giant cells with some projections, which seem 

to be the dysmorphic neurons, balloon cells, or others. MATN2 was also 

expressed weakly in the normal neurons, dysmorphic neurons, balloon cells, 

and small some vessels. (red square). The scale bar is 50 μm. 

 
Figure 3.8.1-2 MATN2 is strongly expressed in a part of the DNs. Using 
FCD2b_2 as an example case, I identified many DNs in the cortex region 
(both yellow and green arrow), but part of them revealed obvious staining 
with MATN2 (green arrow). Scale bar is 200 μm in length. 
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Figure 3.8.1-3 Radar plots of MATN2 expression. Radar plots of MATN2 

showed the weak to moderate expression in the DNs and BCs. The key 

difference between BCs and the non-BCs group was the staining in BCs. (★ 

= key cell population expression differences between BCs and non-BCs 

group) 
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 Confirmation of MATN2 expression using triple immuno-labelling 

MATN2 was found to be mainly expressed in the large cells by DAB validation, 

including the DNs and BCs. Triple immuno-labelling with vimentin, MATN2, 

and Neurofilament for further confirmation showed that MATN2 was also 

mainly expressed in the DNs and BCs (Figure 3.8.2-1). When comparing the 

DAB staining and immunofluorescence, the results were similar to each other, 

and all showed the weak staining in the DNs and the BCs (Table 3.8.2-1).  

  
Figure 3.8.2-1 Triple immuno-labelling of MATN2 with vimentin and NF in 3 

TS and 3 HS cases. Triple immuno-labelling showed vimentin (green), 

MATN2 (red), and NF (white) immunofluorescence. The MATN2 weakly 

expressed in the large cells, including the DNs (arrow) and BCs (asterisks) in 

the BCs group. There was no expression noticed in the HS cases. The scale 

bar is 50 μm. 
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons - - 
3. DNs ++ + 
4. Endothelium - - 
5. BCs + + 
6. Small (glial) cells - - 
7. White matter - - 

Table 3.8.2-1 Comparison of MATN2 expression using DAB and IF 
methods. When comparing the DAB staining and triple immuno-labelling, 

the results were identical to each other. MATN2 was expressed in large cells, 

such as DNs and BCs. 
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 Angiopoietin 1 (ANGPT1)  

 Validation of ANGPT1 expression using DAB 
immunohistochemical staining 

From the whole-exon-array results (Table 3.1.1-1), ANGPT1 expression was 

increased 4.9-fold in the BCs group compared with the non-BCs group. 

Validation of ANGPT1 by DAB expression in both BCs and non-BCs cases 

identified ANGPT1 to be mainly expressed in the balloon cells and small glial 

cells belonging to the BCs group (Table 3.9.1-1 & Figure 3.9.1-1). These 

expression patterns were the important differential components from the non-

BCs group (Figure 3.9.1-3). There was also faint expression found in the DNs 

from both groups. Finally, some strongly stained round cells were identified 

within the vessels, which are suspected to be systemic inflammatory cells due 

to their location. Interestingly, in two of the BCs cases, there was more 

extensive ANGPT1 positive inflammatory cells spreading in the parenchyma 

(13.3%, n=2/15 Figure 3.9.1-2). However, its significance still needs further 

study because these cells could be seen in all cases. The remaining cells were 

negative. 

 
Table 3.9.1-1 Semi-quantitative analysis of ANGPT1 expression by DAB 
staining in 24 clinical cases.    
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Figure 3.9.1-1Representative images of ANGPT1 DAB-expression 
across different cell types in the four groups of cortical malformations.  
ANGPT1 was weakly expressed in large cells, (including BCs and DNs) and 

the small glial cells (red square). Some strongly positive cells were identified 

within the vessels, which might be leukocytes. The remaining cell types 

stained negative. The scale bar is 50 μm. 
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Figure 3.9.1-2 Two BCs cases showed extensive ANGPT1 (+) 
inflammatory cells spreading into the parenchyma. Two of the BCs 

cases showed more extensive ANGPT1 positive cells (13.3%, n=2/15). 

Contrary to the non-BCs cases, there were only scattered strongly stained 

inflammatory cells identified and all of them were located within the vessels. 

However, its significance is unknown. The scale bar is 50 μm.  
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Figure 3.9.1-3 ANGT1 was differentially expressed in small glial cells 
and balloon cells. From these plots, the key difference of ANGPT1 

expression between BCs and non-BCs groups were the BCs and small glial 

populations (indicated by the star sign ★).  
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 Confirmation of ANGPT1 staining using triple immuno-labelling 

ANGPT1 validation by DAB staining highlighted its moderate expression in the 

large cells such as DNs and BCs, as well as weakly in the small glia. Triple 

immuno-labelling with vimentin, ANGPT1 and Neurofilament showed that 

ANGPT1 was weakly positive in the DNs, and BCs (Figure 3.9.2-1). No 

convincing staining was identified in the small glia. Interestingly, a population 

revealed strong staining within the vessels in both groups. They seem to be 

the leukocytes, possibly neutrophils or macrophages base their multilobated 

nuclei. When comparing the DAB staining and triple immuno-labelling, the 

results were very similar, and all showed weak expression in the DNs and 

BCs. The strong expression of the intravascular inflammatory cells could be 

identified in both methods. 

  
Figure 3.9.2-1 Triple immuno-labelling of ANGPT1 with vimentin and NF 
in 3 TS and 3 HS cases.  Triple immuno-labelling showed vimentin (green), 

ANGPT1 (red), and NF(white) immunofluorescence. There was very strong 

staining in the small cells within the vessel (top inserted picture). Apart from 

it, there were a very faint expression in the DNs (arrow) and BCs (asterisks).  
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons - - 
3. DNs + + 
4. Endothelium - - 
5. BCs + + 
6. Small (glial) cells + - 
7. White matter - - 
9. Inflammatory cells +++ +++ 

Table 3.9.2-1 Comparison of ANGPT1 staining using DAB and IF 
methods. When comparing the DAB staining and triple immuno-labelling, 

the results were consistent with weak ANGPT1 staining in the DNs and BCs. 

ANGPT1 was strongly expressed in the inflammatory cells of both groups, 

also identified using both methods. 
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 C-C motif chemokine ligand 4 (CCL4)  

 Validation of CCL4 using DAB immunohistochemical staining 

From the whole-exon-array results (Table 3.1.1-1), CCL4 gene expression 

was increased 3.1-fold in the BCs group compared with the non-BCs group. 

DAB staining with CCL4 revealed expression in many cell populations and the 

neuropil in all the cases tested (Table 3.10.1-1). The strong staining was found 

in the intravascular inflammatory cells in all the cases. The moderate staining 

was identified in BCs, DNs and small glial cells (Figure 3.10.1-1). Weak to 

moderately staining was identified in the neuropil. Interestingly, the staining of 

the neuropil showed a much more eve staining pattern in the FCDIIa and HS 

but not in the FCDIIb/TS cases (Figure 3.10.1-2). 

Comparing BCs and non-BCs, both revealed the moderate CCL4 staining in 

the DNs and small glial cells. However, balloon cells were additionally stained 

in the BCs group, and were the key components which differed from the control 

group (Figure 3.10.1-3). 

 
Table 3.10.1-1 Semi-quantitative analysis of CCL4 expression by DAB 
staining in 24 clinical cases.    
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Figure 3.10.1-1 Representative images of CCL4 DAB-expression across 
different cell types in the four groups of cortical malformations.  
Strongly stained cells were identified within the vessels. CCL4 moderately 

expressed in the DNs, BCs, and small glia at the BCs group (red square). It 

was also weakly expressed in the neuropil in both groups. There was no 

staining found in the small vessels and capillaries. The scale bar is 50 μm. 

 
Figure 3.10.1-2 CCL4 expression was uneven in the BCs group 
compared to the non-BCs cases.  Apart from staining in the DNs, BCs, and 

small glial cells, the CCL4 staining revealed expression located to neuropil. 

However, it showed an even staining pattern in the FCDIIa and HS but not in 

the FCDIIb/TS cases (uneven staining pattern marked as asterisks). 
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Figure 3.10.1-3 CCL4 is strongly expressed in balloon cells and small 
glia. Comparing both groups, the expression staining in the balloon cells in 

the BCs group was the key component which differed from the other one. (★ 

= key cell population expression differences between BCs and non-BCs 

group) 
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 Confirmation of CCL4 expression by using triple immuno-
labelling 

In order to confirm CCL4 expression, the triple immuno-labelling of CCL4 with 

vimentin and NF were performed in 3 TS and 3 HS cases. The results showed 

that there was faint staining in the neuropil and small neurons in all the cases. 

Furthermore, the weak expression in the DNs, BCs, and small glial cells 

(Figure 3.10.2-1) was also identified. When comparing the DAB staining and 

triple immuno-labelling findings, the expression in the BCs, DNs, and small 

glial cells was consistent. 

  
Figure 3.10.2-1 Triple immuno-labelling of CCL4 with vimentin and NF 
in 3 TS and 3 HS cases. Triple immuno-labelling showed vimentin (green), 

CCL4 (red), and NF(white) immunofluorescence. CCL4 weakly stained the 

DNs (arrowheads) and the BCs (asterisks), as well as the small glial cells 

(arrowheads). There was also faint staining in the neuropil in both groups. 

The expression of CCL4 in the BCs was unclear here; a higher magnification 

image is shown in the next figure. The scale bar is 50 μm. 
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Figure 3.10.2-2 Immunofluorescence expression of CCL4 in the balloon 
cells. Due to the heterogenous expression of CCL4 in the balloon cells, it 
could express variable intensity and patterns (Demonstrated as DAB staining 
as the left lower insured pictures, also in Figure 3.10.1-1). The BCs 
expression pattern was very similar to that observed by DAB shown in the 
blue square and expression was located to the peripheral edge (arrowhead). 
 
Triple immuno-labelling of CCL4 with vimentin and NF in 3 TS and 3 HS 

cases. Triple immuno-labelling showed vimentin (green), CCL4 (red), and 

NF(white) immunofluorescence. CCL4 weakly stained the DNs (arrowheads) 

and the BCs (asterisks), as well as the small glial cells (arrowheads). There 

was also faint staining in the neuropil in both groups. The scale bar is 50 μm. 

The expression of the BCs was not clear here and there was higher 

magnification showed next figure. 

Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil ++ + 
2. Neurons + + 
3. DNs ++ + 
4. Endothelium - - 
5. BCs ++ + 
6. Small (glial) cells ++ + 
7. White matter - - 

Table 3.10.2-1  Comparison of CCL4 staining using DAB and IF 
methods. Both datasets were similar; the CCL4 expressed the majority of 
the cell types, as well as the neuropil. The expression in the BCs, DNs, and 
small glial cells, and small neurons showed positive results in both methods.  
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 Hepatocyte growth factor (HGF)  

 Validation of HGF expression using DAB immunohistochemical 
staining 

From the whole-exon-array results (Table 3.1.1-1), HGF gene expression was 

increased 5.4-fold in the BCs group compared with the non-BCs group. 

Validation of HGF expression was performed in both BCs and non-BCs cases; 

the results showed as (Table 3.11.1-1). The moderate to strong staining was 

identified in BCs. There was also weak staining in the small glial cells of the 

BCs group, DNs, and the normal neurons. The representative images are 

shown below (Figure 3.11.1-1). 

Comparing BCs and non-BCs, both groups showed moderate expression in 

the DNs and normal neurons. However, the expression in the small glial cell 

and BCs only showed in the BCs group (Figure 3.11.1-2). 

 
Table 3.11.1-1 Semi-quantitative analysis of HGF expression by DAB 
staining in 24 clinical cases.   HGF stained many cell populations and 

structures, but most of them were weakly expressed. Moderate to strong 

staining was mainly shown in BCs and small glial cells. 
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Figure 3.11.1-1 Representative images of HGF DAB-expression across 
different cell types in the four groups of cortical malformations.  HGF 

mostly stained on the BCs and small glial cells (highlighted by a red square) 

of the BCs group. Some faint staining in the neuronal lineage was also 

noted. The scale bar is 50 μm. 
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Figure 3.11.1-2 Radar plots of HGF expression. From this plot, the most 

striking differences of HGF expression between BCs group and non-BCs 

group were the staining in the Balloon cells and small glial cells. (★ = key cell 

population expression differences between BCs and non-BCs group) 
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 Confirmation of HGF expression by using double immuno-
labelling 

Using DAB staining, HGF was found to be expressed in many cell populations, 

including the small neurons, DNs, BCs, and small glial cells. Immuno-labelling 

with vimentin, HGF, and NF also showed that HGF was expressed DNs, BCs, 

and small glial cells (Figure 3.11.2-1). There was also weak expression in the 

small neurons in both groups. When combining both DAB staining and the 

triple immuno-labelling, the results were consistent and are described in the 

table below (Table 3.11.2-1). 

  
Figure 3.11.2-1 Triple immuno-labelling of HGF with vimentin and NF in 
3 TS and 3 HS cases.   Triple immuno-labelling showed vimentin (green), 

HGF (red), and NF (white) immunofluorescence. In the staining, HGF was 

present in the DNs (arrow), BCs (asterisks) and small glia (arrowheads), 

which was consistent with the DAB results. There was also weak expression 

in the small neurons of both groups. The scale bar is 50 μm. 
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons + + 
3. DNs + ++ 
4. Endothelium + - 
5. BCs ++ ++ 
6. Small (glial) cells + + 
7. White matter - - 

Table 3.11.2-1 Comparison of HGF staining using DAB and IF methods. 
Comparing both staining methods, the results were similar to each other, and 

all showed expression in the small neurons, DNs, BCs, and small glia. 
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 Extracellular matrix protein 2 (ECM2)  

 Validation of ECM2 using DAB immunohistochemical staining 

From the whole-exon-array results (Table 3.1.1-1), ECM2 gene expression 

was increased 4.6-fold in the BCs group compared with the non-BCs group. 

When validating ECM2 in both BCs and non-BCs cases, it expressed in the 

majority of cell populations (Table 3.12.1-1). 

Strong ECM2 DAB staining was identified in BCs, small glial cells, and 

endothelium (Figure 3.12.1-1). Moderate staining was identified in normal 

neurons and DNs.  

Comparing BCs and non-BCs groups, the expression of the BCs and small 

glial cells were the key components different the other group (Figure 3.12.1-2).  

 
Table 3.12.1-1 Semi-quantitative analysis of ECM2 expression by DAB 
staining in 24 clinical cases.   

  



162 
 

 
Figure 3.12.1-1 Representative images of ECM2 DAB-expression across 
different cell types in the four groups of cortical malformations.  ECM2 

stained in the neurons, DNs, small glia, small vessels, and capillaries 

throughout all the cases tested. In the BCs group, the staining of the balloon 

cells and increased expression of small glial cells were the important 

components that differed from the control group. (red square) The scale bar 

is 50 μm. 
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Figure 3.12.1-2 Radar plots of ECM2 expression. This plot showed that 

ECM2 was widely expressed and stained different cellular population. 

However, the key components made the difference between BCs and non-

BCs groups were Balloon cells and increased expression of small glial cells. 

(★ = key cell population expression differences between BCs and non-BCs 

group) 

  



164 
 

 Confirmation by using triple immuno-labelling 

The ECM2 DAB validation data suggests that ECM2 is expressed in the many 

cells lineages, particularly in the BCs, and DNs, as well as small glial cells. To 

further confirm this, I performed triple immuno-labelling with vimentin, ECM2 

and NF in 3 TS and 3 HS cases. I found ECM2 was expressed strongly in the 

DNs, weakly in BCs, and small glial cells in BCs group (Figure 3.12.2-1). 

Furthermore, some faint staining in the small neurons were also seen in both 

groups, the same as the DAB expression. After combining DAB staining and 

triple immuno-labelling, expression in DNs, BCs, and small glial cells was 

identified using both methods (Table 3.12.2-1). 

  
Figure 3.12.2-1 Triple immuno-labelling of ECM2 with vimentin and NF 
in 3 TS and 3 HS cases.  Triple immuno-labelling showed vimentin (green), 

ECM2 (red), and NF (white) immunofluorescence. ECM2 was moderately 

expressed in the DNs (arrow), weakly in the BCs (asterisks) and small glial 

cells (arrowheads). The scale bar is 50 μm. 
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons + +/- 
3. DNs + ++ 
4. Endothelium ++ - 
5. BCs ++ + 
6. Small (glial) cells ++ + 
7. White matter - - 

Table 3.12.2-1 Comparison of ECM2 staining using DAB and IF 
methods. Expression patterns using both methods revealed staining in DNs, 

BCs, and small glia. 
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 C-X-C motif chemokine ligand 10 (CXCL10)  

 Validation of CXCL10 expression using DAB 
immunohistochemical staining 

From the whole-exon-array results (Table 3.1.1-1), CXCL10 expression was 

increased 3.1-fold in the BCs group compared with the non-BCs group. 

Validation of CXCL10 in both BCs and non-BCs cases mainly revealed 

moderate expression in the neuronal lineages, including superficial, deep 

neurons, and DNs in all cases tested (Table 3.13.1-1& Figure 3.13.1-1). When 

looking in more detail, CXCL10 staining not only showed in the cytoplasmic 

staining, but also localised within the nuclei of positive cells. Interestingly, in 

the BCs group, CXCL10 was faintly expressed in the balloon cells and small 

glial cells, which might explain the previously observed increase in expression 

of CXCL10 by microarray. There was no staining in neuropil, capillary, and 

white matter. The slight expression difference between BCs and non-BCs 

groups were the weak staining of balloon cells and small glial cells (Figure 

3.13.1-2). 

 
Table 3.13.1-1 Semi-quantitative analysis of CXCL10 expression by 
DAB staining in 24 clinical cases.    



167 
 

 
Figure 3.13.1-1 Representative images of CXCL10 DAB-expression 
across different cell types in the four groups of cortical malformations. 
CXCL10 revealed the neuronal lineages, including superficial, deep neurons, 

and dysplastic neurons in all the cases. Additionally, it also showed faint 

expressions in balloon cells and small glial cells. The remaining 

cells/structures were negative, including endothelial cells, neuropil, and the 

white matter. The scale bar is 50 μm. 
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Figure 3.13.1-2 Radar plots of CXCL10 expression.  The weak to 

moderate expression in the BCs and small glial cells were the key 

components differ from the other group. (★ = key cell population expression 

differences between BCs and non-BCs group) 
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 Confirmation of CXCL10 expression using triple immuno-
labelling 

Validation of CXCL10 expression in the clinical cases identified CXCL10 to be 

expressed in the small neurons, DNs, BCs, and small glia. To confirm this, I 

used triple immuno-labelling with vimentin, CXCL10 and neurofilament. The 

results showed that CXCL10 immunofluorescence stained the small neurons, 

DNs, BCs, and small glial cells (Figure 3.13.2-1). After combining DAB staining 

and triple immuno-labelling, the results between both methods were similar 

and listed in (Table 3.13.2-1).  

  
Figure 3.13.2-1 Triple immuno-labelling of CXCL10 with vimentin and 
NF in 3 TS and 3 HS cases.  Triple immuno-labelling of CXCL10 with 

vimentin and NF in 3 TS and 3 HS cases. Triple immuno-labelling showed 

vimentin (green), CXCL10 (red), and NF (white) immunofluorescence. The 

CXCL10 mainly stained small neurons (not shown), DNs (arrow), BCs 

(asterisk), and small glial cells (arrowhead). The scale bar is 50 μm. 
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons ++ + 
3. DNs ++ + 
4. Endothelium - - 
5. BCs + + 
6. Small (glial) cells + + 
7. White matter - - 

Table 3.13.2-1 Comparison of CXCL10 staining using DAB and IF 
methods. After comparing both staining methods, the results were similar to 

each other and mainly in the small neurons, DNs, BCs, and small glia. 
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 Chitinase 3 like 2 (CHI3L2)  

 Validation of CHI3L2 expression using DAB 
immunohistochemical stain 

From the whole-exon-array results (Table 3.1.1-1), CHI3L2 gene expression 

was increased 7.5-fold in the BCs group compared with the non-BCs group. 

On validation of CHI3L2 in both BCs and non-BCs cases, the results are listed 

in (Table 3.14.1-1). CHI3L2 was mainly weakly to moderately expressed in 

neurons lineages (Table 3.14.1-1& Figure 3.14.1-1), including the normal 

neuron and DNs. There was a weak expression in the balloon cells of the BC 

group, which might explain why the microarray data identified upregulation of 

CHI3L2 in the BCs group (Figure 3.14.1-2). 

 
Table 3.14.1-1 Semi-quantitative analysis of CHI3L2 expression by DAB 
staining in 24 clinical cases. From this validation, the CHI3L2 mainly 

moderately stained in neuronal lineages and weakly balloon cells. The 

remaining results were negative.   
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Figure 3.14.1-1 Representative images of CHI3L2 DAB-expression 
across different cell types in the four groups of cortical malformations.  
CHI3L2 mainly expressed in the moderately in the DNs and weakly BCs 

(highlighted by a red square). There was faint staining in the small neurons 

in both groups. The scale bar is 50 μm. 
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Figure 3.14.1-2 CHI3L2 was differentially expressed in the balloon cells 
and similarly expressed in the dysmorphic neurons between groups. 
Radar plots summarising CHI3L2 expression across different cell types and 

in the BC and non-BC groups. CHI3L2 was mainly expressed in the neuronal 

lineage in both groups. However, the most striking differences between them 

were the staining in the balloon cells. (★ = key cell population expression 

differences between BCs and non-BCs group) 
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 Confirmation of CHI3L2 expression using triple immuno-labelling 

After validating CHI3L2 DAB staining in the 24 clinical cases, I found that 

CHI3L2 was expressed predominantly in the neuronal lineage, including the 

small neurons and the DNs, as well as weakly in the BCs was also noted. To 

further confirm, the triple immuno-labelling of CH3L2 with vimentin and NF in 

3 TS and 3 HS cases was conducted. The results showed that the CHI3L2 

staining in the DNs and BCs was very weak (Figure 3.14.2-1). Furthermore, 

no staining was found in small neurons. When comparing both staining 

methods, there was consistent expression of CHI3L2 in the BCs and DNs, 

albeit this was a very weak expression. (Table 3.14.1-1). 

  
Figure 3.14.2-1 Triple immuno-labelling of CH3L2 with vimentin and NF 
in 3 TS and 3 HS cases. Triple immuno-labelling showed vimentin (green), 

CHI3L2 (red), and NF(white) immunofluorescence. The CHI3L2 was weakly 

expressed in the DNs (arrow), and BCs (asterisk). The scale bar is 50 μm. 
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons + +/- 
3. DNs + + 
4. Endothelium - - 
5. BCs + + 
6. Small (glial) cells - - 
7. White matter - - 

Table 3.14.2-1 Comparison of CHI3L2 staining using DAB and IF 
methods. Through comparing both staining methods, the consistent result of 

the CHI3L2 was the expression in the giant cells, including the DNs and 

BCs. 
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 Ceruloplasmin (CP)  

 Validation of CP expression using DAB immunohistochemical 
stain 

From the whole-exon-array results (Table 3.1.1-1), Ceruloplasmin (CP) was 

increased 22.7-fold in the BCs group compared with the Non-BCs group. DAB 

staining validation using BCs and non-BCs cases showed that CP was more 

highly expressed in the BCs group and was mainly located in the BCs (30% 

for FCD2b cases n=3/10 and 60% of TS cases, n=3/5). Most of the BCs 

showed very weak staining, and only some of them revealed moderate to 

strong intensity (Figure 3.15.1-1 & Figure 3.15.1-2). The remaining cellular 

components, including the neurons, dysmorphic neurons, small glia, neuropil, 

white matter, and endothelial cells, were negatively stained. On the contrary, 

the non-BCs group were entirely negative for CP staining (0% for FCD2a 

cases n=0/4 and 0% of HS cases, n=0/5). The details of the staining results 

were listed in the (Table 3.15.1-1), and the comparison showed in the (Figure 

3.15.1-3). 

 
Table 3.15.1-1 Semi-quantitative analysis of Ceruloplasmin (CP) 
staining by DAB in 24 clinical cases.  There were some positive Balloon 
cells identified in BCs group, such as case FCD2b_3, FCD2b_7, FCD2b_10, 
TS_1, TS_2, and TS_3. The non-BC group was entirely negative.  
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Figure 3.15.1-1Representative images of CP DAB expression across 
different cell types in the four groups of cortical malformations.  There 

was some non-specific staining in plasma across all cases. CP sometimes 

showed weak to moderate expression the balloon cells in FCD 2b (30% were 

positive, n=3/10) and in TS (60% were positive, n=3/5) cases (red square). 

The remaining cell populations and anatomic structures, including the 

neurons, dysmorphic neurons, small glia, neuropil and white matter, were 

negative. The scale bar is 50 μm. 

 
Figure 3.15.1-2 Representative CP DAB staining in balloon cells, using 
TS_2 case. This picture demonstrates that CP was weakly to moderately 
expressed in the BCs. Some non-specific staining in areas of calcification 
was also noted (blue arrow). Scale bar indicates 100 μm in length. 
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Figure 3.15.1-3 CP is uniquely expressed in balloon cells. The radar plot 

showed the intensity of CP DAB-staining. This marker was entirely negative 

in the Non-BCs group. Only a few cases revealed positive in the BCs group 

and located in the balloon cells (marked as ★), which might be able to 

explain why CP expressed higher in the exon sequence data in BCs group.  
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 Confirmation of CP expression using double immuno-labelling  

After validating CP DAB expression in the 24 clinical cases, its expression 

seemed to be present in the balloon cells found only in the BCs group. I used 

double immuno-labelling with CP and GFAP to further confirm this (Figure 

3.15.2-1). The anti-CP was mainly expressed in the plasma in both BCs 

(n=2, TS cases) and non-BCs cases (n=3, HS cases). However, there was 

no noticeable staining in the other cell types across the whole section. 

Hence, there was a discrepancy between DAB staining and double immuno-

labelling results (Table 3.15.2-1). As I found not all the BCs case have 

positive staining (according to our DAB results, it was 30% in FCD2b and 

60% in TS cases). However, two of the TS cases used here had shown 

positive in the balloon cells for DAB validation (TS_1 and TS_2). 

Furthermore, the antibody dilution and retrieval method were also identical to 

the DAB staining. Hence, the possible reason for the negative results might 

be the efficacy of the antibody. Although it was suitable for DAB, it did not 

work in the immunofluorescence. 
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Figure 3.15.2-1 Double immuno-labelling of CP with GFAP in 2 TS and 3 
HS cases.  The double immuno-labelling showed GFAP (green), and CP 

(red) immunofluorescence. The CP showed expression in the plasma at both 

groups. However, there was no noticeable staining in the cells among these 

investigated cases. The scale bar is 50 μm. 

Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=5, 2 TS + 3 HS) 

1. Neuropil - - 
2. Neurons - - 
3. DNs - - 
4. Endothelium - - 
5. BCs + - 
6. Small (glial) cells - - 
7. White matter - - 

Table 3.15.2-1 Comparison of CP staining using DAB and IF methods. 
When comparing DAB and IF staining of ceruloplasmin, although the staining 

in the BCs cells could be identified in DAB. However, there were no positive 

cells identified in the immunofluorescence, which might due to the limited 

case number or technical problem (e.g. antibody efficacy). 
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 Complement C1s (C1s)  

 Validation C1s by using DAB immunohistochemical stain 

From the whole-exon-array results (Table 3.1.1-1), C1s increased 5.5 folds in 

the BCs group than in the non-BCs group. When validating C1s in both BCs 

and non-BCs cases, it revealed negative results to all the cell populations and 

anatomic structures, including the neuron, DNs, BCs, small glia, neuropil, and 

vessels (Table 3.16.1-1& Figure 3.16.1-1). However, I noticed there was 

moderate staining in fibre-like structures in FCD2b(6/10), TS (1/5), and FCD2a 

(1/4) cases (Figure 3.16.1-2), which was the key difference between BCs and 

non-BCs groups (Figure 3.16.1-3). 

 
Table 3.16.1-1 Semi-quantification of C1s in 24 clinical cases. All the cell 

populations showed negative results, apart from the fibre-like elements in 

most cases of BCs group and some in the non-BCs group. 
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Figure 3.16.1-1 Representative images of C1s DAB expression across 
different cell types in the four groups of cortical malformations. C1s 

revealed negative findings in all the cell types. However, some fibre-like 

elements were highlighted in cases of FCD2b, TS and some of FCD2a 

(highlighted by a red square). The scale bar is 50 μm. 

 

 
 
Figure 3.16.1-2 Higher magnification of the fibre-like elements at case 
TS_4. Although all the cell types show negative, however, there was some 

obvious expression in the linear structures (indicated by the green arrow). 

The scale bar is 100 μm in length.  
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Figure 3.16.1-3 Radar plots of C1s expression. When comparing the C1s 

expression between these two groups, the only difference I could identified 

was the expression in the fibre-like elements which was higher in the BCs 

group (marked as ★).  
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 Confirmation by using double immuno-labelling 

 Here, two of the TS cases used here (TS_1 and TS_2) and one of them 

showed the positive results in the DAB staining. In the double immuno-

labelling, I failed to find the fibre-like elements even the antibody dilution and 

retrieval method were also identical. Instead, there was only plasma staining 

identified in both groups (Figure 3.16.2-1). Hence, the possible reason for 

the negative results might be the efficacy of the antibody.  The comparison of 

the results by using both methods showed (Table 3.16.2-1).  

  
Figure 3.16.2-1 Double immuno-labelling of C1s with GFAP in 2 TS and 
3 HS cases.  The double immuno-labelling showed GFAP (green) and C1s 

(red) immunofluorescence. The C1s showed staining in the plasma of 

capillaries at both groups. However, there was no noticeable staining in the 

cells among these investigated cases. The scale bar is 50 μm. 
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Cell/Tissue types DAB 
(n=24, 10 IIb + 5 TS + 4 IIa + 5HS) 

Triple IF  
(n=6, 3 TS + 3 HS) 

1. Neuropil - - 
2. Neurons - - 
3. DNs - - 
4. Endothelium - - 
5. BCs - - 
6. Small (glial) cells - - 
7. White matter - - 
8. Fibre-like elements  ++ - 

Table 3.16.2-1 Comparison of C1s staining using DAB and IF methods. 
Although the negative results in the immunofluorescence, however, the DAB 

staining were convinced for referencing.  
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 Discussion  

In this chapter, I have mapped the distribution of secreted signalling molecules 

in FCD. The datasets presented in this chapter are a comprehensive analysis 

of the upregulated secreted molecules identified via a previous gene 

expression microarray. The discussion of each protein and summary will show 

in the following. 

 Known biological pathways for each studied protein 

CHI3L1 

A brief introduction of CHI3L1 was addressed in (section 1.7.1). To date, there 

was no available data linking CHI3L1 expression with FCDII/TS. In the marker 

validation, CHI3L1 was particularly expressed in the small glial cells (Figure 

3.2.1-2) and had a similar staining distribution as vimentin (most positive cells 

were BCs). Given its function in inflammation and tissue remodelling (122), 

CHI3L1 might play a vital role to sort the immature cells migration and 

inflammation regulation. Further discussion will be addressed later in the 

(section 4.3.1- section 4.3.2). 

CCL2  

A brief introduction of CCL2 was also addressed in section 1.7.2. CCL2 is an 

inflammatory cytokine which recruits inflammatory cells, such as monocytes, 

memory T cells, and basophils to eliminate threats. In 2010, Aronica and her 

colleagues addressed that CCL2 (MCP1) was significantly increased in FCD 

II and cortical tuber (38, 45), akin to the present findings. From our validation 

data, I found that CLL2 stained the small glial cells. Most of the easily 

characterised cells, such as neurons, DNs, BCs, and endothelial cells were all 

negative. It was therefore of importance to further understand its lineage of 

differentiation and its possible role in FCD. This is further developed and 

discussed in Chapter 4.  
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CCL4 (MIP1β) 

CCL4 is also known as macrophage inflammatory protein 1-beta (MIP1β) 

(163). Previously, the increased expression of CCL4 in the FCDII and cortical 

tuber were also reported (38, 46, 164). The understanding of CCL4 in the brain 

is still limited. In the literature, the CCL4 is mainly synthesised by a major 

population of CD8+ T cells, but the expression is not consistent with cytotoxic 

T-lymphocyte function (165). From our validation results, this maker is 

expressed in the inflammatory cells as the literature reports. Apart from this, I 

also found that there was weak staining in the neuropil, DNs, BCs, and small 

glia, as well as the neuropil. In the neuropil staining, an uneven staining pattern 

in the BCs group was readily identifiable compared to the non-BCs group 

(Figure 3.10.1-2). When comparing both groups, the key difference was the 

expression in the balloon cells, which might play a role in regulating the 

inflammatory process. However, this needs more work to further understand. 

ANGPT1  

Angiopoietin-1 is an angiogenic growth factor, which could prevent vascular 

leakage and contains anti-inflammatory properties (166). Previously, the 

increased expression of ANGPT1 was reported in cortical tubers (38). From 

our data, I found it weakly expressed in the BCs, which was also the key factor 

different from the non-BCs group. Given the anti-inflammatory and vascular 

fixation role of ANGPT1, this might imply that the BCs play a role in regulating 

inflammation, as well as vasculature repair. Another interesting finding was 

that I noted that ANGPT1 was also expressed in the inflammatory cells located 

within the vessels across all the cases. Interestingly, there were more 

extensive ANGPT1 positive cells spreading in two cases both belonging to the 

BCs group (13.3%, n=2/15). Its significance is unknown, although might 

additionally contribute to the increased expression of the ANGPT1 in the BCs 

group.  
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MATN2 

MATN2 also named MATRILIN 1, is a cartilage matrix protein. It is an essential 

component of the extracellular matrix of non-articular cartilage (167). In one 

study investigating multiple sclerosis, MATN2 was suggested to be 

responsible for the activation of innate immune cells following neuroaxonal 

injury (168). From our validation data, MATN2 was mainly expressed in the 

DNs and BCs. Occasionally, the strongly expressing large cells with long 

process could be identified more frequently in the BCs cases, which are 

presumed to be the DNs due to their processes. On the contrary, there were 

none of these cells identified in the non-BCs group. Given the relationship of 

MATN2 expression with neuroaxonal injury (168), it might imply the damage 

of DNs. But further confirmation is needed. 

EFEMP1 

EFEMP1 is an extracellular matrix protein, belonging to the fibulin family of 

proteins (169). EFEMP1 is upregulated in many solid tumours, such as 

malignant gliomas and may play a role in their aggressive nature (170). Gene 

mutations are associated with Doyne honeycomb retinal dystrophy(171). In 

my validation data, besides the strong expression in the small vessels, it was 

also found to be weakly expressed in the DNs and BCs. A most striking finding 

from this maker was the strongly stained small glial cells with multiple 

processes. However, this was only observed in 4 of the BCs cases (26.6%, 

n=4/15, Figure 3.4.1-1) and these cells were not identified in non-BCs group. 

This significance of the appearance of these cells was still unknown. 
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PLA2G2A  

PLA2G2A is an abbreviation of phospholipase A2 group IIA. It helps release 

free fatty acids and lysophospholipids by hydrolysing the sn-2 fatty acid acyl 

ester bond of phosphoglycerides (163). PLA2G2A plays an essential role in 

the digestion and metabolism of phospholipids. It could also produce the 

precursors for inflammation (172). Recently, the increased expression of 

PLA2G2A has been reported in FCDII (46), however the understanding of its 

role in the FCD is still limited. In my validation data, apart from the weak to 

moderate staining of PLA2G2A in the DNs, BCs, and small vessels, it also 

highlighted small glial cells which were strongly stained positive. PLA2G2A 

positive glial cells were only found in the BCs group. Due to the function of 

phospholipid metabolism and producing inflammatory precursor, these small 

glial cells might account for the critical role in the FCD neuroinflammation. 

Further evidence for better understanding is still needed. 

LUM 

Lumican (LUM) is one of the Extracellular Matrix Components and belongs to 

the small interstitial proteoglycan gene family (SIPG) (163). LUM is a keratan 

sulfate proteoglycan and is enriched in several tissues, including the corneal 

stroma, aorta, interstitial collagenous matrices of the heart, skin, muscle, and 

discs (173). Recently, researchers found that Lumican played an important 

role in brain folding by using the organotypic brain slice culture (174), which 

might imply an essential role in early brain development. From our validation 

data, LUM was expressed in many cell types, as well as vessel and 

inflammatory cells. Although the staining in the BCs was evident, and it was 

also the key component differed from the other group. However, the available 

knowledge about its functional role is still limited.  
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ECM2  

Extracellular matrix protein 2 (ECM2) received its name due to its similarity 

with known extra-cellular matrix proteins (122). The extracellular matrix 

(ECM), corresponding 20% of the adult brain volume, is a complex matrix 

composed of polysaccharides and proteins (175). Previously, the increased 

expression of ECM2 was also found in the cortical tubers (38). In my DAB 

validation, the increased expression in the BCs and small glial cells could 

explain why the BCs group expressed higher levels in the RNA array data. 

However, we still know very little about why ECM2 is increased in these 

specific cell types, particularly in the balloon cells, as well as its exact role in 

the developmental cortical lesions. 

HGF 

Hepatocyte growth factor (HGF) regulates cell motility and cell growth, as well 

as the morphogenesis of cell and tissue types (122). Furthermore, it also plays 

a vital role in angiogenesis and tissue regeneration (122). Mutations in the 

HGF gene are associated with non-syndromic hearing loss (122). In our 

validation data, the most striking expression was found in the balloon cells, as 

well as some small glial cells. Based on information from the NCBI Reference 

Sequence Database (RefSeq) (122), both BCs and small glial cells might play 

an essential role in tissue regeneration in the FCDIIb/TS. 

CXCL10 

CXCL10 has the full name C-X-C motif chemokine ligand 10 and belongs to a 

chemokine of the CXC subfamily. It is also the ligand for receptor CXCR3, 

which results in pleiotropic effects, such as modulation of adhesion molecules, 

stimulating monocytes, natural killer and T-cell migration(122). In my validation 

data, it is weakly to moderately expressed in numerous cell types, including 

neurons, DNs, BCs, and small glial cells. According to the NCBI Reference 

Sequence Database (RefSeq) (122), all these cell types seem to join very 

complex interactions to regulate inflammation. 
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CHI3L2  

CHI3L2 (YKL-39) is mainly secreted by and involved in chondrocytes (176). It 

tends to be elevated in osteoarthritic cartilage (177). Previously, it was found 

to be significantly increased in several brain diseases, such as Alzheimer's 

disease (178, 179) and viral encephalitis (180). Furthermore, it was discovered 

to be a predictive biomarker in Multiple Sclerosis (137). More recently, 

increased expression in FCDII and cortical tubers was also reported (38, 46). 

However, the biological and clinical significance of CHI3L2 (YKL-39) has not 

been sufficiently defined so far. In our data, this marker was expressed in 

neurons, including normal and dysplastic neurons of both groups. The weak 

expression in balloon cells was the only difference between them. However, it 

was still unknown why neurons, DNs, and BCs express this protein. 

CP 

Ceruloplasmin is the major copper-carrying protein that plays a role in iron 

metabolism. In the literature, elevation of CP was found in some brain 

diseases, including obsessive-compulsive disorder (181), schizophrenia 

(181), and cortical tubers (38). In terms of mRNA expression, I found that 

Ceruloplasmin increased 22.7-fold in the BC group (e.g. FCDIIb) compared to 

the non-BC group (FCDIIa). With regard to protein validation, CP showed 

weak to moderate expression in parts of the balloon cells. From the previous 

reports, CP could be influenced by IL-1β (182) and IL-6 (183), which were 

found to be elevated in FCDIIb (45, 184, 185). Interestingly, our RNA 

expression data also showed the elevation of IL-1β. Given this, the expression 

of CP within the balloon cells might be related to the increase expression of 

IL-1β and IL6 in FCD.  
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C1S 

The complement system is an important innate immune defence. The three 

major pathways of the complement system include the classical pathway, the 

lectin pathway, and the alternative pathway(186). C1s plays an essential role 

in the classical pathway. It cleaves its substrate C4 to generate C4b and C4b-

bound C2, which leads to assembly of the C3 convertase, C4b2a (186). Then, 

C3 convertase cleaves C3 into C3a and C3b (187).  C3b assists downstream 

complement activation from the C5 convertase and MAC (C5b, C6, C7, C8 

and C9) (187). Recently, the increase in the classical complement system 

components has been described in the TS (38), particularly C1q and C3, which 

are relevant for mediating the synapse elimination (54-57). Interestingly, from 

our RNA array expression data, I also found an increase in molecules 

belonging to the classical complement pathway, including C1s, C3, C4A/C4B, 

and C7 (Table 3.1.1-1). Interestingly, in the DAB validation, there was some 

faint expression in the fibre-like elements (possibly axons).  

SERPING1 (C1 inhibitor) 

SERPING1 is a plasma protein which regulates the complement cascade 

(163). It governs C1 by inhibiting the activity of its subcomponents C1r and 

C1s, which activate both C4 and C2 (188). Interestingly, from our dataset, I 

found there was a significant increase of C1s expression in the balloon cell 

group, which might be the factor that induces the secretion of SERPING1 to 

reduce inflammation. However, there was no direct evidence to support this 

so far. 
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 Staining pattern of each marker 

In summary, the markers are listed in the table below (Table 3.17.2-1). The 

black square boxes indicate consistent expression between DAB and triple 

immuno-labelling (positive in both methods), which provided the confidence of 

results. According to their expression in BC and non-BC groups, these 

markers can be further classified into 5 groups according to their cell-type-

specific expression patterns.  

Table 3.17.2-1 Summary of all the 15 secretory molecules showed in 
this chapter.   The square boxes indicate a consistently positive result 

between the DAB staining and triple immuno-labelling. Although there were 

inconsistent results for CP staining in the balloon cells, (strongly positive in 

the balloon cells by DAB staining, negative by immunofluorescence) the 

reliability of the immunofluorescent antibody was questionable. Hence, CP 

staining is marked as a confident result above. 

Several markers (of which CHI3L1 and CCL2 are exemplars) identify 

populations of small cells. In several examples, these cells are unique to BC 

cases and raise the possibility that there is more cellular heterogeneity 

amongst the pathological cells types than previously recognised.  

 

Gr. Antibody Normal 
neuron DNs BCs Small  

glia 
Endot
helia neuropil WM Inflam 

cells 
1 CHI3L1    █     
1 CCL2    █     
2 ANGPT1  █ █     █ 
2 MATN2  █ █      
3 EFEMP1  █ █ █    █ 
3 PLA2G2A  █ █ █    █ 
3 SERPING1  █ █ █    █ 
3 LUM  █ █ █    █ 
3 CCL4  █ █ █  █  █ 
4 HGF █ █ █ █    █ 
4 CXCL10 █ █ █ █     
4 ECM2 █ █ █ █     
4 CHI3L2 █ █ █      
5 CP   █      
5 C1S         
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The second group includes ANGPT1 and MATN2, which stained the large 

cells, including the DNs and BCs. The difference between these 2 markers is 

that ANGTP1 also identified intra-vascular inflammatory cells.  

 

The third group contains LUM, EFEMP1, PLA2G2A, SERPING1, and CCL4, 

which are mainly expressed in both large cells (including DNs & BCs) and 

small glia. CCL4 was the only marker that showed significant neuropil staining. 

 

The fourth group includes ECM2, CXCL10, HGF, and CHI3L2, which are not 

only expressed in the large cells (including DNs & BCs) and small glia, but 

also the small neurons (predominant in layer II of the cortex). One slight 

difference in these groups is that CHI3L2 did not stain the small glia, while the 

other markers did. 

 

The final group contains CP and C1s, which were expressed in some cells 

(30-60% cases of balloon cells) or /structures (fibre-like elements) by DAB 

validation. However, I did not detect their staining by immunofluorescence. 

Thus, may be due to various reasons, including technical factors, e.g. poor 

antibody efficacy. To resolve these issues, increased case numbers and 

identifying suitable positive controls would be needed. 

 

In summary, I have used the combination of cellular morphology and triple 

staining to delineate the pattern of staining of 14 markers found to be 

upregulated by differential gene expression. Most of the markers were 

expressed in more than one cell type and were unable to be classed as a 

marker of a specific cell type. However, CHI3L1 and CCL2 did identify unique 

small cell populations, suggesting that these markers have the potential to 

represent a novel cell type and be useful to take forward to describe cellular 

heterogeneity in FCD further. Hence, I decided to initially focus on 

characterising the CHI3L1 and CCL2 positive cells.  
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Chapter 4 Characterisation of the heterogeneity 
of glial cells in FCD  

From the previous chapters, I selected two of the secretory molecules, CHI3L1 

and CCL2 for further investigation. This is because their expression is 

restricted to small glial cells present only in the malformed tissue. There are 

several ways to characterise an unknown cell type including by its morphology 

(shape, size, colour), protein expression (colocalisation with certain lineage 

markers) and transcriptomic signature (e.g. relying on single-cell RNA-

sequencing). I have used the cellular morphology and protein expression to 

identify these cell types. 

 Estimation of cell size 

First, I measured the size of the CHI3L1 and CCL2 positive cells. Cell size can 

provide useful information about a cell’s nature. For example, the large cells 

such as pyramidal neurons, dysmorphic neurons, balloon cells tend to be 

larger than 20 μm in size and frequently over 30 μm in length. Small cell types 

include glia, oligodendrocytes, inflammatory cells and microglia. In the cell size 

experiments, I collected 50 positive cells in each group (CHI3L1-positive or 

CCL2-positive) and measured its maximum length from 3 different cases 

(n=3). In the end, there were 150 cells in each group in total for further 

statistical calculation. Then, I used double immuno-labelling combined with 

lineage markers, such as TUJ-1, GFAP, CD68, Iba-1 and MHC class II for 

further characterisation. 

 CHI3L1–positive cells 

To estimate the size of the  CHI3L1(+) cells, I collected 50 positives cells from 

3 different cases, and all cells are shown in (Figure 4.1.1-1). The mean size of 

CHI3L1(+) cell populations for cases 1-3 were 12.12 ± 0.34, 13.89 ± 0.50, and 

14.99 ± 0.35 μm respectively (mean ± SE), as shown in (Table 4.1.1-1) and 

their box-plots showed in the (Figure 4.1.1-2). When combining all the 
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CHI3L1(+) cells from these 3 cases, the average cell size was 13.67 ± 0.25 

μm (mean ± SE), as shown in (Table 4.1.3-1). 
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Figure 4.1.1-1 List all the measured CHI3L1 positive cells. Random 50 

randomly selected CHI3L1 positive cells were measured from each case 

(N=3). The scale bar is 10 μm. 
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Cases 
N Minimum Maximum Mean 

Statistic Statistic Statistic Statistic Std. Error 
CHI3L1_1 Cell size (μm) 50 8.60 18.86 12.1230 .33547 
CHI3L1_2 Cell size (μm) 50 8.53 24.65 13.8895 .50357 
CHI3L1_3 Cell size (μm) 50 9.46 21.86 14.9927 .35497 
CCL2_1 Cell size (μm) 50 8.13 14.78 10.8129 .21417 
CCL2_2 Cell size (μm) 50 7.67 20.13 12.5868 .36431 
CCL2_3 Cell size (μm) 50 9.19 19.72 12.5311 .34360 

Table 4.1.1-1 CHI3L1 (+) and CCL2 (+) cell size among different cases 
(n=3). 

 

 
Figure 4.1.1-2 Box plot of the CHI3L1 (+) and CCL2 (+) cell sizes among 
different cases.  (3 cases from each group and 50 cells from each case) 
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 CCL2-positive cells 

To estimate the CCL2(+) cell size, I also collected another 50 CCL2 positive 

cells from 3 different cases, shown in (Figure 4.1.2-1). The average size of 

CCL2(+) cells in cases 1-3 were 10.81 ± 0.21, 12.59 ± 0.36, 12.53 ± 0.34 μm 

respectively (mean ± SE), as shown in (Table 4.1.1-1 & Figure 4.1.1-2). When 

pooling all the CCL2(+) cells from all 3 cases, the average size of CCL2(+) 

cells was 11.98 ± 0.19 μm (mean ± SE), as shown in (Table 4.1.3-1). 
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Figure 4.1.2-1 Summary of all the measured CCL2 positive cells.  
Random 50 CCL2 stained cells were taken and measured from each case 

(n=3). The scale bar is 10 μm. 
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 Comparison of the size of CHI3L1 (+) and CCL2 (+) cells 

The size of the CHI3L1 (+) cells was estimated to be 13.67 ± 0.25 μm (mean 

± SE), while the CCL2(+) cells were on average were slightly smaller at 11.98 

± 0.19 μm (mean ± SE). The box-plot of both CHI3L1 (+) and CCL2 (+) cells 

distribution showed in the (Figure 4.1.3-1). This difference was significant 

(p<0.001, t-test) (Table 4.1.3-2), raising the possibility that these are not the 

same cell populations. 

Markers 
N Minimum Maximum Mean 

Statistic Statistic Statistic Statistic Std. Error 
CHI3L1 Cell size (μm) 150 8.53 24.65 13.6684 .25164 
CCL2 Cell size (μm) 150 7.67 20.13 11.9769 .19253 

Table 4.1.3-1 CHI3L1 (+) and CCL2 (+) cell size between different 
markers. (150 cells in each group) 

 

 
Figure 4.1.3-1 Box plot of the CHI3L1 (+) or CCL2 (+) cell size  (150 cells 

were obtained from 3 different cases).   

 

 

Levene's Test  t-test for Equality of Means 

F Sig. t df 

Sig.  

(2-tailed) 

Mean  

Difference S.E 

95% CI 

Lower Upper 

Cell size 
Equal variances assumed 9.188 .003 -5.339 298 .000 -1.69150 .32 -2.31 -1.07 

Equal variances not assumed   -5.339 279 .000 -1.69150 .32 -2.31 -1.07 
Table 4.1.3-2 The cell size difference between CHI3L1(+) and CCL2 (+) 
cells was significant.  (Independent Sample Test, p < 0.001)  
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 Cell lineage characterisation (CHI3L1 & CCL2 cells)  

After cell size measurement, I used a series of lineage makers to characterise both 

CHI3L1 and CCL2 positive cells populations. The first part of the work has been 

done by Dr Scerif (Section 1.10.3 and briefly in the next section). Then, I carried on 

the CCL2 characterisation, as well as checking CHI3L1 and CCL2 colocalization 

results. 

 

 Identification of the linage of the CHI3L1 cells  

A previous PhD student, Dr Scerif, had investigated the identity of the CHI3L1 

positive cells. To briefly summarise her data, CHI3L1 did not colocalise with 

neuronal markers (DCX, TuJ-1, NeuN) or microglial ones (CD68, Iba-1). 

However, it did colocalise with numerous neural progenitor (SOX-2, Nestin, 

Vimentin) and glial progenitor markers (s100-β, GFAP-δ, Reelin), as well as 

mature glial marker (GFAP) (Table 1.10.3-1). When putting all this information 

together, the CHI3L1 positive cells have the phenotype of glial progenitors. 

 

 Identification of the linage of the CCL2 lineage cells  

To characterise the lineage of the CCL2-positive population, I used double 

staining to combine CCL2 with TUJ-1 (neuronal marker), GFAP (astrocytic 

marker), or CD68 (microglial marker) in 3 different BCs cases (Case 1: FCD2b, 

Case2: FCD2b, and Case 3: TS). After double staining, I imaged the CCL2 

positive cells and then checked their colocalization with the other signals (ex. 

CD68, TUJ-1, and GFAP), as demonstrated in (Figure 4.2.2-1). Next, I found 

the CCL2 positive cells and checked the colocalization status with the other 

marker (Figure 4.2.2-2). Then, I undertook quantification as shown as (Table 

4.2.2-1). The results showed that CCL2-positive cells colocalised with CD68, 

but not with TUJ-1, or GFAP (Table 4.2.2-1), which indicates that CCL2-

positive cells belong to a microglial/macrophage/myeloid lineage. Given the 

CD68 staining, it is interesting to note that many of the CCL2 cells formed 

small clusters, reminiscent of microglial nodules (Figure 3.3.1-2).  
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Figure 4.2.2-1 Double immuno-labelling shows that CCL2 expression 
co-localized with CD68 (n=3).   Through double immuno-labelling CCL2 

with CD68, TUJ-1, or GFAP, the results revealed CCL2(+) population co-

localised with CD68, but not with TUJ-1, or GFAP in 3 different cases. The 

arrow indicated the CCL2 (+) cells. 
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Figure 4.2.2-2 Demonstration of the extracted CCL2 (+) cells for 
checking co-localization.  After double immune-labelling completed, the 

CCL2(+) population will be obtained and checked if they colocalised with 

CD68, GFAP, or TUJ-1. The results showed as (Table 4.2.2-1). Scale bar is 

10 μm. 
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CD68 GFAP TUJ-1 

case 1 10/10 (100%) 0/5 (0%) 0/4 (0%) 
case 2 10/10 (100%) 0/3 (0%) 0/8 (0%) 
case 3 10/10 (100%) 0/11 (0%) 0/10 (0%) 
Total 30/30 (100%) 0/19 (0%) 0/22 (0%) 

Table 4.2.2-1 Summary of CCL2 double staining in 3 cases. There were 

30, 19, and 22 CCL-2 positive cells collected, in the section stained for TUJ-

1, GFAP, and CD68, respectively. The results showed that CCL2-positive 

cells colocalised with CD68, but not with TUJ-1, or GFAP, which indicates 

that CCL2-positive cells belong to a microglial/macrophage/myeloid lineage. 

 Further identification of the cell lineage of CCL2 positive cells 
with two other microglial markers, Iba-1 and MHC class II  (HLA-DP, DQ, 

DR) 

In the previous section, I realised that CCL2 positive cells highly colocalised 

with the microglial marker CD68. To further confirm the result, I applied the 

extra double immune-labelling with two others commonly used microglial 

markers, Iba-1 and HMC class II (HLA-DP, DQ, DR) in the same studied 

cases. The results of the Iba-1 staining are shown below (Table 4.2.3-1). From 

counting more than 100 CCL2 positive cells from each case, I found that 

86.24±6.69% (Mean ± SE) CCL2 positive cells colocalised with Iba-1 staining. 

A representative image is shown below (Figure 4.2.3-1). The results of the 

MHC class II staining (HLA DP, DQ, DR) are listed in Table 4.2.3-2. More than 

100 CCL2 positive cells were collected from each case; and from these 

87.85±6.35% (Mean ± SE) CCL2 positive cells colocalised with MHC class II 

expression. The representative images are shown below in Figure 4.2.3-2.  

Interestingly, during the investigation, I also found several CCL2 (+) cells 

aggregated together in both Iba-1 and HMC class II staining, which resemble 

the microglial nodules described in Figure 4.2.3-3. This feature was also noted 

via DAB staining (Figure 3.3.1-2) mentioned previously. The summary of the 

CCL2 positive cells colocalised with microglial makers are plotted below 

(Figure 4.2.3-4). There was higher colocalization of CCL2 with CD68, followed 

by MHC class II and lowest amount of CCL2 co-localisation with Iba-1.  
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Colocalized 

with Iba1 
Not colocalized 

with Iba1 
Total cells 

case 1 104(92.86%) 8(7.14%) 112 
case 2 110(72.85%) 41(27.15%) 151 
case 3 93(93.00%) 7(7.00%) 100 

Total (Mean ± SE) 86.24±6.69% 13.76±6.69%  
Table 4.2.3-1 Summary of CCL2 double staining with Iba-1 in 3 cases. 
The results showed that the majority of CCL2-positive cells colocalised with 

Iba-1 expression, which supports the hypothesis that CCL2-positive cells 

predominantly belong to a microglial/macrophage/myeloid lineage. 

 
Figure 4.2.3-1 Example images of CCL2 (+) cells co-localizing with Iba-
1. Double immuno-labelling of CCL2 (red) and Iba-1 (green) in 3 different 

cases. The results showed that on average 86% of CCL2(+) cells colocalised 

with the microglial marker, Iba-1 (arrow), the details are listed in the (Table 

4.2.3-1). Scale bar is 20 μm. 
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Colocalized 

with MHC class II 
Not colocalized 

with MHC class II 
Total cells 

case 1 164(92.66%) 13(7.34%) 177 
case 2 70(75.27%) 23(24.73%) 93 
case 3 131(95.62%) 6(4.38%) 137 

Total (Mean ± SE) 87.85±6.35% 12.15±6.35%  
Table 4.2.3-2 Summary of CCL2 double staining with MHC class II in 3 
cases.  The results showed that CCL2-positive cells highly colocalised with 

MHC class II expression (HLA-DP, DQ, DR), which further supports that 

CCL2-positive cells predominantly belong to a microglial / macrophage / 

myeloid lineage. 

 
Figure 4.2.3-2 Example images of CCL2 (+) cells co-localizing with MHC 
class II.  Double immuno-labelling of CCL2 (red) and MHC class II (green) in 
3 different cases. The results showed that on average 87% of CCL2(+) cells 
colocalised with the microglial marker, MHC class II (arrow), the details are 
listed in the (Table 4.2.3-2). Scale bar is 20 μm. 
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Figure 4.2.3-3 Observation of CCL2 (+) clustered cells that colocalise 
and/or are in close proximity to Iba-1 or MHC class II clustered cells, by 
double immuno-labelling. In both Iba-1 and MHC class II confirmation, I 

also found several CCL2 (+) cells aggregated together to resemble the 

microglial nodule which was also observed using DAB staining (Figure 

3.3.1-2). Scale bar is 20 μm. 
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Figure 4.2.3-4 Summary of the microglial markers colocalising with 
CCL2 positive cells.  The CCL2 positive cells highly colocalised with three 

different microglial markers: on average 86.24, 87.15, and 100% of CCL2 

positive cells colocalised with Iba-1, MHC class II, and CD68 respectively. 

There was higher colocalization in CD68 and lower in Iba-1, while MHC class 

II set in the middle. The error bar indicated standard error (S.E.). 

 CHI3L1, CCL2, and Vimentin triple immuno-labelling  

Based on the cell size and immunophenotype, I hypothesised that the CH13L1 

and CCL2 positive cells were different cell populations. To test this and to 

determine their locational, I undertook combined immunofluorescence. I 

included anti-vimentin to highlight the balloon cells. Therefore, I proceeded 

with this work by using triple immuno-labelling combining CHI3L1, CCL2 and 

Vimentin in 3 different cases. From these data, there was no evidence of the 

colocalization with CHI3L1 and CCL2 (Figure 4.2.4-1). However, around 

21.75±8.37% (mean ± S.E.) of CHI3L1 cells was found co-localized with 

vimentin, which showed a similar trend as the previous data by Dr Scerif (Table 

1.10.3-1). In the (Figure 4.2.4-2), the triple immuno-labelling images of the 
demonstrated the heterogeneity of cell types in BC cases (discussed in 

chapter 5).  
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 N Only vimentin Colocalized 
with CCL2 

Colocalized with 
VIM 

Case1 CHI3L1 cells 52 32 0 20 (38.46%) 
Case2 CHI3L1 cells 8 7 0 1 (12.50%) 
Case3 CHI3L1 cells 21 18 0 3 (14.28%) 

Total 82 54 0 28 (21.75 ± 8.37%) 
(mean ± S.E.) 

Table 4.2.4-1 Co-localization of CHI3L1 (+) cells with CCL2 or vimentin, 
based on 3 cases. There was no evidence of the colocalization with CHI3L1 

and CCL2. But a portion of the CHI3L1+ cells co-localised with vimentin 

(21.75±8.37%, mean ± S.E.) 

 

 N Only CCL2 Colocalized 
with CHI3L1 

Colocalized with 
VIM 

Case1 CCL2 cells 14 14 0 0 
Case2 CCL2 cells 5 5 0 0 
Case3 CCL2 cells 12 12 0 0 
Total 31 31 0 0 

Table 4.2.4-2 Co-localization of CCL2 (+) cells with CH3L1 or vimentin, 
based on 3 cases. From the triple immune-labelling work, there was no 

evidence of co=localisation between CCL2 and CHI3L1 or vimentin.  

 

  
Figure 4.2.4-1 No colocalization between CHI3L1 and CCL2 expression, 
images taken from case 3 (TSC).  From these representative cells, I didn’t 

find co-localization of CHI3L1 and CCL2. Scale bar is 10 μm. 
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Figure 4.2.4-2 Triple immuno-labelling with CHI3L1, CCL2, and vimentin 
in case 3 (TS). I identified two groups of small glial populations, one stained 

with CCL2 (labelled as③④), and the other with CHI3L1 (labelled as①②). 

Vimentin highlights the BCs and reactive astrocytes. Scale bar is 25 μm for 

left-side and 10 μm for the right-side pictures. 
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 Discussion  

 Identification of a novel CH3L1-positive cell population 

The majority of the CHI3L1 characterisation was done by the previous PhD 

student Dr Scerif, including the cell identification and double immune-labelling 

work (Section 1.10). My work expands on Dr Scerif’s findings and validates 

the CHI3L1 expression in cases which contained balloon cells (n=5) by using 

DAB immunohistochemistry and triple immuno-labelling (n=3 in BCs and 

another 3 in non-BCs, Section 4.1). From these, I have quantified CHI3L1 (+) 

cell size. Through triple immuno-labelling combining CHI3L1 with vimentin and 

NF, I highlighted the difference of CHI3L1 expression between BCs and non-

BCs group. I also have a clear idea of which cell type this secretory molecule 

comes from.  

From previous reports, CH3L1 can be found in activated macrophages, 

chondrocytes, neutrophils, and synovial cells. In the central nervous system, 

however, it is not clear which cell types synthesise and release CHI3L1. Based 

on its small glial-type morphology (Figure 4.1.1-1), and previous literature 

(133), one hypothesis is that these cells could be microglia or astrocytes. To 

test this hypothesis, a lineage-based immunofluorescence approach was 

undertaken, where CHI3L1 was co-stained with various lineage markers. 

Subsequently, this revealed CHI3L1 expression did not overlap with neuronal 

(DCX, TuJ-1 and NeuN) or microglial markers (CD68 and Iba-1) (Figure 

1.10.3-1). The results were supported by Brochner et al. (140), which showed 

that CHI3L1 positive cells did not colocalise with MAP2 or Iba-1 in the 

subventricular zone of developing human neocortex. Interestingly, as CCL2 

was expressed in the microglial lineage (colocalised with CD68), I didn’t find 

the colocalization between CCL2 and CHI3L1 from my data (Section 4.2.3), 

and their cell size was also different (Section 4.1.3). This evidence further 

confirmed that the CCL2 (+) and CHI3L1(+) cells were different populations. 

Furthermore, in the developing brain, the same research group, also found 

CHI3L1 positive cells to colocalise with SSEA (140), an intermediate 

progenitor marker between pluripotent human embryonic stem cells (hESCs) 
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and neural progenitor cells (189). Our study corroborates these findings, given 

that CHI3L1 colocalises with many stem cell and progenitor markers, including 

SOX-2 (91.6%), Nestin (35.6%), S100β (99.1%) and GFAP-δ (83.6%) showed 

in (Figure 1.10.3-1). Furthermore, I noticed that more than half of CHI3L1-

positive cells expressed GFAP (57.1%), an indication of glial differentiation. In 

conclusion, I suggest that CHI3L1-positive cells belong to a glial progenitor 

cell population. 

 What role do the CH3L1-positive cells play in the pathogenesis of 
FCD2b?  

Having identified the lineage of the CH3L1 (+) cell lineage by previous stuff Dr 

Picker and Dr Scerif, the question becomes why they appear in FCD2b and 

TS but not in other epilepsy-related disorders. In the central nervous system, 

up-regulation of CHI3L1 (+) has been seen in many diseases, including 

encephalitis (133), prion disease (134), Alzheimer’s (135), amyotrophic lateral 

sclerosis (136), multiple sclerosis (137), bipolar disorder (138), trauma (139), 

developmental status (140), and in glioblastoma (132). The role of CHI3L1 in 

the central nervous system is unclear, but it has been suggested to be involved 

in tissue remodelling during inflammation (141), regulate excess inflammatory 

cell recruitment (139, 142), and promote cell survival (143).  

 How do CHI3L1-positive cells interact with surrounding tissue? 

The receptors that mediate the effects of CHI3L1 were poorly defined until 

recently when He, C. H. and colleagues identified the CHI3L1 receptor 

interleukin-13 receptor α2 (IL-13Rα2) (190). IL-13Rα2 has been known for 

decades as a high-affinity receptor for the Th2-derived cytokine interleukin-13 

(IL-13) (191, 192). Until recently, IL-13Rα2 was believed to be a decoy 

receptor because of its short cytoplasmic tail lacking box-1 and box-2 

signalling motifs. Now, there is increasing evidence to suggest that IL-13Rα2 

does indeed have signalling capabilities (190, 193-195). To understand if there 

are any IL-13Rα2 receptors surrounding CHI3L1 cells, immunohistochemistry 

was performed by previous stuff Dr. Scerif. Interestingly, she found that BCs 
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express IL-13Rα2, indicating that BCs receive potentially signals from 

CHI3L1-positive cells via these receptors.  

 CCL2 (MCP1) characterisation and its function 

CCL2 plays a critical role in both innate immune response (recruiting 

monocytes) and the adaptive immune response (assisting differentiation of T 

helper lymphocytes) via CCR2. When CCR2 is stimulated, it activates 

monocyte chemotactic protein-1-induced protein-1 (MCPIP1), 

phosphatidylinositol-3-OH kinase (PI3K), mitogen-activated protein kinases 

(MAPK), and protein kinase C to initiate the secretion of the inflammatory-

associated molecules IL-1β, MCP-1 and TNFα. Besides leukocyte 

recruitment, CCL2 also influences the adaptive immune response, resulting in 

increased IL-4 secretion from Th2 cells (144). The association of elevated 

CCL2 levels in the brain has been linked to numerous brain diseases, 

including Alzheimer’s (145) Parkinson’s (146), ischaemic stroke (147), multiple 

sclerosis (148), alcoholic neuropathy (149), and trauma (150). In 

developmental cortical lesions, its elevation was first identified by Aronica and 

colleagues (38, 45). From our genomic data, I also found increased CCL2 

expression in the balloon cell group. To understand which lineage these cells 

are, I performed double staining, combining CCL2 with several lineage 

markers and found they were microglial cells due to colocalisation with the 

microglial marker CD68, Iba-1, and MHC class II. Interestingly, in a previous 

publication, CCL2 was described to be expressed not only in microglia but also 

in astrocytic cells and dysmorphic neurons (45). However, the pictures in this 

paper seem to have higher background staining compared to our results, 

which might be caused by the use of a different antibody clone. It is not 

understood why CCL2 is elevated in FCDIIb and TS. Two possibilities are that 

it could be a secondary consequence of tissue destruction as a result of 

continued dysmorphic neuron migration or a downstream effect of mTOR 

hyperactivation. Either way, it seems to be harmful to the neurons or have the 

potential to provoke seizures driven by the onset of inflammatory cytokine 

production, such as IL-1 β (196). If so, it may be beneficial for patients to 

prevent CCL2 secretion – a novel possible therapeutic target. In our in vitro 
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experimental model, I have shown that the mTOR inhibitor, Everolimus 

reduces the secretion of CCL2. Furthermore, another clinical utility could be to 

monitor CCL2 presence in patient plasma before surgery to predict cortical 

lesion subtype. This has already been applied in the context of Alzheimer’s 

disease (197). 
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Chapter 5 Use of organotypic brain slice cultures 
as a functional model for investigating FCD  

To model and functionally manipulate the secretory proteins of interest, I 

developed an organotypic slice culture model. Primary dissociated cell 

cultures from surgical samples are a valuable experimental model system 

(198). However, they are unable to model the complex tissue environment or 

cellular heterogeneity. In contrast to dissociated cell cultures, organotypic slice 

culture models can maintain the cellular subpopulations, relevant 

microenvironment, and more accurately represents the 3D architecture 

observed in vivo (199). This technique was first developed in 1966 (200). In 

the 1990s, it became more widely used after Stoppini (201) used 

semipermeable membranes to replace the original chamber (202) and rolling 

tube methods (203). Due to these advantages, I adopted the organotypic brain 

slice culture (OBSC) into this project. This chapter is split into 4 parts, firstly 

(1) optimisation the image quantification method for 8 biomarkers used in this 

chapter in the section 5.1 to section 5.2, (2) OBSC optimisation described in 

section 5.3, (2) optimisation of mTOR inhibition in sliced culture in the section 

5.4, and (3) the application of these optimised methods on pathologic samples 

to observe cellular heterogeneity in section 5.4.  
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 Chapter method: optimisation of image analysis for 
NeuN, GFAP, CD68, Ki67, pS6, CCL2, CHI3L1, and C-caspase 
3 

For a better understanding of how the different cell populations changed over 

time, I needed a suitable method to quantify cell markers. In order to quantify 

biomarker expression, perform cell counting, and prevent the introduction of 

bias, I adapted the opensource software, ImageJ, for automatic analyses. With 

assistance from Dr Dale Moulding (UCL GOS Institute of Child Health Imaging 

Facility), I developed four ImageJ macros for different biomarkers, including 

NeuN, GFAP, CD68, Ki67, pS6, CCL2, CHI3L1, cleaved-caspase 3. When 

performing the image analysis automatically, several factors were optimised, 

which might affect the accuracy of the data: (1) the format of inputted images 

(e.g. original vs deconvoluted image), (2) the type of quantification (dot-

counting or area fraction), (3) the measurement threshold, and (4) noise 

removal.  

 Factor 1: Deconvoluted images are the best input file format. 

For the first factor, “types of input images”, I could either use the original 

pictures or deconvoluted images, which are derived using one of the built-in 

functions in the ImageJ software (Figure 5.1.1-1). After deconvolution, the 

original image is separated into three different new images (Figure 5.1.1-2), 
including colour_1, colour_2, and colour_3. Colour_1 represents the 

haematoxylin counterstain, Colour_2 is pure DAB signal, and Colour_3 is the 

background colour. To see if the Colour_2 deconvolution images provided 

better results than the original ones, I made several comparisons. 
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Figure 5.1.1-1 Colour deconvolution is a built-in function in ImageJ.  It 
can be found in the following path: Image/Colour/Colour Deconvolution/H 

DAB. 

 
 
 

 

Figure 5.1.1-2 Demonstration of the original image deconvoluted into 
three different colour sources.  The colour deconvolution_2 is the main 

DAB signal. 
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First, I used a representative image (OBSC14 Day 7) stained with NeuN for 

this initial study. I measured the original image and the DAB colour 

deconvolution_2 image, by using the same operating code (Marcos). The 

results revealed 1172 counts when using the original images, and 1693 when 

using the colour deconvolution_2 image (Table 5.1.1-1). There were 521 more 

counts from the deconvoluted image. Next, I carefully evaluated these extra 

counts by merging both results and comparing them (Figure 5.1.1-3). In this 

figure, the white dots indicate the selection using the original image, and the 

blue dots were from the deconvoluted images. I noticed the white dots were 

all recognised by the blue dots. Therefore, I carefully reviewed the particles 

only showing blue colours by eye to see if they appeared to be accurate 

signals (i.e. real cells) or false counts. The results showed 97.5% (39/40) were 

neurons (defined by the assessment of morphology), and only 2.5% (1/40) 

was determined to be noise (Table 5.1.1-2). Therefore, many counts were 

overlooked when using the original image compared to the one from colour 

deconvolution_2. 
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Colour Types of the input image Count 
White (1) Original image 1172 
Blue (2) DAB deconvoluted image 1693 

Table 5.1.1-1 NeuN measurement between 2 different inputs. 

 

 

 
Figure 5.1.1-3 Comparing NeuN quantification by using different inputs.  
(A) The merged images from both methods, blue dots are the discrepant 

counts between different inputs. (B) Colour deconvolution_2 image (C) The 

original slide. When comparing the original image, I can see all the 

discrepant counts are true positive signals (circles). 

 

 

Particle size counted particles True positive 
(NeuN positive cell) 

False positive 
(NeuN negative cell) 

 
Blue dots 

 

 
40 

 
39 

 
1 

Table 5.1.1-2 Comparison of results for NeuN staining.  After examining 

40 cells blue dots, I found 39 (97.5%) of them were the true positive cells, 

and only two were false. 
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To confirm if this was true when staining for other markers, I also validated the 

approach on Ki67-stained slides. When using a representative image to count 

the positive cells, I found there was a difference of 258 counts between the 

two different inputs (Table 5.1.1-3). The counts are in white when using the 

original images (n=1245) and in blue when using the deconvoluted images 

(n=1503). Again, I noticed that the particles recognised by the original input 

could also be detected by the deconvoluted images (Figure 5.1.1-4). However, 

the deconvoluted images identified an additional 258 counts or Ki67 positive 

cells (258=1503–1245) (Table 5.1.1-3). On reviewing 50 of these discrepant 

counts (in blue), I found 96% (48/50) of them were true positive cells, and only 

4% (2/50) were false positives (Table 5.1.1-4). In other words, when using the 

original input, a large proportion of positive signals will be missed compared 

with the deconvoluted images. This result was the same as the previous test 

in NeuN. Next, I checked a third marker, CD68, and the results were again 

similar and shown in (Figure 5.1.1-5). From these three different tests, I have 

shown that the ImageJ inbuilt function, H-DAB deconvolution could help 

produce more accurate results than the original images. 
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Type of input images Count Total Area Average Size 
(1) Original image 1245 63242.18 50.80 
(2) DAB deconvoluted image 1503 79852.0 53.13 

Table 5.1.1-3 Ki67 measurement between 2 different inputs. 

 

 
Figure 5.1.1-4 Comparing quantification of the Ki67 labelling by using 
different inputs. The original slide (A) and the merged images from both 

methods (B). (B) Blue dots represent counts only recognised in the 

deconvoluted images. When checked against the original image, the majority 

of the blue dots were true positive signals (96%, 48/50). 
 
 

Particle size counted particles True positive 
(Ki67positive cell) 

False positive 
(Ki67 negative cell) 

 
Blue dots 

 

 
50 

 
48 

 
2 

Table 5.1.1-4 Results of comparing. After judging 50 cells blue dots, I found 

48 (96%) of them were the true positive cells, and only two were false. 
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Figure 5.1.1-5 Comparing quantification of the CD68 staining by using 
different inputs. The original slide (A) and the merged images from both 

methods (B). (B) Blue dots represent counts only recognised in the 

deconvoluted images. When checked against the original image, almost all 

of the blue dots were true positive signals.  

 

 Factor 2: Selection of quantification methods for determining cell 
counts. 

The second factor that might affect the data was the type of image 

quantification performed (e.g. particle measurement versus fractional area), 

which is dependent on the staining pattern. For example, the staining patterns 

of Ki67, CCL2, CHI3L1, Cleaved Caspase-3, and NeuN are expressed quite 

uniformly, and each cell is separate with minimal processes (Figure 5.1.2-1, 

A-E). Therefore, particle measurement is a better method for to quantify these 

markers. On the contrary, using particle measuring for CD68, pS6, or GFAP, 

which are heavily expressed in the cell processes, would be inappropriate 
(Figure 5.1.2-1, F-H). Hence, using area fraction will be a better choice for 

identifying these markers. For anti-CD68 staining (Figure 5.1.2-1, F), its 

staining varied a lot due to cell shape, and there were numerous tiny stained 

processes emerging from cell bodies, which massively increased the false 

positive rate when using the particle measurement method. Therefore, the 

more reliable way to quantify CD68 is likely to be the area fraction. 
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Biomarkers Original  
image  After image  

analysis Quantitative method 

(A) Ki67 

 

►► 

 

particle measurement 

(B) CCL2 

 

►► 

 

particle measurement 

(C) CHI3L1 

 

►► 

 

particle measurement 

(D) Cleaved 
Caspase-3 

 

►► 

 

particle measurement 

(E) NeuN 

 

►► 

 

particle measurement 

(F) CD68 

 

►► 

 

area fraction 

(G) pS6 

 

►► 

 

area fraction 

(H) GFAP 

 

►► 

 

area fraction 

Figure 5.1.2-1 Selection of the quantification types.  Particle 

measurement is most suited for NeuN, Ki67, CCL2, CHI3L1, and cleaved-

caspase-3 quantification, which revealed a dot-like staining pattern. On the 

contrary, area fraction is much better for GFAP, CD68, and pS6, which 

showed marked process staining pattern.  
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 Factor 3: Setting the gain threshold to “90.” 

After determining the input image file format and the type of quantification 

necessary for each marker, I then determined the appropriate gain threshold. 

The workflow is shown in (Figure 5.1.3-1), and the input image was the 

deconvoluted one, which belongs to the 8-bit colour graph. For an 8 bit image, 

the gradient of colour is 2^8=256 (from 0 to 255). In the light background, the 

“threshold 0” showed no/little signal, while when setting to 255, the whole 

image was positive. After trying various gain thresholds, I decided that setting 

the signal threshold to 90 provided a reliable reflection of the original staining, 

although this is somewhat subjective (Figure 5.1.3-2). This threshold was used 

for all the DAB stained slides (including Ki67, CD68, CCL2, CHI3L1, etc.) 

because they were all stained by the same machine and using the same DAB 

protocol. Therefore the staining intensities were very similar. 

 
Figure 5.1.3-1 Workflow of setting the gain threshold. For an 8 bit image, 

the “threshold from 0 to 0” showed no/little signal, while when setting to 0-

255 the whole image was highlighted. 
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Figure 5.1.3-2 Selection of the measurement threshold to “90”. After 

trying to gain thresholds, I found by subjectively that setting the signal 

threshold to 90 provided a reliable reflection of the original staining.  

 

 Factor 4 (for particle measurement): deciding the measurement 
size 

The final factor considers noise removal using particle measurement. This was 

not necessary for measuring the area fraction, because this method took into 

account all the signal detected in the slides. However, it was necessary for the 

particle measurement method because lots of very small particles would be 

otherwise counted. Therefore, limiting the signal size was a useful method to 

achieve accurate quantification. (Figure 5.1.4-1) demonstrates the huge 

difference between results obtained with and without setting the size limitation. 

In the example of NeuN staining, image counting without limitation suggested 

that neuronal density was 1849/mm2 following slice in vitro culture for 2 weeks, 

which was highly unlikely. Compared to the mean of the neuronal density was 

199.2±30.3/mm2 (Mean ± S.E) in the same culture duration (2 weeks) and the 

same medium (medium_1) during the optimisation studies (based on 13 

cases, Table 5.3.3-1). Hence, quantification without measurement limitation 

led to lots of false-positive counts. After several attempts, I found that limiting 

the particle size to 15 - 500 μm2 subjectively provided a reliable reflection of 
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the original signal for determining counts of Ki67, CCL2, CHI3L1 and Cleaved 

Caspase-3. Hence, particle sizes of less than 15 μm2, or greater than 500 μm2 

were treated as noise and excluded. For the neuronal measurement, neurons 

are relatively larger than other cells and pyramidal cells can be bigger than 

25 μm. Therefore to measure NeuN, particle size was set to 20 - 1000 μm2 

which was found to work well. The same limitations were applied to all 

analysed images. 

 
Figure 5.1.4-1 Signal noise can be effectively removed by limiting the 
particle size measured. In the NeuN quantification, counting without 

limitation (Left) suggested a result of neuronal density equal to 1849 

counts/mm2, which contained many false-positive counts. When restricting 

the particle size range from 20 -1000 μm2, then the results showed 461 

counts/mm2 (Right). 
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 ImageJ parameter setting 

For automatic quantification by the software, the macro/code of the imageJ 

were designed based on considering these 4 factors which will affect the data 

accuracy. The macro/codes for each specific marker as following. 

 For Ki67, CCL2, CHI3L1, and C-Caspase-3 measurement 

As the staining pattern and particles sizes were similar for Ki67, CCL2, 

CHI3L1, and C-Caspase-3 markers, I could use the same image analysis 

settings. Using the selected settings as described above (deconvoluted input 

images, gain threshold from 0 - 90, and particle size set between 15 – 500 

μm2), I generated a macro-code to automate the analysis, as described in 

(Figure 5.2.1-1). The workflow for each marker is described in the following 

images: Ki67 (Figure 5.2.1-2 & Figure 5.2.1-3), CCL2 (Figure 5.2.1-4), CHI3L1 

(Figure 5.2.1-5), and C-Caspase-3 (Figure 5.2.1-6). 
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Figure 5.2.1-1 Automating signal quantification for Ki67, CCL2, CHI3L1, 
and C-Caspase-3. The blue square indicates the key parameter settings, 

including the thresholds (0-90) and the particle size range (15-500 μm2). The 

macro is split into 3-parts, part 1 was the signal measurement, part 2 defined 

the negative region, and part 3 measures the tissue area. Then, I calculated 

the density based on the information obtained from part 1 and part 3. 
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Figure 5.2.1-2 Workflow summary for Ki67 quantification using ImageJ. 
The original image was converted to the deconvoluted format and turned into 

8 bits for analysis. The threshold was set to 0-90 (true signal) and the 

number of particles measured, as well as the total area. Finally, the signal 

density (cells/mm2) was calculated and used for statistical calculations. 

 

 
(G) Ki67 DAB 

►► 

 
(H) Ki67 quantification (particles) 

Figure 5.2.1-3 Example of Ki67 analysis using ImageJ. (A) The original 

image, cells are stained for Ki67, (B) following automatic programme code in 

ImageJ, the image is converted to an analysable format (B). Positive signals 

are identifiable in yellow; excluded signals are shown in white.  
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Figure 5.2.1-4 Workflow summary for CCL2 quantification using 
ImageJ. The original image was converted to the deconvoluted format and 

turned into 8 bits for analysis. The threshold was set to 0-90 (true signal) and 

the number of particles measured, as well as the total area. Finally, the 

signal density (cells/mm2) was calculated and used for statistical 

calculations. 
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Figure 5.2.1-5 Workflow summary for CHI3L1 quantification using 
ImageJ.  The original image was converted to the deconvoluted format and 

turned into 8 bits for analysis. The threshold was set to 0-90 (true signal) and 

the number of particles measured, as well as the total area. Finally, the 

signal density (cells/mm2) was calculated and used for statistical 

calculations. 
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Figure 5.2.1-6 Workflow summary for c-caspase 3 quantification using 
ImageJ. Similarly, to CCL2 and CHI3L1, the 8-bit image was prepared for 

analysis. The threshold was set to 0-90 (true signal) and the number of 

particles measured, as well as the total area. Finally, the signal density 

(cells/mm2) was calculated and used for statistical calculations. 
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 For measuring CD68 and pS6 staining 

As mentioned previously, the staining pattern of CD68, pS6, and GFAP show 

lots of expression in cell processes. Therefore, the best way to quantify these 

markers is by using area fraction (area of signal versus whole tissue area). As 

before, deconvoluted images were used as file inputs. After trying several gain 

thresholds, I found that setting the signal threshold to 90 (subjectively) 

provided a reliable reflection of the original staining of CD68 and pS6. Hence, 

the threshold setting was set from 0 to 90 (highlighted in Figure 5.2.2-1), and 

no particle size limitation was required because the area fraction was 

measured rather than the particles. The workflow for automated biomarker 

detection is demonstrated below for CD68 (Figure 5.2.2-2 & Figure 5.2.2-3) 

and pS6 (Figure 5.2.2-4). 
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Figure 5.2.2-1 Automated signal quantification for CD68 and pS6 in 
ImageJ. The blue square indicates the key parameter- thresholds (0-90). 

The macro can be split into 3-parts, part 1 is the signal measurement, part 2 

defines the negative region, and part 3 measures the tissue area. Then, I 

calculated the area fraction (%) based on the information obtained from part 

1 and part 3. 
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Figure 5.2.2-2 Workflow for CD68 quantification by using ImageJ. As 

before, the image was deconvoluted and converted to an 8-bit image for 

analysis. The threshold was set to 0-90 (true signal) and the area of staining 

measured, as well as the total area. Finally, the area fraction (%) (cells/mm2) 

was calculated and used for statistical calculations. 

 

 
(E) CD68 DAB 

►► 

 
(F) CD68 area fraction (particles) 

Figure 5.2.2-3 Example of CD68 image analysis in ImageJ.  (A) The 

original images stained using CD68, (B) following automatic programme 

code in ImageJ, the image is converted to an analysable format. Positive 

signals are identifiable in green; excluded signals are shown in dark blue. 
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Figure 5.2.2-4 Workflow for pS6 quantification using ImageJ. As 

previously, the image was converted into the deconvoluted file format and 

then made to 8 bits. The threshold was set to 0-90 for genuine staining 

signal and measuring the particles. The code also defined the total area, 

which was then used to calculate the area fraction as a percentage (%). 
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 For GFAP quantification  

Similar to section 5.1.6, the best way to quantify GFAP is by using area 

fraction. However, I decided that it might be more appropriate to separate 

GFAP staining patterns into weak and strong areas (Figure 5.2.3-1). I found 

that the GFAP expression was very strong around the vessels and became 

weaker in the surroundings. When comparing GFAP staining between 

different cultured media, the medium_1 tended to have more strong staining 

area than the other one. Hence, if I used the previous method by setting gain 

threshold 90 I might lose the feature I just observed. Therefore, different from 

the CD68 and pS6, I used 2 tier ranges for separating strong and weak staining 

intensities. The strong staining was defined by setting the threshold of 0 to 30, 

while the weak expression was determined by the threshold from 31 to 90. 

Then, strong staining was weighted by a score of 2, and weak staining was 

given a score of 1. The overall GFAP score therefore equalled: 2*(strong 

staining percentage)+1*(weak staining percentage). The remaining settings 

and image inputs were the same as CD68 and pS6 analysis, shown in (Figure 

5.2.3-2). The workflow of GFAP analysis is demonstrated in (Figure 5.2.3-3 & 

Figure 5.2.3-4). 

 
Figure 5.2.3-1 Separating the GFAP staining pattern into strong and 
weak intensity. The GFAP expression mixed strong (arrowhead) and weak 
area (asterisk) despite using which media. When comparing the staining 
pattern between different cultured media, the medium_1 tended to have 
more strong staining area than the other one. The scale bar is 500 μm for 
lower power view and 250 for higher power view. 
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Figure 5.2.3-2 Automated signal quantification for GFAP. The blue 

square indicates the key parameter setting, 2 tier thresholds: 0-30 indicated 

strong staining and 31-90 was weak staining. The macro can be split into 4-

parts, part 1 is the strong signal measurement, part 2 determines weak 

staining, part 3 defines the negative region, and part 4 measures the tissue 

area. Then, I calculated the GFAP score based on the information obtained 

from part 1, part 2, and part 4. 
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Figure 5.2.3-3 Workflow for GFAP quantification using ImageJ. After 

converting the original image into the deconvoluted image it was turned into 

8bit quality. Thresholds were set to 0-30 for strong staining and 31-90 for 

weaker staining. Different assigned weights were given according to the 

staining intensity (weighted 2 for strong staining, and 1 for weak staining). 

The fraction of the staining area (%) was multiplied by the weight, and values 

added together to determine the total GFAP quantification.  

 

 
(A) GFAP DAB 

►► 

 
(B) GFAP area fraction (particles) 

Figure 5.2.3-4 Example of GFAP analysis.  (A) The original image and (B) 

the processed image. Strong signalling appears red, the weak signal is 

yellow, and negative staining is shown in white.  
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 For neuronal counting (NeuN) 

The most difficult quantification was for NeuN staining. This is because the 

background intensities changed over time depending on time in culture: the 

longer culture time was, the lighter background would be (Figure 5.2.4-1). 

These different backgrounds made automatic counting difficult in ImageJ. 

When I applied the same threshold from 0 to 90, as described above, I noticed 

that there were lots of missed counts in the heavy background (Figure 5.2.4-2). 

This explanation for this is illustrated in (Figure 5.2.4-3). Due to a heavy 

background, lots of this area was incorrectly recognised as signal by using the 

previous threshold settings (0 to 90) (red square, Figure 5.2.4-3). Hence, 

these signals tended to join together, which resulted in reducing counts. 

Compared with the threshold 0-90, a threshold equal to 0-30 (blue square, 
Figure 5.2.4-3) more precisely selected the true positive cells. Hence, to 

resolve this issue, a heavy stained background needs a lower threshold to 

accurately pick the signals.  

Hence, the best approach might be to accurately assign a threshold based on 

the slide’s background directly (its grey mean). The grey means can be 

measured in ImageJ (compressed Ctrl + M). For example, the grey of the 

previous images was measured as shown in (Figure 5.2.4-4). For an 8-bit 

image, its grey mean contains 256 gradients (from 0 to 255) (Lower bar in 
Figure 5.2.4-4). Therefore, a higher grey mean should use a lower threshold 

to correctly pick the right signals.  

  

Figure 5.2.4-1 The background of NeuN staining decreases over time. 
The images shown here are the deconvoluted images of the OBSC.07 

stained with NeuN (Day 0 to Day 28).    



240 
 

 
Figure 5.2.4-2 A threshold of 0-90 is inappropriate for NeuN counting. 
The lower panel shows the analysed results by inputting the above images 

and running the automated script using a threshold of 0-90. The yellow 

particles are the counts made by software ImageJ. Only 22 counts were 

made at Day 0 (left panel). However, when checking the original input image 

many counts have been missed. On the contrary, the light background (right 

panel) showed reasonable counting.  

  

Figure 5.2.4-3 A heavier background requires a lower threshold to 
accurately pick the signals. Compared to the threshold 0-90 (red square), 

the threshold 0-30 (blue square) could more precisely select the true positive 

cells. 
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Figure 5.2.4-4 Using each image’s grey mean to identify the 
background intensity. For an 8-bit image, the maximum of the grey mean is 

255 and the lowest is 0. Each image grey mean is stated in the lower blue 

panel. 

 

All the grey means were separated into 9 groups (Table 5.2.4-1). Group 1 was 

the highest background group, whose grey means were above 190, a 

threshold of 0-10 worked well for them. Group 9 was the lowest background 

group, whose grey mean was less than 100: the original threshold of 0-90 fitted 

this group. It was debatable as to how many groups I should separate the 

background into; the answer was that the more groups I included, the more 

precise was the analysis. All the images could be separated into 2 groups, as 

a high and low background. However, each group would contain a relatively 

higher range of background difference, which brings more errors when the 

same threshold is used to fit different backgrounds. Therefore, I chose to split 

all the 450 images into 9 groups to then systematically process the images 

automatically. By using a gradient threshold (Figure 5.2.4-5) the neuronal 

density decreased as the culture time increased, and the interpretation was 

more reasonable. On the contrary, if using the fixed threshold for analysis 

(Figure 5.2.4-6), the interpretation of NeuN staining was inappropriate, 

especially because the neuronal density was lowest before in vitro culture, 

which we know to be incorrect. Based on this principle, I generated a macro-

code to automate the analysis, as described below (Figure 5.2.4-7). The 

workflow for NeuN automatic counting is described in (Figure 5.2.4-8). The 

(Figure 5.2.4-9) further demonstrated the results of an analysis. 
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Threshold grey means of  
the input image Images Situation 

0-10 ≥ 190 

 

Tissue before in 
vitro culture. 

(normally Day 0) 

0-20 190 > 8bit grey mean ≥ 170 

 

Normally  
Day 0/Day 1 

0-30 170 > 8bit grey mean ≥ 160 

 Normally  
Day 1-Day 7 

0-40 160 > 8bit grey mean ≥ 150 

 

0-50 150 > 8bit grey mean ≥ 140 

 Normally  
Day7 

0-60 140 > 8bit grey mean ≥ 130 

 

0-70 130 > 8bit grey mean ≥ 120 

 Normally  
Day 14 

0-80 120 > 8bit grey mean ≥ 100 

 

0-90 100 > 8bit grey mean 

 

Normally  
Day 21/Day 28 

Table 5.2.4-1 Gradient threshold for the nine groups of NeuN images 
based on their grey mean. When counting the NeuN positive cells, the 

variable background was an important issue to resolve (the other markers 

don’t have this issue). Hence, the systematic threshold gradient for NeuN cell 

counting is an acceptable analysis method. 
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Figure 5.2.4-5 Example of applying gradient thresholds for 
representative images, from OBSC7. After applying the gradient threshold 

for these images, the NeuN staining signal could be well-identified and 

interpreted. The line chart shows how neuronal density decreased from day 

0 to day 28. 
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Figure 5.2.4-6 Example of failed image analysis by using the fixed 
threshold (0-90) for representative images, from OBSC7. After applying 

the fixed threshold, the NeuN staining cannot be well quantified on Day 0 

and Day 1, whose images had a higher background. The line chart shows 

the neuronal density resembles a flat line between day 0 and day 28, which 

we know to be incorrect. 
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Figure 5.2.4-7 Finalised macro/code for automated NeuN quantification. 
The blue square indicates the key parameter settings, including the 

thresholds (gradient threshold based on images grey mean) and the particle 

size ranges. 
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Figure 5.2.4-8 Workflow for NeuN image analysis using ImageJ. After 

converting the original image into the deconvoluted image, it was converted 

into 8-bit quality. Then, I used the gradient threshold and measured the 

particles. The total area is also determined, which is then sued to calculate 

the neuronal density (cells/mm2). 

 
(A) NeuN DAB 

►► 

 
(B) NeuN quantification (particles) 

Figure 5.2.4-9 Example of NeuN analysis in ImageJ.  (A) The original 

images, stained with NeuN, (B) following ImageJ programming codes, the 

image can be analysed. The positive signals are yellow, and the excluded 

noise is shown in white. 
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 Optimisation of the OBSC technique 

I collected 13 cases for optimisation, described in the table below (Table 

2.5.2-1). The obtained tissue was sliced and initially cultured in media 

supplemented with different growth factors in order to establish the most 

optimal media. Tissue was grown in one of: medium_1 

(DMEM/F12+B27+EGF+FGF), medium_2 (DMEM/F12+10%FBS +NGF+N2), 

and medium_3 (DMEM/F12+10%FBS). Due to the amount of surgical tissue 

obtained, the number of generated slices was different for each case. Two 

cases had sufficient material for all three medium experiments; these were 

OBSC15 and 16. Tissue slices generated from OBSC12, 13, 14, and 17 had 

sufficient material to be cultured in two conditions, medium_1 and medium_2. 

OBSC2 and 4 were grown in medium_1 and medium_3. The remaining cases 

only had sufficient tissue for culture in one medium condition; these were 

OBSC6, 7, 8, 10, and 11. The details are listed in (Table 2.5.2-1). 

 

 Cellular heterogeneity is maintained after long-term culture  

Slice cultures were fixed at the following time points: Day 0, 1, 7, 14, 21, and 

28. (The details are described in the method Section 2.8). Then, I used 

immunohistochemical staining to highlight different cell populations for further 

observation. The cell-lineage makers used here were markers for neurons 

(NeuN), neuropil (synaptophysin), glia (GFAP & olig2), microglia (CD68), and 

vasculature (CD34). I confirmed that cellular diversity is still present within the 

cultured tissue after four weeks in culture (Figure 5.3.1-1). 
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Figure 5.3.1-1 Preserved cellular diversity after 4 weeks of culture with 
sphere media (OBSC12). The different populations were highlighted by 

several lineage markers, including neurons (NeuN), neuropil 

(Synaptophysin), glia (GFAP & Olig2), microglia (CD68), and vasculature 

(CD34). (The scale bar in was the 100 μm in length) 
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 Neurons survived with good morphology over time 

After long-term slice culture, I saw that the tissue could be maintained in vitro 

for 4 weeks  (Figure 5.3.2-1). In order to assess neuronal survival, following 

tissue processing, I stained representative sections by DAB with NeuN 

antibody. Many neurons were identified in the tissue and maintained good 

pyramidal morphology (Figure 5.3.2-1). In order to quantify the number of 

neuronal changes during in vitro culture, I used ImageJ to help quantify the 

stained sections.  

 
 

Figure 5.3.2-1 Neurons could be maintained in slice culture for 4 weeks. 
Anti-NeuN staining highlights neurons in OBSC7. The average density of 

neuronal density in the cortex is shown as the blue text in each picture. The 

inserted images reveal the neuronal morphology at higher magnification, 

400x.  
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 Results of neuronal counting among different media in slice 
culture. 

Neuronal survival was compared for 13 surgical cases grown in the three 

different types of growth media. The descriptive statistical information for 

neuronal counting is presented in the table below (Table 5.3.3-1), including 

the number of slices grown in each medium (N), the mean of neuronal density, 

its standard error, and 95% Confidence Interval. After a two-way ANOVA 

analysis with the case as a covariate, the type of media (p=0.002) and time in 

vitro (p<0.001) were significant independent factors contributing to neuronal 

survival (Table 5.3.3-2). When performing a pairwise comparison between 

different media (Table 5.3.3-3), the significance (p=0.002) was contributed by 

medium_1 compared to medium_2, and medium_1 compared to medium_3 

(p<0.000001, respectively). The difference between medium_2 and 

medium_3 was not statistically significant (p=0.168). 

Next, when checking the pairwise comparisons among time points (Table 

5.3.3-4), the significance of different time points (p<0.001) was mainly derived 

from Day 0 to Day 1 (p<0.001) and Day 1 to Day 7 (p<0.001). The difference 

from Day 7 to Day 14 (p=0.523), Day 14 to Day 21 (p=0.581), Day 21 to Day 

28 (p=0.181), and Day 7 to Day 28 (p=0.161) all showed no significant 

difference (p>0.05). The change of neuronal density in different media is 

plotted in (Figure 5.3.3-1). Neuronal density was highest pre-culture at around 

700 cells/mm2. This number decreased sharply during the first few days in 

culture, and the rate of change then plateaued after Day 7. When comparing 

the different media, the medium containing B27, EGF, and FGF provided 

better growth conditions to support the neuronal lineage cells (p=0.002). 
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Medium Day N Mean 
(cells/mm2) Std. Error 95% Confidence Interval 

Lower Bound Upper Bound 

Medium_1: 
 

DMEM/F12+B27+EGF+FGF 
 

0 13 712.794a 29.211 654.853 770.735 
1 13 422.004a 29.211 364.063 479.944 
7 13 233.781a 29.211 175.841 291.722 
14 12 199.194a 30.302 139.090 259.298 
21 13 197.869a 29.211 139.929 255.810 
28 10 124.415a 33.181 58.600 190.230 

Medium_2: 
 

DMEM/F12+10%FBS+NGF+N2 
 

0 - .a,b . . . 
1 6 377.507a 43.409 291.406 463.609 
7 6 165.802a 43.409 79.701 251.903 
14 6 118.721a 43.409 32.620 204.823 
21 6 144.583a 43.409 58.482 230.685 
28 5 76.135a 47.349 -17.781 170.051 

Medium_3: 
 

DMEM/F12+10%FBS 

0 - .a,b . . . 
1 4 365.403a 52.717 260.840 469.967 
7 4 49.664a 52.717 -54.900 154.228 
14 3 61.433a 60.577 -58.722 181.588 
21 4 97.370a 52.717 -7.194 201.934 
28 1 49.055a 105.241 -159.690 257.800 

Table 5.3.3-1 Descriptive statistics of the neuron density and 95% 
confidence intervals for slice cultures grown in different media.  

 

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Partial Eta 
Squared 

Corrected Model 4322383.479a 16 270148.967 24.541 .000 .794 
Intercept 727314.939 1 727314.939 66.070 .000 .393 
Case 3552.398 1 3552.398 .323 .571 .003 
Medium 152215.629 2 76107.814 6.914 .002 .119 
Day 3332555.638 5 666511.128 60.546 .000000 .748 
Medium * Day 30012.347 8 3751.543 .341 .948 .026 
Error 1122844.818 102 11008.283    
Total 13784397.190 119     
Corrected Total 5445228.297 118     

Table 5.3.3-2 Significant tests of neuronal change among different 
medium and time points.  (Two-way ANOVA analysis with the case as a 

covariate) 

 

(I) Medium (J) Medium Mean Difference (I-J) Std. Error Sig.d 
95% CI 

Lower Bound Upper Bound 
Medium_1 Medium_2 138.460*,b 24.692 .000000 89.483 187.437 

Medium_3 190.424*,b 32.677 .000000 125.609 255.239 
Medium_2 Medium_3 51.965b,c 36.983 .163 -21.391 125.320 
Table 5.3.3-3 Pairwise comparison between different media.  When the 

media type was showed as an independent factor, the pairwise comparisons 

could help breakdown the subgroups (here was the different medium) for 

further comparing. (p<0.05 indicated the significance). 
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(I) Day (J) Day Mean Difference (I-J) Std. Error Sig.d 95% CI 
Lower Bound Upper Bound 

0 1 324.489*,b 38.156 .000 248.807 400.172 
7 563.045*,b 38.156 .000 487.362 638.727 
14 586.345*,b 39.784 .000 507.434 665.255 
21 566.186*,b 38.156 .000 490.504 641.869 
28 629.592*,b 49.896 .000 530.623 728.561 

 1 7 238.556* 34.749 .000 169.632 307.479 
14 261.855* 36.374 .000 189.707 334.004 
21 241.697* 34.749 .000 172.774 310.621 
28 305.103* 47.099 .000 211.683 398.523 

 7 14 23.300 36.374 .523 -48.849 95.448 
21 3.142 34.749 .928 -65.782 72.065 
28 66.548 47.099 .161 -26.872 159.968 

 14 21 -20.158 36.374 .581 -92.306 51.990 
28 43.248 48.062 .370 -52.083 138.579 

 21 28 63.406 47.099 .181 -30.014 156.826 
Table 5.3.3-4 Pairwise comparisons between different time points. 

 
 

 
Figure 5.3.3-1 The neuronal survival among different medium groups 
and time points. For all samples, the neuron density started at 700 

cells/mm2 and then declined in the first few days, plateauing after day 7. 

Among these groups, the medium supplanted with B27, EGF, and FGF 

supported the neuronal lineage cells better. Two independent factors 

included the medium (p=0.002) and time (p<0.001) Vertical bars indicate the 

95% confidence intervals. 
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 Results of GFAP measurement among different media in slice 
culture.  

I next wanted to assess glial growth in the slice cultures and compare this 

between slices grown in the 3 different types of media. I collected 13 cases 

and quantitatively assessed glial growth by staining for GFAP. The descriptive 

statistical information of GFAP expression is presented in (Table 5.3.4-1), 
including the number of slices grown in each medium (N), the mean of the 

GFAP score, its standard error, and 95% Confidence Interval. After a two-way 

ANOVA analysis with the case as a covariate, I found that the medium 

(p=0.005) and time (p<0.001) were significant independent factors affecting 

glial growth (Table 5.3.4-2). When doing the pairwise comparisons among 

different medium (Table 5.3.4-3), its significance (p=0.005) was derived from 

the medium_1 compared to medium_3 (p=0.00004), and medium_2 

compared to medium_3 (p=0.004). There was no significant difference 

between medium_1 and medium_2 (p=0.191). Next, when checking the 

pairwise comparisons among time points (Table 5.3.4-4), significance 

(p<0.000001) was mainly derived from day 0 to day 1 (p<0.001) and Day 1 to 

Day 7 (p<0.001). The differences between Day 7 to Day 14 (p=0.486), Day 14 

to Day 21 (p=0.983), Day 21 to Day 28 (p=0. 971), and Day 7 to Day 28 

(p=0.577) showed no significant difference. The (Figure 5.3.4-1) shows that 

the GFAP score is highest before slice culture at around 135.3. This GFAP 

expression decreased quickly in the first few days and became stable after 

day 7. When comparing the different media, the medium supplemented with 

B27, EGF, and FGF provided better support to the glial lineage (p=0.005). 
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Medium Day N Mean Std. Error 95% Confidence Interval 
Lower Bound Upper Bound 

Medium_1: 
DMEM/F12+B27+EGF+FGF 

0 13 137.469a 10.369 116.901 158.037 
1 13 90.132a 10.369 69.564 110.700 
7 13 51.499a 10.369 30.931 72.067 
14 12 61.783a 10.757 40.447 83.119 
21 13 57.278a 10.369 36.711 77.846 
28 10 63.190a 11.779 39.826 86.553 

Medium_2: 
DMEM/F12+10%FBS+NGF+N2 

0 - .a,b . . . 
1 6 78.230a 15.409 47.665 108.794 
7 6 50.608a 15.409 20.044 81.172 
14 6 56.293a 15.409 25.729 86.857 
21 6 64.045a 15.409 33.480 94.609 
28 5 77.561a 16.808 44.222 110.899 

Medium_3: 
DMEM/F12+10%FBS 

0 - .a,b . . . 
1 4 63.437a 18.714 26.319 100.556 
7 4 15.925a 18.714 -21.193 53.043 
14 3 27.028a 21.504 -15.624 69.681 
21 4 22.945a 18.714 -14.173 60.063 
28 1 5.346a 37.359 -68.755 79.446 

Table 5.3.4-1 Descriptive Statistics of the GFAP score and 95% confidence 

intervals in different groups. 

 

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Partial Eta 
Squared 

Corrected Model 114164.070a 16 7135.254 5.144 .000 .447 
Intercept 16987.275 1 16987.275 12.246 .001 .107 
Case 7944.515 1 7944.515 5.727 .019 .053 
Medium 15209.660 2 7604.830 5.482 .005 .097 
Day 71382.422 5 14276.484 10.292 .000000 .335 
Medium * Day 2768.118 8 346.015 .249 .980 .019 
Error 141491.189 102 1387.169    
Total 810371.541 119     
Corrected Total 255655.259 118     

Table 5.3.4-2 Significant tests of GFAP staining change among different 
medium and time points.  (Two-way ANOVA analysis with the case as a 
covariate) 
 
 

(I) Medium (J) Medium 
Mean Difference 

(I-J) Std. Error Sig.d 

95% Confidence Interval for 
Differenced 

Lower Bound Upper Bound 
Medium_1 Medium_2 11.545a 8.765 .191 -5.841 28.931 

Medium_3 49.956a,* 11.600 .00004 26.948 72.964 
Medium_2 Medium_3 38.411a,*,c 13.128 .004 12.371 64.451 

Table 5.3.4-3 Pairwise Comparisons among different medium. When the 

medial type showed as an independent factor, the pairwise comparisons 

could help breakdown the subgroups (here was the different medium) for 

further comparing. (p<0.05 indicated the significance). 

  



255 
 

(I) Day (J) Day 
Mean 

Difference (I-J) Std. Error Sig.d 
95% CI 

Lower Bound Upper Bound 
0 1 60.203*,b 13.545 .000 33.337 87.069 

7 98.125*,b 13.545 .000 71.259 124.991 
14 89.101*,b 14.122 .000 61.089 117.113 
21 89.380*,b 13.545 .000 62.514 116.246 
28 88.770*,b 17.712 .000 53.638 123.903 

1 7 37.922* 12.335 .003 13.456 62.389 
14 28.898* 12.912 .027 3.287 54.510 
21 29.177* 12.335 .020 4.711 53.644 
28 28.568 16.719 .091 -4.595 61.730 

 7 14 -9.024 12.912 .486 -34.635 16.587 
21 -8.745 12.335 .480 -33.212 15.721 
28 -9.355 16.719 .577 -42.517 23.808 

 14 21 .279 12.912 .983 -25.333 25.890 
28 -.331 17.061 .985 -34.171 33.510 

 21 28 -.609 16.719 .971 -33.772 32.553 
Table 5.3.4-4 Pairwise comparisons between different time points.  

 

 
Figure 5.3.4-1 The GFAP growth among different medium groups and 
time points. The GFAP score for day 0 was 135.3. This score decreased in 

the first few days and became stable after day 7. Two independent factors 

included the medium (p=0.005) and time (p<0.001). Vertical bars indicate the 

95% confidence intervals. 
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 Results of CD68 measurement among different media in slice 
culture. 

To quantify and compare the survival and growth pattern of microglia, I 
collected 6 surgical cases and semi-quantified the amounts of CD68 staining 
present in the slice cultures. Microglia survival and growth patterns were 
compared between two media types. The descriptive statistics results of 
CD68 quantification are shown in (Table 5.3.5-1 including the number of 
slices grown in each medium (N), the mean of CD68 staining fraction (%), its 
standard error, and 95% Confidence Interval. After a two-way ANOVA 
analysis with the case as a covariate, I found that the medium (p=0.035) and 
time (p=0.002) were significant independent factors affecting CD68 growth 
(Table 5.3.5-2).  
 
The CD68 labelling index was lowest at Day 0, reached the highest fraction 
at Day 21, and then slightly decreased at Day 28 (Figure 5.3.5-1). 
Statistically, time played a significant role in affecting the CD68 growth 
(p=0.002). When checking the pairwise comparisons among different time 
points (Table 5.3.5-3), its significance (p=0.002) mainly derived from Day 21 
compared to Day 0 (p=0.005), Day 1(p=0.001), and Day 7(p=0.022). Another 
independent factor, type of medium, the medium_1 (supplanted with B27, 
EGF, and FGF) could support microglia better and have higher fraction than 
in the medium_2 (p=0.035).  
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Medium Day N Mean 
(cells/mm2) Std. Error 95% Confidence Interval 

Lower Bound Upper Bound 

Medium_1: 
DMEM/F12+B27+EGF+FGF 

0 6 .406a 1.785 -3.176 3.989 
1 6 .592a 1.785 -2.990 4.174 
7 6 2.665a 1.785 -.917 6.247 
14 6 5.667a 1.785 2.085 9.249 
21 6 9.418a 1.785 5.836 13.000 
28 5 8.512a 1.957 4.585 12.439 

Medium_2: 
DMEM/F12+10%FBS+NGF+N2 

0 - .a,b . . . 
1 6 .374a 1.785 -3.209 3.956 
7 6 2.560a 1.785 -1.022 6.143 
14 6 3.577a 1.785 -.005 7.159 
21 6 4.211a 1.785 .629 7.793 
28 5 3.664a 1.957 -.263 7.591 

Table 5.3.5-1 Descriptive statistics of the CD68 labelling index and 95% 
confidence intervals in different groups.  

 

Source 
Type III Sum of 

Squares df Mean Square F Sig. Partial Eta Squared 
Corrected Model 602.972a 11 54.816 2.867 .005 .378 
Intercept 25.538 1 25.538 1.336 .253 .025 
Case 70.968 1 70.968 3.712 .059 .067 
Medium 89.685 1 89.685 4.691 .035 .083 
Day 433.535 5 86.707 4.535 .002 .304 
Medium * Day 68.989 4 17.247 .902 .470 .065 
Error 994.145 52 19.118    
Total 2480.011 64     
Corrected Total 1597.117 63     

Table 5.3.5-2 Significant tests of CD68 labelling index change among 
different medium and time points.  (Two-way ANOVA analysis with the 

case as a covariate) 

 

(I) Day (J) Day 
Mean Difference 

(I-J) Std. Error Sig.d 

95% Confidence Interval for 
Differenced 

Lower Bound Upper Bound 
0 1 -.076a 2.186 .972 -4.463 4.311 

7 -2.206a 2.186 .318 -6.593 2.181 
14 -4.215a 2.186 .059 -8.602 .171 
21 -6.408a,* 2.186 .005 -10.795 -2.021 
28 -5.682a,* 2.260 .015 -10.217 -1.147 

1 7 -2.130 1.785 .238 -5.712 1.452 
14 -4.139* 1.785 .024 -7.721 -.557 
21 -6.332* 1.785 .001 -9.914 -2.750 
28 -5.605* 1.875 .004 -9.367 -1.844 

 7 14 -2.009 1.785 .266 -5.591 1.573 
21 -4.202* 1.785 .022 -7.784 -.620 
28 -3.475 1.875 .069 -7.237 .286 

 14 21 -2.193 1.785 .225 -5.775 1.389 
28 -1.466 1.875 .438 -5.228 2.296 

 21 28 .727 1.875 .700 -3.035 4.488 
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Table 5.3.5-3 Pairwise Comparisons among different time points. 

 
Figure 5.3.5-1The CD68 labelling index among different medium groups and 

time points. The CD68 labelling index was lowest at Day 0, reached the 

highest fraction at Day 21, and then slightly decreased at Day 28. Two 

independent factors include the medium (p=0.035) and time (p=0.002). 

(Vertical bars indicate the 95% confidence intervals) 
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 Results of Ki67 index among different media in slice culture. 

To analyse and compare cell proliferation between two media, I collected 6 
cases and performed Ki67 DAB staining on sections from the slice cultures. 
Two media were compared: (1) Medium_1 (DMEM/F12 + B27 + EGF + FGF) 
, and (2) Medium_2 (DMEM/F12 + 10%FBS + NGF + N2. The descriptive 
statistics results showed as (Table 5.3.6-1), including the number of slices 
grown in each medium (N), the mean of Ki67 labelling density, its standard 
error, and 95% Confidence Interval. After completing the two-way ANOVA 
analysis with the case as a covariate, I found the medium (p=0.026) and time 
(p<0.001) were significant independent factors (Table 5.3.6-2). From (Figure 
5.3.6-1); I found the Ki67 labelling index was lowest at Day 0, increased up 
to Day 7 and slightly decreased by Day 14. Between different media, the 
cells had higher proliferation in the medium_1 than in medium_2 (p=0.026). 
The other independent factor, time (day), was also statistically significant 
(p<0.001). When checking the pairwise comparisons among time points 
(Table 5.3.6-3), its significance (p<0.001) mainly came from Day 7 to the 
other time points, including Day 0 (p<0.001), Day 1(p<0.001), Day 
14(p=0.05), Day 21(p=0.001), and Day 28 (p<0.001). Day 14 was another 
important time point that contributed the significant for Time (Day) factor, 
which revealed significance versus to Day 0 (p=0.003), Day 1(p<0.001), and 
Day 7(p=0.05), and Day 28(p=0.009). Surely the conclusion is that EGF/FGF 
promotes more cell division (p=0.026).  
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Medium Day N Mean 
(cells/mm2) Std. Error 95% Confidence Interval 

Lower Bound Upper Bound 

Medium_1: 
DMEM/F12+B27+EGF+FGF 

0 6 4.711a 14.394 -24.172 33.595 
1 6 4.961a 14.394 -23.922 33.845 
7 6 103.565a 14.394 74.682 132.448 
14 6 79.106a 14.394 50.223 107.990 
21 6 47.060a 14.394 18.177 75.943 
28 5 27.697a 15.780 -3.969 59.363 

Medium_2: 
DMEM/F12+10%FBS+NGF+N2 

0 - .a,b . . . 
1 6 3.498a 14.394 -25.385 32.381 
7 6 74.343a 14.394 45.460 103.226 
14 6 41.086a 14.394 12.203 69.970 
21 6 26.876a 14.394 -2.007 55.760 
28 5 10.439a 15.780 -21.227 42.105 

Table 5.3.6-1 Descriptive statistics of the Ki67 counting and 95% confidence 

intervals in different groups.  

Source 
Type III Sum of 

Squares df Mean Square F Sig. 
Partial Eta 
Squared 

Corrected Model 69733.368a 11 6339.397 5.100 .000 .519 
Intercept 1212.802 1 1212.802 .976 .328 .018 
Case .850 1 .850 .001 .979 .000 
Medium 6500.218 1 6500.218 5.230 .026 .091 
Day 64739.063 5 12947.813 10.417 .000001 .500 
Medium * Day 2251.935 4 562.984 .453 .770 .034 
Error 64635.197 52 1242.985    
Total 232175.654 64     
Corrected Total 134368.565 63     

Table 5.3.6-2 Significant tests of the Ki67 index change among different 
medium and time points.  (Two-way ANOVA analysis with the case as a 

covariate) 

 

(I) Day (J) Day 
Mean Difference 

(I-J) Std. Error Sig.d 

95% Confidence Interval for 
Differenced 

Lower Bound Upper Bound 
0 1 .482a 17.628 .978 -34.891 35.855 

7 -84.242a,* 17.628 .000 -119.616 -48.869 
14 -55.385a,* 17.628 .003 -90.758 -20.012 
21 -32.257a 17.628 .073 -67.630 3.116 
28 -14.356a 18.223 .434 -50.923 22.210 

1 7 -84.724* 14.393 .000 -113.606 -55.842 
14 -55.867* 14.393 .000 -84.749 -26.985 
21 -32.738* 14.393 .027 -61.620 -3.856 
28 -14.838 15.116 .331 -45.170 15.493 

 7 14 28.857 14.393 .050 -.025 57.740 
21 51.986* 14.393 .001 23.104 80.868 
28 69.886* 15.116 .000 39.555 100.218 

 14 21 23.128 14.393 .114 -5.754 52.010 
28 41.029* 15.116 .009 10.697 71.360 

 21 28 17.900 15.116 .242 -12.431 48.232 
Table 5.3.6-3 Pairwise Comparisons among different time point. 
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Figure 5.3.6-1 The Ki67 labelling index among different medium groups 
and time points. Ki67 labelling index was lowest at Day 0, reached the peak 

on Day 7 and steadily decreased. Two independent factors include the 

medium (p=0.026) and time (p<0.001). (Vertical bars indicate the 95% 

confidence intervals). 
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 A brief summary of the optimisation of the organotypic brain 
slice cultures 

Using 13 cases for slice culture optimisation and investigation, medium_1 

supported the tissue with better cell numbers, including the NeuN, GFAP, 

CD68 positive cells and the proliferation (Ki67). Furthermore, there are 

unknown proteins in the Fetal Bovine Serum that might affect the experiment 

when using medium_2 or medium_3 and may introduce variability in the 

experiments.  

From the above validation, I optimised the OBSC modelling technique and 

confirmed that the cellular heterogeneity could be maintained in vitro. The data 

indicated that the best tested supporting medium contained a combination of 

growth factors (medium_1, DMEM/F12+B27+EGF+FGF) and this was taken 

forward for subsequent experiments. Next, I used the same OBSC technique 

to investigate the pathological patients samples obtained following surgery. 
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 Pharmacological mTOR inhibition experiments in 
pathological samples (FCDIIb/TS) 

 Pathologic cell types persist in slice cultures for two weeks  

After optimisation of the OBSC technique in non-pathologic samples (Section 

5.1), then I moved the investigation to the pathologic samples. There were 3 

different cases (n=3) diagnosed as FCD2b or TS that were cultured for a 

period of two weeks. The principal cells could be maintained in cultures, 

including Balloon cells, CCL2-positive cells and CHI3L1-positive cells (Figure 

5.4.1-1). This demonstrates that this model could be used to explore cell-cell 

interactions in vitro. During culture, the BCs showed a similar round shape 

morphology with slightly increased eosinophilic cytoplasm. In the third week, 

the balloon cells were hard to identify, which might due to low number of the 

balloon cells in the tissue initially, or their vulnerability, or that they are hard to 

distinguish from the plump reactive astrocytes during the long-term culture. 

Both CHI3L1 and CCL2 cells revealed the same morphology before culture 

and proliferated and increased their expression. There was no DNs captured 

in these 6 samples. Next, I used a pharmacological reagent to manipulate the 

slices during in culture to observe how these cells and secretory proteins 

change. 

 
Figure 5.4.1-1 Pathological cells can be maintained during culture. This 
is a TS case, and I can see the BCs, CCL2-positive, and CHI3L1 positive 
cells are maintained over time from 0 to 14 days in culture. (n=3).  
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 Optimisation of slice culture with mTOR inhibitor  

 Given that mTOR hyperactivation is present in both FCD2b and TS, I was 

interested in the relationship between aberrant mTOR signalling and these 

different cell types. Hence, I perturbed the slice culture model through the 

application of the mTOR inhibitor Everolimus, to test if the slice tissue would 

respond. After supplementing the slice cultures with different concentration of 

Everolimus (100Nm, 1μM, & 5μM) and control DMSO (0.02%), I confirmed 

tissue could dynamically react to Everolimus. The drug could efficiently 

downregulate the mTOR pathway, confirmed by the decrease of its 

downstream markers pS6 and p4eBP1 (Figure 5.4.2-1& Figure 5.4.2-2). After 

confirming the tissue could respond to the mTOR inhibitor successfully, I used 

this reagent to manipulate pathological samples during in vitro culture to 

observe how their secretory protein profiles changed. 

 
Figure 5.4.2-1 H&E and IHC with pS6 and p4eBP1 in cortex area (n=3). 
In H&E section, glia-like cells (green arrow) and possibly small vessels (blue 

arrow) showed prominent cell bodies. The neuronal cells are highlighted by 

the yellow arrow. The staining intensity of both pS6 and p4eBP1 were much 

weaker in the Everolimus treated group compared to the control, particularly 

in the higher dose (H) & (L). 



265 
 

 
Figure 5.4.2-2 H&E and IHC with pS6 and p4eBP1 in white matter area 
(n=3).  The results show similar findings to the cortex area: glia-like cells 

(green arrow) and possibly small vessels (blue arrow) tend to be larger and 

more prominent than the Everolimus treated groups. In staining of mTOR 

downstream markers, the higher the concentration of Everolimus, the lower 

the expression of pS6 and p4eBP1 tends to be. 
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 The principal cells could be identified after treatment with 
Everolimus 

After optimisation of the OBSC technique and testing the mTOR inhibitor in 

the OBSC, I applied this method to pathological samples. These included the 

developmental cortical lesions FCD2b and TS, which contained Balloon cells, 

Dysmorphic neurons or both. I collected six different samples from 3 cases for 

this part (Table 5.4.3-1). The results are discussed below. Following drug 

treatment, the principal cells could still be identified in the OBSC cultures, 

including Balloon cells, CCL2-positive cells and CHI3L1-positive cells (Figure 

5.4.3-1). 

OBCS 
Num. 

Diagnosis Gender Age location 

OBSC14 FCD IIb F 2 Temporal lobe 
OBSC20 TS F 8 Parietal & 

Occipital 
OBSC21 TS M 11 - 

 Table 5.4.3-1 Pathologic samples for mTOR inhibition experiments. 

 

 
Figure 5.4.3-1 Key cells are preserved after mTOR inhibition with 
Everolimus.  In this TS case, the important investigated cells, including BCs, 

CCL2 (+), and CHI3L1 (+) can be seen in different treatment situations. (n=6, 

form 3 different cases) 
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 pS6 expression down-regulated after supplemented mTOR 
inhibition (Everolimus). 

Given that mTOR hyperactivation is present in both FCD2b and TS, I was 

interested in the relationship between aberrant mTOR signalling and these 

different cells. Therefore, I applied the mTOR inhibitor Everolimus to inhibit the 

mTOR pathway to see what effect this had on both cell populations. After 

Everolimus treatment, an mTOR downstream marker, pS6 was downregulated 

(p=0.001, Table 5.4.4-2, by using one-way ANOVA). The descriptive statistic 

of the pS6 expression, case number, and 95% confidence intervals are listed 

in (Table 5.4.4-1). When the different treatments were independent factors, 

the pairwise comparisons were broken into subgroup comparisons, which 

helped identify where the exact differences came from. By comparing the 

different treatments tested (Table 5.4.4-3), there was a significant difference 

in pS6 expression between the vehicle control group (DMSO) versus 

Everolimus treated groups (1 μM or 5 μM), both p<0.05. On the contrary, the 

difference of pS6 positive cells was not statistically significant, p=1 between 

different concentrations of Everolimus. Representative staining images and 

box-plots of the pS6 quantification are shown below (Figure 5.4.4-1). 

Treatment N Mean Std. Error 95% Confidence Interval 
Lower Bound Upper Bound 

DMSO (0.02%) 6 17.741a 1.847 13.780 21.701 
Everolimus 1 μm 6 6.691a 1.847 2.731 10.652 
Everolimus 5 μm 6 5.602a 1.847 1.641 9.562 

Table 5.4.4-1 The mean and 95%CI of the pS6 staining fraction 
with/without supplemented Everolimus. 

 
Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 592.089a 3 197.363 9.646 .001 
Intercept 2.784 1 2.784 .136 .718 
Case 50.801 1 50.801 2.483 .137 
Treatment 541.288 2 270.644 13.228 .001 
Error 286.444 14 20.460   
Total 2682.561 18    
Corrected Total 878.533 17    

Table 5.4.4-2 Significant tests of pS6 expression among different 
treatment.  (One-way ANOVA analysis with the case as a covariate) 
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Pairwise Comparisons 

(I) Treatment (J) Treatment 
Mean 

Difference  
(I-J) 

S.E. Sig.b 
95% CI 

Lower Bound Upper Bound 

DMSO (0.02%) Everolimus 1 μm 11.050* 2.612 .003 3.952 18.147 
Everolimus 5 μm 12.139* 2.612 .001 5.042 19.237 

Everolimus 1 μm Everolimus 5 μm 1.090 2.612 1.000 -6.008 8.187 
Table 5.4.4-3 Pairwise comparison between different treatment. When 

the media type was determined as an independent factor, the pairwise 

comparisons could help breakdown the subgroups (here was the different 

medium) for further comparing. (p<0.05 indicated significance). 

 
 

 

 
Figure 5.4.4-1 pS6 positivity decreases post mTOR inhibitor treatment. 
After Everolimus treatment, the mTOR downstream marker, pS6, was 

downregulated (p=0.001) compared to the control group. (One-way ANOVA 

analysis with the case as a covariate). 
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 CHI3L1 (+) cells decreased after supplemented mTOR inhibition 
(Everolimus). 

When the mTOR pathway was blocked by Everolimus, the CHI3L1 positive 

cells decreased (p=0.016, Table 5.4.5-2, by using one-way ANOVA). The 

descriptive statistic of the changes of the CHI3L1 positive cells, case number, 

and 95% confidence intervals were listed in the (Table 5.4.5-1). From the 

pairwise comparisons (Table 5.4.5-3), there was a significant difference in the 

number of CHI3L1(+) cells between the vehicle control group (DMSO) versus 

the everolimus treated groups (Everolimus 1 μM, Everolimus 5 μM), both 

p<0.05. There was no significant difference between the different drug 

concentrations tested, p=1. The representative staining images for CHI3L1, 

image quantification, and the box-plots are shown below (Figure 5.4.5-1). 

Treatment N Mean Std. Error 95% Confidence Interval 
Lower Bound Upper Bound 

DMSO (0.02%) 6 55.328a 7.868 38.329 72.327 
Everolimus 1µM 6 23.546a 7.868 6.547 40.545 
Everolimus 5µM 5 20.374a 8.620 1.752 38.997 

Table 5.4.5-1 The mean and 95%CI of the CHI3L1 positive cells 
with/without supplemented Everolimus.  

  
 
Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 7349.478a 3 2449.826 6.595 .006 
Intercept 1307.508 1 1307.508 3.520 .083 
Case 2966.518 1 2966.518 7.986 .014 
Treatment 4312.433 2 2156.216 5.805 .016 
Error 4828.859 13 371.451   
Total 31634.672 17    
Corrected Total 12178.336 16    

Table 5.4.5-2 Significant tests of CHI3L1 (+) cells change among a 
different concentration of mTOR inhibitor.  (One-way ANOVA analysis 

with the case as a covariate) 
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(I) Treatment (J) Treatment 
Mean 

Difference  
(I-J) 

S.E. Sig.b 
95% CI 

Lower Bound Upper Bound 
DMSO (0.02%) Everolimus 1µM 31.782* 11.127 .040 1.227 62.337 

Everolimus 5µM 34.954* 11.672 .031 2.904 67.004 
Everolimus 1µM Everolimus 5µM 3.172 11.672 1.000 -28.878 35.222 

Table 5.4.5-3 Pairwise comparison between different treatments.  When 

the media type was shown as an independent factor, the pairwise 

comparisons could help breakdown the subgroups (here was the different 

medium) for further comparing. (p<0.05 indicated the significance). 

 
 

 
Figure 5.4.5-1 Summary of the semi-quantification of CHI3L1 staining 
by ImageJ and its statistics. The result reveals that mTOR inhibition 

decreased the CHI3L1-positive populations compared to the control group 

(p= 0.016, One-way ANOVA analysis with the case as a covariate). 
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 CCL2 (+) cells decreased after supplemented mTOR inhibition 
(Everolimus). 

Another interesting cell population, the CCL2(+) cells were also found to 

decrease in number after treatment with Everolimus (p<0.001, Table 5.4.6-2, 
by using one-way ANOVA). The descriptive statistic of the changes of the 

CCL2 positive cells, case number, and 95% confidence intervals are listed in 

the table below (Table 5.4.6-1). From the pairwise comparisons (Table 

5.4.6-3), there was a significant difference in the number of CCL2(+) cells 

between the control group versus drug treatment groups (Everolimus 1 μM, 

Everolimus 5 μM), both p<0.001. On the contrary, there was no significant 

difference in CCL2(+) cells between different drug concentrations tested, p=1. 

The representative staining images of CCL2, image quantification, and the 

box-plots are shown below (Figure 5.4.6-1). 

 

Treatment N Mean Std. Error 95% Confidence Interval 
Lower Bound Upper Bound 

DMSO 6 72.571a 8.251 54.873 90.268 
Everolimus 1µM 6 8.753a 8.251 -8.945 26.450 
Everolimus 5µM 6 6.900a 8.251 -10.798 24.597 

Table 5.4.6-1 The mean and 95%CI of the CCL2 positive cells 
with/without supplemented Everolimus.  

 

Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 18962.043a 3 6320.681 15.472 .000 
Intercept 929.748 1 929.748 2.276 .154 
Case 2184.348 1 2184.348 5.347 .036 
Treatment 16777.696 2 8388.848 20.535 .000 
Error 5719.219 14 408.516   
Total 40247.856 18    
Corrected Total 24681.262 17    

Table 5.4.6-2 Significant tests of CCL2 (+) cells change among a different 
concentration of mTOR inhibitor.  (One-way ANOVA analysis with the case 

as a covariate) 
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(I) Treatment (J) Treatment 

Mean 
Difference  

(I-J) S.E. Sig.b 

95% CI 

Lower Bound Upper Bound 
DMSO (0.02%) Everolimus 1µM 63.818* 11.669 .000 32.104 95.532 

Everolimus 5µM 65.671* 11.669 .000 33.957 97.385 
Everolimus 1µM Everolimus 5µM 1.853 11.669 1.000 -29.861 33.567 

Table 5.4.6-3 Pairwise comparison between different treatments. When 

the media type was shown as an independent factor, the pairwise 

comparisons could help breakdown the subgroups (here was the different 

medium) for further comparing. (p<0.05 indicated the significance). 

 
 

 
Figure 5.4.6-1 Summary of the semi-quantification of CCL2 staining by 
ImageJ and its statistics. The result reveals that the mTOR inhibitor could 

decrease the CCL2 (+) populations compared to the control group (p <0.001, 
One-way ANOVA analysis with the case as a covariate) 
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 CHI3L1 and CCL2-positive cell populations did not decrease as a 
result of apoptosis post mTOR treatment  

From the previous result, both CHI3L1 (+) and CCL2 (+) cell populations 

decreased following mTOR inhibitor treatment. To confirm if pharmacological 

toxicity explained this result, I evaluated cleaved caspase-3 status. The results 

showed that both Everolimus treated groups had lower levels of apoptotic cells 

(8.92 cells/mm2 and 8.81 cells/mm2 respectively) compared to the control 

group (87.22 cells/mm2, Table 5.4.7-1), p = 0.006 (Table 5.4.7-2). Through the 

pairwise comparisons (Table 5.4.7-3), there was a significant difference in 

cleaved caspase-3 staining between the control group versus drug treatment 

groups (Everolimus 1 μM, Everolimus 5 μM), both p<0.05. However, the 

difference between different drug concentration was not statistically 

significant, p=1. The representative staining image of the Cleaved Caspase-

3, image quantification, and the box-plots are shown below (Figure 5.4.7-1). 

 
Treatment N Mean Std. Error 95% Confidence Interval 

Lower Bound Upper Bound 
DMSO 5 87.228a 15.648 52.788 121.668 
Everolimus 1 μm 5 8.917a 15.648 -25.524 43.357 
Everolimus 5 μm 5 8.811a 15.648 -25.630 43.251 

Table 5.4.7-1 The mean and 95%CI of the C-Caspase-3 positive cells 
with/without supplemented Everolimus.  

 
 
Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 25971.957a 3 8657.319 7.072 .006 
Intercept 5031.524 1 5031.524 4.110 .068 
Case 5502.019 1 5502.019 4.494 .058 
Treatment 20469.937 2 10234.969 8.360 .006 
Error 13466.678 11 1224.243   
Total 57797.956 15    
Corrected Total 39438.634 14    

Table 5.4.7-2 Significant tests of Cleaved Caspase-3 (+) cells change 
among a different concentration of mTOR inhibitor.  (One-way ANOVA 

analysis with the case as a covariate) 
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Pairwise Comparisons 

(I) Treatment (J) Treatment Mean 
Difference (I-J) S.E. Sig.b 

95% CI 
Lower Bound Upper Bound 

DMSO (0.02%) Everolimus 1 μm 78.311* 22.129 .014 15.906 140.716 
Everolimus 5 μm 78.417* 22.129 .014 16.013 140.822 

Everolimus 1 μm Everolimus 5 μm .106 22.129 1.000 -62.299 62.511 
Table 5.4.7-3 Pairwise comparison between different treatments.  When 

the media type was shown as an independent factor, the pairwise 

comparisons could help breakdown the subgroups (here was the different 

medium) for further comparing. (p<0.05 indicated the significance). 

 

 
Figure 5.4.7-1 Quantification of Cleaved Caspase-3 staining. The result 

reveals that the mTOR inhibitor did not result in more Cleaved Caspase-3 

positive cells compared to the DMSO control group (p = 0.006, One-way 

ANOVA analysis with the case as a covariate).  
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 Discussion 

 The advantages of choosing OBSC for model development. 

There were many types of functional models sued for research and each has 

its pros and cons (Figure 5.5.1-1). To functionally test these cellular 

interactions, I decided to develop an organotypic brain slice culture (OBSC) 

model. Compared to dissociated cell culture, OBSC preserves the cellular 

heterogeneity and its 3D architecture. This enables us to explore and 

understand the complexity of different cellular interactions. Compared to in 

vivo animal modelling, it is cheaper, less time consuming, and relatively high-

throughput. For example, once obtaining the surgical tissue, it can be sliced 

into several thin sections for numerous experiments and most of them could 

be completed within 1 - 2 weeks. Secondly, I can observe the human tissue 

directly instead of first understanding the complexity in other mammalian 

systems before switching back to humans. Furthermore, BCs have not been 

identified in almost every FCD mouse model described, which is another 

reason to use OBSC for understanding FCDIIb/TS. 

 
Figure 5.5.1-1 Comparing different models for research. OBSC 
preserves the cellular heterogeneity and 3D architecture to help understand 
the complexity of the different cellular interactions. Compare to the animal 
model, it is much cheap, less time consuming, and relatively High-
throughput. 
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 Using organotypic slice cultures to model developmental disease 

From my experience, I can maintain the sliced surgical samples for up to 4 

weeks while maintaining several interesting pathological cell populations, 

including BCs, CCL2, and CHI3L1-positive cells (Figure 5.4.1-1). Therefore, I 

had the opportunity to test how these populations change post mTOR 

inhibition treatment. I successfully demonstrated that mTOR inhibitor usage 

has a potential role in this disease through down-regulating secretory 

molecules, particularly, the inflammatory chemokine CCL2. 

There are two main difficulties when performing this experiment. The first is 

the limitations in obtaining pathology samples and identifying new lesion 

subtypes at a macroscopic level. Even for the obvious cases, it is difficult to 

get both wanted cells populations, including dysmorphic neurons and balloon 

cells simultaneously. From our experience, I had a 55.6% success rate (n=5/9) 

in obtaining the critical pathological and only 12.5% (n=1/8, when ignoring 

FCDIIa) to get both DNs and BCs (Table 5.5.2-1). The other limitation is that 

the immune activation triggered by the process of slicing the tissue itself 

reaches a peak of around 2 - 3 weeks (see Section 5.3.5). Therefore, proper 

control is extremely important. Here I use the slices from the same sample 

with an equal concentration of DMSO (0.02%) to compare to the experiment 

groups. 

Code Diagno
sis 

Sample 
contained DN 

Sample 
contained BC 

Get pathologic 
sample 

Get both DNs 
and BCs 

OBSC 2 FCD IIa + N/A v N/A 
OBSC 4 FCD IIb - - x x 
OBSC 6 FCD IIb - - x x 
OBSC14 FCD IIb   -* + v x 
OBSC17 FCD IIb - - x x 
OBSC19 FCD IIb - - x x 
OBSC20 TS - + v x 
OBSC21 TS - + v x 

OBSC22** TS + + v v 
    5/9 (55.6%) 1/8 (12.5%) 

Table 5.5.2-1 Key cellular components of the used samples diagnosed 
as FCDII and TS. *Only one dysmorphic neuron found in 1 of the slices.** CLARITY 

experiment only. 
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 Maintenance of CHI3l1 and CCl2 expression is depdent on MTOR 

In the mTOR experiments, I witnessed both CHI3L1 and CCL2 cell populations 

decrease after drug treatment. To exclude the possibility that their decline was 

a result of pharmacological toxicity, I evaluated Cleaved Caspase-3 status to 

see if the drug treatment induced cell apoptosis. Interestingly, the results 

revealed that the Everolimus treated groups had lower Cleaved Caspase-3 

expression than the control group, p = 0.006 (Figure 5.4.7-1). Therefore, it is 

likely that mTOR treatment inhibits secretion of CHI3L1 and CCL2 via 

alternative means and not as a result of cell death. 

 

 The advantage of systematic counting 

In of the DAB staining slides, to make the reproducible and non-bias 

quantification, there were several ways can be applied, such as (1) manually 

counting, (2) stereology method, and (3) automatic counting by programming 

(e.g. ImageJ). First, manually counting could work well; but, it is extremely 

labour intensive and time consuming when the tissue size is large. Another 

alternative way is using systematic random sampling method to calculate the 

representative areas systemically. This method requires grid making first and 

number them in the interested area. For example, I would start from a certain 

number random number generator (e.g. “2” in Figure 5.5.4-1). Then, I would 

select the representative image by adding the fixed number each time(e.g. “7” 

in Figure 5.5.4-1). Finally, the selected pictures will be 2, 9 (2+7), 16(2+7+7), 

23(2+7+7+7), 30(2+7+7+7), and 37(2+7+7+7+7+7). This would be combined 

with a forbidden line rule. When making the counts, include the particles on 

the red line and exclude them if on the blue lines (Figure 5.5.4-2). Such a 

stereological method could yield accurate results, but will take extra time to 

make the grids and select the representative pictures. Above methods have 

suited the particles counting (e.g. NeuN and Ki67 staining) but challenging to 

apply in the area measurements (e.g. GFAP and CD68 staining). Furthermore, 

they were hard to prevent introducing bias when making counts. 
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Figure 5.5.4-1 Demonstration of stereology method for neuronal 
counting. Firstly, grid and number the interested area. Then, start from a 

certain number by using book flipping or another random method (Here 

started from number 2). Next, select the representative by adding another 

number each time (The demonstration here was number 7). Therefore, the 

selected pictures will be 2, 9, 16, 30, and 37. 

  

Figure 5.5.4-2 Neuronal counting by using stereology method. When 

making the counting, include the particles on the red line and exclude them if 

on the blue lines. 
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Recently, there are more automatic quantification methods for staining slides 

such as the commercial software, Definiens Tissue Studio® 

(https://www.definiens.com/) which is convenient but expensive., There are 

also several free resources like QuPath® (https://qupath.github.io/QuPath-

v0.2.0), but the program code remains confidential. There is another open 

public resource - ImageJ (https://fiji.sc/), which is not only free but also easily 

accessible. Once having these programming codes (macros), I could modify 

to our needs. Fortunately, I also have a collaborator, Dr Dale Moulding from 

the UCL Institute of Child Health Imaging Facility, to help develop the final 

codes for use. Through his help, I generated four codes for different markers, 

including the NeuN, GFAP, CD68, and Ki67, the details as (Section 3.8). 

 Colour deconvolution  

After importing the DAB images into the ImageJ software and using the colour 

deconvolution tool. H-DAB deconvolution was designed for the DAB staining 

slides and can split the signal and noise very well for precise quantification. 

On the contrary, when importing the original image instead, the images mixed 

with the actual signals and the haematoxylin counterstains made the image 

quantification less accurate. Hence, all the image analyses addressed in the 

current project were also imputed by using colour deconvolution image, which 

could specific picked out the DAB signal (the genuine signal) for accurate 

results. 

  



280 
 

Chapter 6 COptimisation of CLARITY 

In the previous chapter, I demonstrated the heterogeneity of the small glial cell 

populations using 2D dimensional techniques. To further explore the possible 

anatomical interactions of the different cell types, I used the tissue clearing 

technique – CLARITY, for 3D visualisation. CLARITY (Clear Lipid-exchanged 

Acrylamide-hybridized Rigid Imaging/Immunostaining/In situ hybridisation-

compatible Tissue hYdrogel) is a tissue clearing technique that makes 

samples transparent for 3D imaging. This method uses acrylamide-hybridised 

hydrogel to protect the tissue, followed by lipid removal, and then 

immunolabelling (IF) for in 3D (Section 2.6). The acrylamide-hybridised 

hydrogel step protects the tissue after polymerisation, which is when the 

hydrogel monomer (liquid form) turns into a solid hydrogel polymer (like jelly). 

Following polymerisation, it is important to remove the excess hydrogel, as 

discussed below. Sample availability for this part of the project was limited 

because of the timing of tissue transparency, issue of the antibody penetration, 

and also included the samples from the cell culture which are by definition 400 

μm. However, it was challenging to remove the excess hydrogel from the thin 

and fragile tissue by using the original methods suggested (161). Therefore, I 

optimised the protocol for use with thin slice samples (400 μm in thickness) by 

using a double coverslip method, which could more efficiently remove the 

excess hydrogel. After optimisation of this technique, I applied it to the current 

project in order to better study the cellular composition and heterogeneity in 

FCD.  
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 The problem of excess hydrogel on the samples 

In the original CLARITY protocol (161, 204), the way to remove the remaining 

hydrogel is using a wipe to gently rub the polymerised sample. After this step, 

most of the excess hydrogel will be removed leaving a small amount of 

hydrogel on the tissue only. However, the samples I used in this project were 

the thin slices (around 400 μm) instead of the intact organ used in the original 

paper, where it is much easier to separate the hydrogel from the sample. 

Hence, it is extremely hard to effectively remove the hydrogel and the tissue 

tended to become damaged during this step. However, there were several 

disadvantages to leaving too much hydrogel on the tissue. Firstly, too much 

hydrogel will decrease the efficiency of antibody diffusion. Secondly, when 

mounting the sample with too much hydrogel, the sample would be beyond 

the working distance of the confocal microscope. Thirdly, too much hydrogel 

might risk deforming the sample in the mounting steps. These details are 

further described and illustrated as follows. 

 Problems with excess hydrogel_1: reduced efficiency of antibody 
diffusion  

After performing CLARITY several times in my samples according to the 

original protocol (161), I noticed some antibodies were uneven and limited to 

the outer tissue areas corresponding to the hydrogel border (Figure 6.1.1-1). 
Hence, minimising the excess hydrogel as much as possible is important 

because a short distance between the hydrogel border and the tissue helps 

antibody penetration and is likely to improve staining. While it is easy to 

remove the hydrogel in most thick tissues, it is difficult to manipulate in thin 

tissue slices (Figure 6.2.1-1). The thin slices tended to be broken during the 

removal of the hydrogel step. Hence, it was necessary to develop a better 

method to fit the thin slice samples. 
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Figure 6.1.1-1 Examples of antibody diffusion interference due to 
excess hydrogel. From these 3 cases (n=3), there was some antibody 

expression on the border of the hydrogel. (black area, between tissue and 

arrow). 

 

 Problems with excess hydrogel_2: the sample size exceeds the 
working distance of the confocal microscope. 

The working distance is the distance between the objective lens and the point 

of focus in the tissue. The distance decreases when using a higher 

magnification. For example, when using the 10x water dipping objective, the 

working distance is 3.7 mm, and it means that the mounted sample must be 

less than 3.7 mm in thickness, including the slide. When using 20x 

magnification, the distance becomes much shorter, down to 2.4 mm. 

Therefore, it will become a problem if the mounted samples exceed these 

ranges (Figure 6.1.2-1). An alternative method to resolve the limitation of 

working distance is using light-sheet microscopy (205). Thin excitation light is 

directed perpendicular to the axis of the sensors without disturbing the sample 

thickness. However, light-sheet microscopy is not readily available in our 

institute. Therefore, I kept the mounted sample within the limited ranges and 

continued to use confocal microscopy for further investigation. 
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Figure 6.1.2-1 Illustration of the limitation of the working distance in the 
confocal microscopy. (A) The working distance is defined from the 

objective lens to the focal plane. The higher magnification of the objective 

lens used, the thinner working distance will become. (B) Hence, too much 

hydrogel will increase the overall thickness of the sample and stop them put 

them in the confocal microscopy successfully or even damage the facility. 

 

 Problems with excess hydrogel_3: sample deformation during 
the mounting step.  

When mounting the slides, the excess hydrogel needs to be squeezed into the 

chamber slides. As I discussed previously, the thickness of the chamber slide 

must be less than 2.4 mm to use a 20x objective lens. However, the squeezed 

hydrogel might distort the sample (Figure 6.1.3-1), which will change its 

architecture and make the results less reliable. 
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Figure 6.1.3-1 The excess hydrogel will distort the sample during the 
mounting step. Both images showed the gross view of the mounted 

samples from OBSC15 culture at Day 7. The pictures inserted on the top 

showed the tissue shapes before CLARITY and the blue colour come from 

vimentin-conjugated with 647nm fluorophore. (A) When completely removed 

hydrogel, the tissue won’t be distorted during the mounting step. (B) On the 

contrary, when having excess hydrogel, the sample might be deformed when 

mounted. 
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 Optimisation of CLARITY for thin samples  

 Problematic removal of excess hydrogel when using the original 
method 

In the removal step of the excess hydrogel in the original CLARITY protocol 

(2013 REF), it was suggested to use a lint-free wipe to rub away the hydrogel. 

This method will suit most sample types. However, I found that this step was 

problematic when handling thin tissue slices (e.g. 400µm) because the tissue 

is fragile and does not remain intact following such tissue handling. Using 3 

brain slices (n=3) generated from the OBSC15 sample, I found that all the 

slices were broken using the originally published method when attempting to 

remove the excess hydrogel (Figure 6.2.1-1).  

 
Figure 6.2.1-1 Demonstration of hydrogel removal using the original 
CLARITY protocol. After the hydrogel polymerisation step, the sample 

looked like (A) front view and (B) top view. When using the original CLARITY 

protocol to remove the excess hydrogel, I would achieve a result like (C) 

front view and (D) top view. If I tried to remove the rest of hydrogel, then 

there was an increased the chance to break off the sample (E) front view and 

(F) top view. (n=3, form OBSC15) 
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 Double coverslips method effectively removed the hydrogel  

A simple and efficient way to remove excess polymerised hydrogel from 

around the sample is by using two coverslips. Here, I used another 3 brain 

slices (n=6) generated from OBSC15 and OBSC 20 to optimise the technique. 

As the following picture illustrates (Figure 6.2.2-1), the tissue is kept between 

2 coverslips during the hydrogel polymerisation step (Section 2.6). After 

polymerisation, the excess hydrogel can be peeled away from the coverslips. 

Using this method, the final sample thickness (contained in hydrogel) is similar 

to the original tissue thickness (400 µm). Next, the coverslip is gently removed. 

Then, the final bit of the surrounding hydrogel (the gel in the horizontal part) 

can be easily trimmed away by using fine scissors (Figure 6.2.2-1, F).   

  
Figure 6.2.2-1 Demonstration of hydrogel removal by using the double 
coverslips method.  (A-C) Cartoon illustration of this method (D-F) shows 

the front view, while (G-I) shows the view from the top. After hydrogel 

polymerisation, the sample looks like (D) and (G) when removed from the 

plate. After removed the excess hydrogel outside of the coverslips, the 

samples look like (E) and (H). Next, the coverslips were peeled away from 

the tissue carefully, and the excess hydrogel was trimmed from around the 

sample (C) and (F). (n=6, from OBSC15 & OBSC 20) 
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 Pros and Cons of using 3D imaging 

 Reconstructing linear structures and cell processes 

In order to explore the 3D structure of FCD-associated cells, I wanted to 

visualise linear cellular structures (such as axons and other cell processes), 

which will cannot be appreciated fully on 2D sections. Here, I performed 3 

slices (n=3) from OBSC 15 and undertook neurofilament staining (RT97). The 

results show that 3D imaging reveals the entirety of the linear structures 

(Figure 6.3.1-1 B), compared to the 2D image (Figure 6.3.1-1 A). In 2D 

sections, the linear structures are shown as incomplete fragments and 

sometimes shown only as dots depending on the section’s orientation. On the 

contrary, the 3D image highlights the entire length of the neurofilament without 

interruption. This provides us with more valuable information to consider 

where these neurofilaments come from and where they go to and which cells 

they interact with. Furthermore, some structures missed in 2D sections can be 

detected in 3D, such as the thin and perpendicular neurofilaments shown in 

(Figure 6.3.1-1 C, yellow arrowhead).  

 
Figure 6.3.1-1 linear structures, such as neurofilaments can be 
explored by 3D imaging Images were taken of the white matter of sample 
OBSC15 after culture in medium_1 for 7 Days, intermediate filaments were 
stained with anti-RT97 (to highlight the neurofilament). (A) In the 2D image, 
RT97 highlighted fragmented neurofilaments. (B) In the 3D image, 
neurofilaments and their orientation are easy to interpret. (C) Sometimes, the 
inconspicuous, thin, and perpendicular neurofilaments are missed in 2D and 
detected only in the 3D image (yellow arrowhead). The scale bar is 150 μm 
in length. 
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 Preventing biased counting (e.g. Ki67) 

Apart from helping unravel complete linear structure, 3D images help prevent 

technical and sampling bias when analysing slice cultures. The tissue survival 

of the in vitro slice cultures relies on passive diffusion of nutrition and 

oxygen/carbon dioxide. Hence, the surface of the tissue may have more 

metabolic support than the tissue in the centre. I used two brain slices 

originating from tissue generated from OBSC16 and cultured in either serum-

free (medium_1) or the serum-based medium (medium_2). After performing 

immunofluorescent staining with Ki67, three paired image stacks (same image 

size, z-length, and same tissue location – cortex, junction, white matter) were 

taken for further comparison. The results of the Ki67 counting, density in 2D 

and 3D are shown below (Table 6.3.2-1). The level represents the depth of the 

tissue imaged. After taking the image stacks, the first, second, and third pairs 

contained 163, 100, and 87 images taken consecutively through the slice. 

Level 10 indicates the 10th image from the top, and the Level 70 means the 

70th image from the top. From this table, I found that the Ki67 labelling varied 

by depth (e.g. Level 10 vs Level 70) and according to which media was used 

(serum-free or the serum-based medium). The 2D analysed imaged showed 

in (Figure 6.3.2-1). Hence, proliferation comparisons made by counting Ki67 

in 2D would be greatly affected depending on which level had been selected 

for analysis. However, when using 3D image quantification, the comparison is 

more straightforward and robust (Figure 6.3.2-2) because the whole tissue is 

taken into account. 
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Paired 
Sample  

Medium 
2D Density  
at level 10 
(cells/mm2) 

2D Density  
at level 70 
(cells/mm2) 

3D density 
 

(cells/mm3) 
Pair_1 Serum-free 15.08 2.74 348.72 
Pair_2 Serum-free 10.97 4.11 299.40 
Pair_3 Serum-free 5.48 1.37 269.32 
Pair_1 Serum-based 1.37 4.11 141.09 
Pair_2 Serum-based 1.37 2.74 125.83 
Pair_3 Serum-based 1.37 2.74 94.76 

Table 6.3.2-1 Recorded Ki67 density in the different cultured medium. 
The Ki67 cell labelling varied by tissue depth (Level 10 vs Level 70). At level 

10, the tissue cultured in the serum-free medium had a trend to have higher 

Ki67 density than the other group (P=0.109, Wilcoxon Signed Ranks Test, 

based on 3 pairs only, which was the lowest p-value in this contest). 

However, the trend diminished when looking at level 70 between both groups 

(P=0.564, Wilcoxon Signed Ranks Test). On the contrary, the 3D density 

provided more straightforward results through considering whole levels of the 

images. 
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Figure 6.3.2-1 Comparisons of Ki67 labelling (red) at a different level 
(n=3). The Ki67 labelling varies by depth. When comparing Ki67 density at 

level 10 between different media, the serum-free medium had a trend to 

have higher Ki67 density than the other group (p=0.109, Wilcoxon Signed 

Ranks Test). However, the trend diminished when looking at level 70 

between both groups (p=0.564, Wilcoxon Signed Ranks Test).  
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Figure 6.3.2-2 Ki67 labelling using 3D quantification. When using 3D 

image quantification, interpretation of proliferation across the tissue was 

more robust because the whole tissue is analysed. There are more Ki67 

labelled cells in the serum-free medium (top panel) compared to the serum-

based media (lower panel)(p=0.109, Wilcoxon Signed Ranks Test). The 

scale bar is 150 μm. 
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 Limitations of using CLARITY 

After obtaining experience in the CLARITY technique by processing numerous 

samples, I identified an important limitation: the efficacy of antibody 

penetration. The efficacy depended on the quality of the antibody itself and the 

type of cell/antigen targeted. GFAP expressing cells are very common in 

cortical sections, as is vimentin occasionally. Using the example of GFAP; I 

found antibody binding tended to be restricted the surface of the tissue (n=3), 

shown in the figures below, (Figure 6.3.3-1) and (Figure 6.3.3-2). For both 

examples, when taking a 2D image from the middle plane of the samples, it 

was very clear that GFAP expression was limited to the surface of the white 

matter region. Interestingly, antibody penetration was much better in the 

cortex, and there was some expression that could be identified in this region. 

A similar problem was also occasionally noted when using vimentin 

(n=3,Figure 6.3.3-3). 
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Figure 6.3.3-1 GFAP antigen binging is restricted the surface region of 
the white matter but penetrated better in the cortex, OBSC20, Day 7.  (A) 

slice image taken from the middle plane of the sample. (B) GFAP expression 

was limited to the superficial region of the white matter (arrowhead). In the 

higher magnification, there was no GFAP expression found. On the contrary, 

the expression of the cortex region (B, asterisk) seemed to be much better. 

(D) In the higher magnification of the cortex area, the GFAP expression was 

clear. Scale bar is 500 μm in (B), and 50 μm in (C-D). 
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Figure 6.3.3-2 Another example of GFAP surface restriction in the white 
matter but penetration was better in the cortex, OBSC22, Day 0.  (A) A 

plane image was extracted from the middle of the sample as (B). (B) The 

GFAP expression was restricted at the superficial of the white matter 

(arrowhead). (C) In the higher magnification, there was no GFAP expression. 

On the contrary, the expression in the cortex region (B, asterisk) seemed to 

be much better. (D) At a higher magnification of the cortex area, the GFAP 

expression was clear. Scale bar is 500 μm in (B), and 50 μm in (C-D). 
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Figure 6.3.3-3 Vimentin expression was occasionally restricted to the 
surface of the white matter but penetrated better in the cortex, OBSC21, 
Day 0.  (A) A plane image was extracted from the middle of the sample as 

(B). (B) The vimentin expression was limited at the superficial of the white 

matter (arrowhead). (C) In the higher magnification, there was no vimentin 

expression found. On the contrary, the expression in the cortex region (B, 

asterisk) performed much better. (D) At higher magnification of the cortex 

area, the vimentin highlights the vessels very clearly in the CLARITY 

technique. Scale bar is 500 μm in (B), and 50 μm in (C-D). 
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 Discussion 

 Tissue transparency techniques and advantages of CLARITY 

Tissue clearing techniques are a compelling way to look inside the brain as 

they overcome the natural tissue opacity that prevents microscopy on large 

samples. There are more than 30 tissue clearing techniques published so far 

in the literature (206, 207). Each method has its particular advantages. The 

method that would work best in this project depends on several issues, 

including the tissue size, tissue types, budget, time, and the imaging facility. 

Briefly, the larger the tissue (such as the whole rodent organ or >3mm sliced 

tissue), the more sophisticated the methods will need to be to achieve 

transparency. Suitable methods with this in mind include uDISCO(205), ACT-

CLARITY(161), or CUBIC (208). While small samples like embryos or flies 

could be sufficiently cleared with refractive index (RI) matching solutions 

alone, for example, by using TDE (209), SeeDB (210) or OPTIClear (211). In 

terms of cost-efficiency, most labs don’t have the specific electrophoresis-type 

equipment required for active ACT-CLARITY(161). Hence, generally, most 

researchers will tend to follow the PACT (Passive CLARITY Technique) (212) 

to replace the original one. Although PACT is much simpler, it is only suitable 

for small samples, or it will take a long time to clear the larger samples.  

 The principle of making tissue transparent 
The critical factor that makes tissue opaque is light scattering when the light 

hits an object (Figure 6.4.1-1). The light scattering is caused by the 

differences in the refractory indices (RI) of the different components, for 

example this is 1.33 for water, 1.42-1.45 for lipids, and 1.40-1.50 for proteins. 

Two factors need to be overcome to prevent light scattering. The first is to 

remove the lipid components, which is the main photo-barrier, and second, is 

to make RI homogeneous throughout the whole tissue. Most of the available 

techniques target both, while a few only focus on matching its RI to become 

same as the mounting medium and make the tissue transparent.   
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Figure 6.4.1-1 Reducing light scattering achieves tissue transparency. 

 

 

All the clearing techniques can be classified into four groups:(1) Solvent-

Based Clearing, (2) Aqueous-Based Clearing (Hyperhydration group), (3) 

Simple Immersion, and (4) Hydrogel Embedding (206). They are discussed 

below.  
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 Group 1. Solvent-Based Clearing 
Solvent-based clearing methods are composed of two steps: the first uses a 

reagent for strong dehydration and lipid removal, such as methanol with or 

without hexane, tetrahydrofuran (THF), and TBA (tert-Butyl alcohol). The 

second part is additional lipid clearing and refractive index matching to the 

dehydrated tissue, which has a higher RI >1.5 (greater than water or lipids) 
(Figure 6.4.1-2). Hence, to make tissue transparent, it is necessary to follow 

with a second set of reagents which have higher RI, for example, the methyl 

salicylate, BABB (benzyl alcohol/ benzyl benzoate), dichloromethane, DBE 

(dibenzyl ether), and ECi. 

 
Figure 6.4.1-2 The principals of solvent-based clearing methods. (1) 

strong dehydration with lipid removal and (2) additional lipid clearing with 

refractive index matching.  

 
Figure 6.4.1-3 The progress and improvement of solvent-based clearing 
methods. BABB: benzyl alcohol/ benzyl benzoate, THF: tetrahydrofuran, 

DBE: dibenzyl ether, TBA: tert-Butyl alcohol. 
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In the early 19th century, this clearing technique was first used by a German 

scientist (213), who used the combination of benzyl 

benzoate/methylsalicylate. A century later, Hans Ulrich Dodt’s group made 

several modifications and first introduced the comprehensive solvent-based 

clearing technique, BABB (214). This method can be applied to diverse types 

of tissue. 

Although tissue transparency is achieved, the immunofluorescent signal can 

only be maintained for a few hours. Therefore, Hans Ulrich Dodt’s group 

searched for a better solvent to replace the original one. In 2012, they found 

that the combination of THF(tetrahydrofuran) and DBE (dibenzyl ether) (215) 

maintained the fluorescence signals better. The new combinations resulted in 

a new clearing technique, termed 3DISCO (3-dimensional imaging of solvent-

cleared organs). It was a crucial invention because most of the more recently 

developed methods are based on this work, such as iDISCO (216), 

uDISCO(205)], and most recently, FDISCO(217). In 2014, Nicolas Renier 

demonstrated much immunolabelling works on 3DISCO samples and termed 

it as iDISCO (216) and +iDISCO(218). The difference between iDISCO and 

3DISCO, was that the iDISCO optimised the pre-sample treatment and 

increased the permeability to benefit the later immunolabelling. 

Although 3DISCO helps to improve the time that immunofluorescence persists 

from a few hours to a few days, it is still not long enough compared to the 

CLARITY method, which keeps the signal for months. A few years later, Dr Ali 

Ertürk found that TBA (tert-Butyl alcohol) performs better than tetrahydrofuran 

(THF) and published uDISCO (ultimate 3-dimensional imaging of solvent-

cleared organs ultimate) (205), which hugely improved the problem of signal 

quenching and could maintain signal for up to a few months. Safety issues 

regarding the toxicity of these solvents was also improved over time. The 

solvents mentioned previously are all highly toxic and need to be used with 

caution. To prevent this danger, one technique with good transparent results 

was described by using ECi to replace the BABB (219). In recent years, it 

became apparent that not only did the solvents quench the 

immunofluorescence, but also that it was affected by the working temperature 
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and the pH of the environment (220). In early 2019, Dr Zhu Dan’s team 

improved 3DISCO’s signal preservation by adjusting the working temperature 

to 4°C and pH 9.0 (217) and named it FDISCO. The figure below (Figure 

6.4.1-3) summarised the recent progress of the solvent-based clearing 

methods. Irrespective of the method used in this group, they all have a strong 

dehydration effect and can lead to tissue shrinkage. Although one could argue 

that the reduced tissue size could save time and work load at the image 

processing step, it is not desirable for accurate histological quantification, 

particularly for the plump and large cells, such as Balloon cells used in this 

project.  

 

 Group 2. Aqueous-Based Clearing 
Although the solvent-based clearing method make tissue transparency very 

efficient, their preservation of immunofluorescent signals was still 

unsatisfactory. To overcome this, aqueous-based techniques were 

introduced, which again include two parts: (1) removal of lipid followed by 

hydration and (2) passive immersion in a RI-matched solution (Figure 6.4.1-4).  

 

 
Figure 6.4.1-4 The principles of aqueous-based clearing, include two 

parts: (1) removal of lipid followed by hydration and (2) passive immersion in 

a RI-matched solution. 
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The first method in this group is scaleA2/U2 (221) from Atsushi Miyawaki’s 

group. Compared to the clearing method of that period, BABB, it resolved the 

issue of immunofluorescence quenching and signals could be maintained for 

a few days. However, there are several drawbacks in this method, including 

the slow clearance, tissue volume enlargement and tissue fragility. A few years 

later, the same group improved it with ScaleS(222). This used a higher RI 

reagent, D(-)-sorbitol, to replace the glycerol and prevent tissue swelling and 

further maintain the fluorescent signals. Around a similar time, Dr Hiroki R. 

Ueda’s group published another new method, called CUBIC (clear, 

unobstructed brain imaging cocktails and computational analysis) (223). They 

undertook a massive screen of different aqueous cleaning solutions, including 

a polyhydric alcohol group, a detergent group, and a urea-like solution group. 

They settled on two final combinations, CUBIC-1 and CUBIC-2, for lipid 

removal and RI adjustment respectively. The degree of transparency from this 

method is superb, and it is also preserves immunofluorescent signals very 

well. Furthermore, Dr Hiroki R. Ueda’s group also noticed that CUBIC reagents 

could break down the red blood cells significantly and can be successfully 

used for whole-body clearing of the mice (208).  
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 Group 3. Simple Immersion 
Recently, many more researchers are using the method of passive immersion 

of samples to achieve tissue clearing because it is effective and simple (Figure 

6.4.1-5). These RI matching reagents include FocusClear(224), TDE(209), 

Sucrose(225), ClearTa(226), ClearT2a(226), SeeDB(210), FRUITa(227), 

SeeDB2(228), DMSO/D-sorbitol, and RTF(229). The key advantages of using 

the simple RI matching methods are that they are easy to perform, and they 

maintain the structural integrity and fluorescence of the sample. However, 

these techniques do not remove the lipids. Therefore it is hard to achieve 

completely transparent tissue. Therefore, they can only be applied to tiny 

samples or to less mature tissue, such as embryos. 

 

 
Figure 6.4.1-5 The principal of simple immersion method. The simple 

immersion method makes tissue transparent through adjusting the RI alone. 

It is hard to make tissue completely transparent using this method, 

particularly for large samples. 
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 Group 4. Hydrogel embedding 
CLARITY (clear Lipid-exchanged acrylamide-hybridised rigid 

imaging/immunostaining/in situ hybridisation-compatible tissue-hydrogel) is a 

different technique from the previous ones. Samples are firstly immersed in a 

hydrogel monomer for a few days and then hydrogel crosslinking is induced 

by increasing the temperature to 37°C. The hydrogel monomer is composed 

of a final concentration of 4% acrylamide, 0.05% bisacrylamide, 0.25% VA-

044 Initiator, 4% paraformaldehyde (PFA) in PBS(1X). The hydrogel monomer 

is a temperature-sensitive reagent and will form crosslinks at the higher 

temperature (37 °C). Once the hydrogel has polymerised, the samples are 

protected and can proceed to be processed for lipid removal without displacing 

the proteins. Next, sodium dodecyl sulfate (SDS) clearing solution (4% SDS 

in 200mM boric acid solution) is used to remove the lipid passively or actively 

via electrophoresis. Then, immunolabelling with a cocktail of primary and 

secondary antibodies is performed and placed in a RI matching solution for 

further clearing. The RI matching solution used can be the same as the 

reagents used in the simple immersion technique (Figure 6.4.1-6).  

 

 
Figure 6.4.1-6 Illustration of how the hydrogel embedding method 
makes tissue transparent. The sample is embedded in hydrogel and then 

polymerised at 37oC.  SDS detergent removes the lipids, and finally, the RI is 

adjusted. 
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One year later, PACT (passive clear lipid exchanged acrylamide-hybridised 

rigid imaging/immunostaining/in situ hybridisation-compatible tissue-hydrogel) 

was described (212). It is a modified version of CLARITY, separating the tissue 

fixation and hydrogel infusion steps. By doing this, the tissue is fixed (4%PFA) 

and then, move to the hydrogel monomer for longer infiltration. If the tissue is 

put in a mixed fixative reagent with hydrogel monomer, the tissue might 

become over-fixed if one needs a longer incubation of the hydrogel monomers 

to obtain full penetration of them. From the same paper (212), it also 

suggested that removing the 0.05% bisacrylamide from the hydrogel monomer 

solution led to the less cross-linkage formation. All the benefits mentioned 

above will result in a more porous gel and make lipid extraction easier. In the 

immunolabelling step, less cross-linking could also increase the efficiency of 

antibody diffusion. 

CLARITY/PACT offers the perfect 3D visualisation of macromolecules in intact 

tissue. However, the entire process is relatively long (several weeks) 

compared to the other clearing methods. Recently researchers are trying to 

improve two aspects of this technique, one is shortening the clearing time, and 

the other is improving antibody diffusion. To overcome the timing aspect, 

active clarity technique (ACT) was introduced (230). Through the optimised  

electrophoretic tissue clearing (ETC) system, it makes the tissue transparent 

in 6 hours, compared to 3-7 days when done passively. To improve antibody 

diffusion, SWITCH (system-wide control of interaction time and kinetics of 

chemicals) (231) provides excellent staining and prevents the uneven staining 

that occurs with PACT. However, the glutaraldehyde used in the SWITCH is a 

strong fixative that could inactivate epitopes and might restrict the range of 

antibodies. 

A recent advance in the CLARITY technique is the EDC-CLARITY (1-ethyl-3-

3-dimethyl-aminopropyl carbodiimide-CLARITY) (232) which helps to capture 

RNA by forming cross-links in the hydrogel polymer. It could help to report the 

signals of coding and non-coding RNAs to provide us with additional 

information alongside protein expression. However, this technique is complex 

and needs improvement for easy use. 
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 Summary – chosen clearing technique in the current project 
After reviewing all kinds of clearing techniques, I knew the solvent-based 

methods could provide good transparency and sophisticated immunolabelling 

capability, but the preservation of immunofluorescent signals was suboptimal. 

In the simple immersion techniques, they work well in small samples, but it is 

hard to make mature tissue transparent. Hence, I excluded this category. The 

aqueous-based clearing method could provide me with perfect results in both 

transparency and signal preservation. However, the sample tends to become 

swollen and fragile. The final category, hydrogel embedding techniques could 

provide me with excellent tissue transparency and immunofluorescence 

preservation. The only downside from these techniques is that the method is 

time-consuming. Recently, Dr Dan Zhu’s group demonstrated the way to pick 

the right clearing method for a specific project according to tissue size and age 

(207). I followed the same process while removing the older techniques and 

came out of the new flow chart, as shown in (Figure 6.4.1-7). When following 

this chart, I ended with the green square (Figure 6.4.1-7). The methods that 

this chart suggested included iDISOC, FDISCO, CUBIC, and PACT. Due to 

brain tissue slices being lipid-rich and relatively fragile, it would be best to have 

proper protection (hydrogel) and good lipid removal. Therefore, I finally picked 

PACT for the current project and accepted its downside – time-consumption. 

 
Figure 6.4.1-7 Flow chart for choosing the tissue-clearing technique 

based on the size and maturation of the tissue samples (adapted from Dr 

Tingting Yu (207)). 
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 3D image interpretation prevents potential sampling bias 

When using 2D sections for biomarker interpretation, some bias might have 

occurred when their distribution is not even across the whole sample, such as 

the Organotypic Brain Slice Culture (OBSC). From above demonstration, we 

knew that the Ki67 labelling varies by depth, there were a number of possible 

explanations (e.g. (1) antibody penetration and (2) variation is cell division with 

depth due to oxygen/nutrient diffusion). Explanation (1) would imply that more 

optimisation was needed. However, Ki67 is one of the robust markers in the 

CLARITY experiments (from experience), which had excellent penetration. For 

(2), this could be resolved by looking through the whole tissue by using 3D 

visualisation techniques. Because in the 3D investigations, all the levels had 

been taken into account, the variance in level will be controlled for and the 

overall quantification would better represent the sample’s status (in this case 

Ki67 labelling). 
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 Limitations of this technique 

The CLARITY technique did provide us with a very good chance to realise the 

cellular heterogeneity and re-understand the tissue and cellular architecture. 

However, there were several drawbacks when using it, such as the (1) 

efficiency of antibody penetration and (2) time-consumption. The 

immunolabelling of whole-mount tissues is always a challenge. When doing 

immunolabelling, I can only rely on their diffusion capability. However, the 

diffusion method will result in higher immuno-labelling in the periphery and less 

in the deepest part of the tissue. It results in the immunofluorescent signal 

distribution being uneven across the tissue. These features seem to be 

especially severe when labelling cytoskeleton proteins, such as GFAP (Figure 

6.3.3-1& Figure 6.3.3-2) and, occasionally vimentin (Figure 6.3.3-3). Another 

issue that will affect the efficiency of antibody diffusion is tissue type, species 

(mice vs human), or location (grey vs white matter). I found that antibody 

penetration was a great problem in the white matter than in the cortex (Figure 

6.3.3-1 & Figure 6.3.3-2). For the species difference, I noticed that the 

antibodies diffused better in the mouse brain than in the human brain, most 

likely because of the lower myelin content of the murine samples. Recently, 

there were several methods to improve the efficiency of antibody diffusion as 

I mentioned previously, (1) separating the fixation and hydrogel monomer 

infiltration steps to decrease cross-linkage, (2) remove bis-acrylamide to form 

less cross-linkage hydrogel, and (3) increasing the hydrostatic pressure during 

the staining steps. Apart from the antibody diffusion issue, several minor 

drawbacks included the time consumption and the huge consumption of 

antibodies. If these limitations could be overcome, 3D image interpretation 

could become more powerful for discovering and understanding the disease.  
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Chapter 7 Determining the 3-dimensional 
morphology of cell types in FCDII 

I applied the optimised CLARITY technique to discover the 3D architecture 

and structure in FCDII/TS, paying particular attention to the large cells, 

including those described in the literature as Balloon cells (BC) and 

Dysmorphic neurons (DN). Currently, there is no known study describing the 

3D structure of these cells that are the principal diagnostic feature of FCDII/TS. 

We hypothesised that a better understanding of the cell structure and 

morphology in 3-dimensional space would contribute towards the aetiology of 

FCD as well as providing a better appreciation of the cellular heterogeneity 

within this disease. Hence, I applied the 3D visualisation technique to TSC 

cases in order to more fully discover cell morphologies. Furthermore, in 

previous chapters, I have shown that complex cellular heterogeneity exists in 

focal cortical dysplasia / cortical tuber. In this section, I applied CLARITY to 

visualise the cellular heterogeneity of the small glial cells, the CHI3L1 (+) and 

the CCL2 (+) cells. 

 Cells defined by lineage and disease-specific markers  

Balloon cells are recognised as a heterogeneous cell population, (Section 

1.5.1). Before presenting data that reconstructs the 3D structures for specific 

cell types, it is necessary to clarify and define these cells based on their 

expression phenotypes.   

 Large β1(+)/vim(+) cells 

A population of BC can be defined by large cell morphology (>30 µm) which 

co-expresses β1-integrin and vimentin (27). From now on, these cells will be 

referred to as “large β1(+)/vim (+)”. However, when searching for balloon cells 

which are characteristic of FCD pathology, β1-integrin expression showed 

variable expression in large cells, which would otherwise match the description 

of balloon cells (i.e. are >30um and Vim+ve) (Figure 7.1.1-1). This was 
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recognised in the original description of Yasin et al. (27) but suggested that 

there is more heterogeneity in the types of large cells present in FCD than 

previously accounted for.  

 

Figure 7.1.1-1 Identification of large cells with heterogeneous 
expression of β-integrin, that are morphologically similar to balloon 
cells. By morphology, there are many large cells identifiable in the top 

image. Some of them expressed β-integrin (arrowhead), while others did not 

(asterisk). The scale bar is 30 μm in length. 
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 Large vim(+)/NF(-) cells and Large vim(+)/NF(+) cells 

A subpopulation of Balloon cells has also been defined by co-expression of 

vimentin and neurofilament (67, 70). As previously described (Table 1.4.2-1), 

10.2-29.8% of balloon cells have been suggested to express neurofilament, 

while others remained negative (67, 70). This indicates that there are 

subpopulations of BCs, which can be divided into large vim(+)/NF(-) cells, and 

large vim(+)/NF(+) cells.  

To further investigate the expression profiles of large cells in FCD, I double-

labelled 6 cortical tuber cases with vimentin and NF. All the large cells in these 

samples were selected based on their size (>30 μm) and positive staining for 

vimentin (vim(+)). A total of 346 large cells identified based on these criteria. 

The majority of them only expressed vimentin, and will be referred to as large 

vim(+)/NF(-) cells. A small portion of these large cells expressed both vimentin 

and NF (Table 7.1.2-1), and will be termed large vim(+)/NF(+) cells. The large 

vim(+)/NF(+) cells were identified in 5 out of 6 cases. The proportion of large 

vim(+) cells that also express neurofilament (i.e. vim(+)/NF(+) cells) varied 

between cases, and was estimated to represent 0% to 34.18% 

(Mean=8.59±5.2%, mean ± S.E.) of the large vimentin-positive cell population.  

The immunofluorescence figure below attempts to summarise these cells’ 

distribution (Figure 7.1.2-1). From the image (Figure 7.1.2-2), 4 large 

vim(+)/NF(+) cells are identifiable versus 15 large vim(+)/NF(-) cells. Images 

of both cell types at higher magnification are also shown in (Figure 7.1.2-2). 
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Large cell, 

vim(+)/NF(-) 
Large cell, 

vim(+)/NF(+) 
Total % of Large cell, 

vim(+)/NF(+) 
Case_1 61 1 62 1.61 
Case_2 69 0 69 0.00 
Case_3 70 4 74 5.41 
Case_4 43 2 45 4.44 
Case_5 16 1 17 5.88 
Case_6 52 27 79 34.18 

Total 311 35 346 Mean = 8.59, 
S.E= 5.20 

Table 7.1.2-1 The rate of large cells (>30µm) co-expressing vimentin (vim) 
and neurofilament (NF). A total of 6 cortical tuber cases were investigated by 

double immuno-labelling with vimentin and NF. There were 346 large, vim+ 

cells identified. The mean percentage of large cells that co-expressed vimentin 

and NF was 8.59±5.2% (mean ± S.E.), however on a cases by cases basis 

the rate observed was variable, ranging between 0 to 34.18% of large vim+ 

cells. 

 
Figure 7.1.2-1 Identifying large vim+/NF+ cells at low magnification, 
example case (case_6).  There were 19 large vims (+) cells identified in 

total, and 4 of them co-expressed with NF (Yellow square). The scale bar is 

30 μm in length. 
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Figure 7.1.2-2 Example of large vim(+)/NF(-) and vim(+)/NF(+) cells at 
high magnification (Case_6). A large cell vim(+)/NF(+) is identifiable in the 
right upper corner of the image, while two large vim(+)/NF(-) cells are 
highlighted by the arrows. The scale bar is 30 μm in length. 

 Large vim(-)/NF(+) cells 

A third large cell population was identified in the sections stained with both 

vimentin and NF. Similar to the large cell population described above, their 

size was larger than 30 μm, but only expressed neurofilament without 

vimentin. This group of cells will be referred to as large vim(-)/NF(+) cells 

(Figure 7.1.3-1). Apart from the large cell types, there were also 2 small glial 

cells I had discussed previously, included CHI3L1 (+) and the CCL2 (+) cells, 

which will be discussed later (see below in Section 7.5).  

 
Figure 7.1.3-1 Identification of 3 large cells types following combined 
immunofluorescence with vimentin and NF staining (Case_1 TSC). 
There was the third large cell type expressed NF only (arrowhead), termed 
as large vim(-)/NF(+). The other two types; one was indicated by the 
arrowhead, large vim(+)/NF(-) and the other showed in the middle, large 
vim(+)/NF(+). The scale bar is 30 μm. 
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 3D morphology of large cells and small glial cells. 

 Determining the 3D structure of large β1(+)/vim(+) cells 

Balloon cells were named after their round and smooth border seen in 2D 

sections stained by H&E, DAB or IF. However, on closer inspection, I was 

occasionally able to identify some angulation or processes coming out from 

the balloon cells which are β1(+)/vim(+) (Figure 7.2.1-1). I hypothesised that 

the true architecture of Balloon cells might have been underestimated due to 

the limitation of the previous 2D analysis. Therefore, using CLARITY I further 

investigated the large β1(+)/vim(+) cells, which were described in the section 

above (Section 7.1). The figure below (Figure 7.2.1-2), demonstrates one of 

the large β1(+)/vim(+) cells at high magnification, in total I imaged 20 of these 

large β1(+)/vim(+) cells originating from 2 cases of the cortical tuber. A 

summary of the images taken of these cells is found in the subsequent figure 

below (Figure 7.2.1-3).  

  
Figure 7.2.1-1 Angulation or process-like projections identified on H&E 
originating from balloon cells. When reviewing the FCDIIb/TS, the 

angulation or process-like projections could be occasionally noticed. 

(Asterisks indicate DNs, while arrowheads highlight the process-like 

projection from the BCs). The scale bar is 70 μm in length. 
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Figure 7.2.1-2 3D image reconstruction of large β1(+)/vim(+) cells. (A-B) 
Cells were selected by size (> 30um) and co-expression of both β-integrin 

and vimentin (used as balloon cell markers). (C) Image reconstruction using 

software Imiris v8. (D) Visualisation of the artificial surface area of balloon 

cell structure, based on its vimentin immunofluorescence. A single process is 

clearly visible. The scale bar is 50 μm in length. 
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After image reconstruction of the selected cells, their corresponding 2D 

images (Figure 7.2.1-3) and 3D artificial images (Figure 7.2.1-4) were ordered 

according to their cell size and the number of processes. From the 2D images, 

the balloon cells demonstrated a wide range of morphological differences. 

Only the first two cells (Figure 7.2.1-3, A & B) have a smooth cell membrane 

without any projections, which was the most common morphology I saw in the 

H&E section. The others revealed a rough cell boundary. Some of them even 

contained more than 2 projections (Figure 7.2.1-3, I to J). In the 3D artificial 

images, the morphology of these cells became much clearer, and the cell 

processes became more apparent compared with the 2D imaging (Figure 

7.2.1-4, F). The first two balloon cells showed a smooth border and no 

process, which are the traditional concept of balloon cells. The others showed 

a rough edge with or without the projection. Some of them revealed one long 

process (Figure 7.2.1-4, F), while some of them contained more than 2 

projections (Figure 7.2.1-4, I to J). These findings indicate that large 

β1(+)/vim(+) cells are truly heterogeneous in terms of diverse cell 

morphologies, including size, cell membrane surface structure and number of 

processes. 
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 Figure 7.2.1-3 A summary of the single confocal section of the large 
β1(+)/vim(+) cells. From these representative 12 cells, the 2nd and 4th rows 

show the β-integrin expression for the corresponding cell positioned above 

(labelled A to J). From these cells, the first two cells (A) & (B) showed the 

smooth border without any projection, while others demonstrated rough 

borders (C-J). Some of them even contained more than 2 processes (H-J). 

(Red showed vimentin and green was β1-integrin. The scale bar is 50 μm  in 

length. 
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Figure 7.2.1-4 Summary of the morphological variance of the large 
β1(+)/vim(+) cell by using the 3D artificial reconstruction.  In these 3D 

artificial images constructed from vimentin immunofluorescence, the first two 

balloon cell showed smooth border without process. The others showed the 

rough borders, sometimes with one projection (F) or multiple (I to J). The 

scale bar is 50 μm  in length. 
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 Study of large cell-cell relationships in 3D  

While reviewing the FCD IIb histology, large cells were commonly identified to 

cluster together by H&E section (Figure 7.2.2-1). I hypothesised that the large-

cell clusters could be comprised of different subpopulations of large cells. In 

other words, the clusters could be composed of either 2 large vim(+)/NF(+) 

cells, 2 large vim(+)/NF(-) cells (Figure 7.2.2-2, white circle) or composed of 1 

large vim(+)/NF(-) cells and 1 large vim(+)/NF(+) cell (Figure 7.2.2-2, yellow 

square). If the clusters were composed of the same subpopulations (same 

immunofluorescent colour), then it would be difficult to separate the cell types 

by using 3D imaging. On the contrary, if they were composed of different 

subpopulations (different immunofluorescent colour), then they could be easily 

separated by 3D imaging. 

To further look at how these cells clustered together I used CLARITY. 

Following 3 CLARITY experiment repeated for 2 cases, only 2 cell clusters 

were finally identified, as these clusters were difficult to identify with certainty 

in these preparations. Vimentin and neurofilament staining revealed that the 

clusters were either both large vim(+)/NF(-) cells, or both large vim(+)/NF(+) 

cells, or a mix of one large vim(+)/NF(-) cell and one large vim(+)/NF(+) cell. 

No cluster was identified containing only large vim(+)/NF(+) cells, but this 

cannot be fully excluded based on small sampling size. Once identified, the 

large cells’ proximity and interactions were visualised in 3D (Figure 7.2.2-3). 
In the reconstructed images, these cells were very close to each other and 

both had projections, which looked like wrapped around each other. To our 

knowledge this is the first time these large cell clusters have been described 

in the 3D. 
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Figure 7.2.2-1The common location of cluster cells in a cortical tuber 
case. I have discussed the dysmorphic neurons and Balloon cells in the 

previous chapter. The cluster cells are often found in the junctional region 

(red arrow) in close proximity to the region where balloon cells are situated. 

 

 
Figure 7.2.2-2 Composition of cell clusters. From the two cell clusters that 

were identifiable through CLARITY, one of them was composed by 2 large 

vim(+)/NF(-) cells (circle), while the other was composed of a mix of a large 

vim(+)/NF(-) and vim(+)/NF(+) cell. The scale bar is 30 μm in length. 
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Figure 7.2.2-3 Cellular heterogeneity and 3D shape of cluster cells. 

There are two clusters here, and each of them contains two large cells. 

Large vim(+)/NF(-) cell are labelled ①, while indicated the large 

vim(+)/NF(+) cells are labelled ②. 
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 Determining the 3D structure of large vim(-)/NF(+) cells  

After studying the large vim(+) cells, then, I continued to investigate the 3D 

morphology of the large vim(-)/NF(+) cells. These cells were selected based 

on the previously described definition and are likely to represent those usually 

referred to as dysmorphic neurons (DNs) in the literature. A total of 7 large 

vim(-)/NF(+) cells were analysed from 2 separate TSC cases. Their 

representative images are shown below (Figure 7.2.3-1). Imaging of large 

vim(-)/NF(+) cells suggests that many of these large cells (>30 μm) have a 

relatively rounded cell body. After 3D reconstruction, many dendrites could be 

identified originating from the large vim(-)/NF(+) rounded cell bodies. 

However, there was no clear orientation to the cortical anatomy/lamination.  

FCDIIb/TS is a disease associated with mTOR hyperactivation. Hence, I 

applied an anti-pS6 antibody (a mTOR downstream marker) combined with 

vimentin and NF staining, to determine if mTOR pathway might be upregulated 

specifically in the large vim(-)/NF(+) expressing cells via CLARITY. Imaging 

revealed that the large vim(-)/NF(+) cells expressed strong pS6 compared to 

the surrounding small vimentin-positive cells and vessels (Figure 7.2.3-2). 
After 3D reconstruction, large vim(-)/NF(+) cells expressing pS6 were found to 

be elongated and pyramidal in shape, with many dendrites and one long axon 

(Figure 7.2.3-2). The pS6 protein expression was cytoplasmic and mostly 

found located around to the large cell nuclei (Figure 7.2.3-3). 
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Figure 7.2.3-1 3D reconstruction of the large vim(-)/NF(+) cell structure. 
(A) At low magnification, several large and round cells can be found to 

express NF (white) but not vimentin (green). (B) At higher magnification, the 

large vim (-)/NF(+) cells had no obvious projections or orientation 

(arrowhead). (C-F) Representative 3D images of 4 different large vim(-

)/NF(+) cell. These cells all showed huge rounded cell bodies with many 

dendrite-like processes.  
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Figure 7.2.3-2 The large vim(-)/NF(+) expressed strong pS6. Left picture 

shows the cortex of a TSC case stained with vimentin (green), pS6 (red), and 

NF (white). The titles on the right represent example cells and their staining 

pattern for vim, pS6 and NF, from left to right: example large vim(-)/NF(+) 

cell, surrounding vim(+) cell, and vessels. Only the large vim(-)/NF(+) 

strongly expressed pS6. The scale bar indicated 30 μm in length. 

 
Figure 7.2.3-3 Reconstruction the 3D large of the large vim(-)/NF(+) 
cells. After 3D artificial reconstruction (Imiris 8) , the large vim(-)/NF(+) cells 

revealed a pyramidal shape with many dendrites and one long axon. The 

pS6 protein was found located next to the nuclear region.  The scale bar 

indicated (A) 500 μm, (B) 150 μm, and (C) 30 μm. 
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 Exploring the 3D structure of CHI3L1 and CCL2 positive cells  

I performed CLARITY on 3 fresh TS surgical samples and used the antibody 

combination of CCL2/CHI3L1/VIM (biological source: mouse/rabbit/chick, the 

details are found in (Table 2.3.3-2). The results identified the large cells (>30 

μm, vim +ve) and small CCL2, and CHI3L1 positive cells (Figure 7.2.4-1 & 
Figure 7.2.4-2). The small cells were spread around the vimentin positive cells, 

but without direct contact. However, I wondered if other antibody combinations 

could improve the detection and imaging quality, because different antibodies 

might have different efficacy and limitation, such as the examples addressed 

in the (Section 6.3.3). Hence, I prepared an alternative antibody combination 

using CCL2/CHI3L1/VIM (biological source: mouse/rabbit/chick and re-tested 

the samples (n=3). The results showed much improved staining than the 

previous result. These results showed the large cells (>30 μm) highlighted by 

vimentin expression, were shown to have a relatively smooth border with few 

processes (Figure 7.2.4-2). These smooth large cells reminded me of the 

current description of balloon cells, based on their cell size (>30 μm), 

morphology (few or no processes, and unlike reactive astrocytes that contain 

numerous process), and vimentin positive (a key BCs marker). Two other cell 

types were recognised: those that were CCL2 positive cells and CHI3L1 

positive cells. The number of the CHI3L1+ cells were numerous and spread 

around the balloon cells. The CCL2+ cells inter-mixed within balloon cells and 

CHI3L1+ cells. As discussed before, the CHI3L1+ cells might play a role for 

repairing or inflammatory regulation, while the CCL2+ cells mainly played a 

role in tissue inflammation (Section 4.3.4). By recognising these cell 

distributions, I hypothesise that the balloon cells might also play a role in 

regulating the inflammatory response. However, more studies are needed to 

investigate this.  

  



325 
 

 
Figure 7.2.4-1 Visualising the cellular heterogeneity by CLARITY and 3D 
reconstruction. The large cells (>30 μm, vimentin+ve, grey colour), CCL2 

(red), and CHI3L1 positive cells (green) could also be identified in the 

combination by using the different antibodies combination. The scale bar 

indicates 50 μm. 

 
Figure 7.2.4-2 Using 3D visualisation to explore the cellular 
heterogeneity. The left picture is an example 3D image taken with confocal 

imaging following CLARITY and clearly highlights the overall cellular 

heterogeneity in the sample. By inferring the artificial surface (Imiris v8.0), a 

better understanding of the cell size and shape can be achieved (right). 

CLARITY method was applied to fresh surgical tissue (n=3), and from these 

samples different cell population were identified in 3D: CHI3L1 (+) (green), 

CCL2 (+) cells (red), and Vim (+) giant cells (grey). The scale bar indicates 

100 μm. 
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 Discussion  

Until applying the 3D imaging technique to the developmental cortical lesion, 

such as FCDIIb/TS, I could only obtain segmented information from 2D 

sections for interpretation. Therefore, initially some important information 

would have otherwise have been missed. This includes data presented in this 

chapter, highlighting (1) that large cells (likely to be balloon cells) can have 

processes, (2) large cells can form heterogeneous clusters, and (3) the overall 

landscape of the cellular heterogeneity. Based on this data, I would suggest 

that the dichotomy between BC and DN is probably too simplistic. From my 

work, I have found that there was much more cellular complexity than first 

imagined. I summarise my findings below as follows. 

 Variability of large β1(+)/vim(+) cells’ morphology  

The BCs are easy identified by H&E sections by finding large and round cells 

with opalescent glassy eosinophilic cytoplasm, lacking Nissl substance. 

However, this method is limited for understand FCDIIb/TS for several reasons. 

Firstly, it is hard to investigate the BCs heterogeneity because, at this level, all 

the BCs are pink and without notable differences. Secondly, the 2D 

investigation is limited, and the whole structure or linear processes might be 

missed, which is avoided by using a 3D technique. From the previous 

demonstration (Figure 7.1.1-1), I was able to see that there were β1-integrin 

positive and negative BC, which confirms (27) and that is the first level of 

heterogeneity. Through investigating the 3D structure of a subpopulation of 

the BCs, termed large β1(+)/vim(+) cells, I found their shapes were variable, 

further suggestive of heterogeneity among them. To be specific, for some of 

them, their architecture was round and smooth as per the traditional 

description (233), but in addition I found cells with one or multiple processes, 

contrary to the original concepts (Figure 7.2.1-4). These processes might 

explain why we can see some angulation and projection-like structure in the 

H&E section (Figure 7.2.1-1). 
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Undeniably, there is an argument that some of the large β1(+)/vim(+) cells 

more closely resemble huge reactive astrocytes rather than balloon cells 

(Figure 7.2.1-4, I to J). However, as there are no good biomarkers to 

accurately define the BC population, it currently makes it hard to have a clear 

definition. In the classification paper (25), vimentin or Nestin were suggested 

for highlighting the BCs. However, both markers are unspecific, and many 

other cells can have this staining, such as reactive astrocytes. β1-integrin has 

also been suggested as a balloon cell marker (27), but it only highlights a 

subset of large cells or BCs (Figure 7.1.1-1). Other than vimentin, Nestin, and 

β-integrin, researchers have identified many markers against balloon cells, 

including stem cell markers (CD34, CD133, GFAPδ, DCX, Pax6, DCL, 

Musashi-1, SOX-2), neuronal markers (MAP1B, TUJ-1, NF-H, NF-M, SMI 331, 

Synaptophysin, MAP2, NeuN), and glial marker (GFAP) (described in more 

detail in Section 1.4.1 to Section 1.4.3). However, there is huge heterogeneity 

in their phenotypic expression and no clear conclusion that suggests that it 

could properly help characterise balloon cells. 

From our 3D investigation of large β1 (+)/vim(+) cells, the variability of the 

large β1(+)/vim(+) cells’ further supports the heterogeneity of BCs and begins 

to describe some of the many large cell types that are present. Going forward 

a better understanding of these large cells might be helpful for the treatment 

of FCDIIb/TS in the future. This data that suggest that to talk of balloon cells 

as a single cell type may not be informative. 
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 Reconstruction of the clustered large vim(+)/NF(-) vim(+)/NF(+) 
cells 

Another interesting finding is the identification and study of the 3D structure of 

large cluster cells, which are a mix of with large vim(+)/NF(-) and large 

vim(+)/NF(+) cells. The cluster cells tended to locate in the subcortical white 

matter. Using immunohistochemistry (2D), I might be able to define both large 

vim(+)/NF(-) and large vim(+)/NF(+) cells. However, it was hard to understand 

how and what kind of interaction they might have. From the 3D evaluation, I 

found they were in very close proximity to each other, almost as if glued 

together, with many processes crossing-over and one cell seemed to embrace 

the other cell (Figure 7.2.2-3). The discovery of this cell-cell interaction 

suggests that they have a strong interaction, and that possibly one needs the 

other to develop. Without using 3D visualisation technique, it was extremely 

hard to identify their process and impossible to understand their tight cell-cell 

association. To further understand their function and interaction might also 

benefit the understanding of this disease.  

 Reconstruction of the large vim(-)/NF(+) cells 

Besides the BCs, and cluster large cells, I also reconstructed the large vim(-

)/NF(+) cells. In the traditional 2D view, it is easy to locate the DNs by 

identifying the disorientated large neurons (ranged from 15–28 μm) and peri-

nuclear Nissl. However, there are few studies addressing their morphology in 

details and the orientation of their dendrites and axon (233). By focusing on 

the large vim(-)/NF(+) cells, I found that some of them have a very round 

morphology, with no obvious axon projection, thus resembling the traditional 

description of BCs (Figure 7.2.3-1). This observation makes me wonder about 

the relationship between BCs and DNs. However, I only analysed seven 3D 

images of the large vim(-)/NF(+) cells, which is too few to make any solid 

conclusion at this point. Therefore, more work is still needed.  
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Chapter 8 Summary and Future work 

 Project summary 

According to the current literature, the difference between the BCs group (i.e. 

FCDIIb/TS) versus non-BCs group (i.e. FCDIIa) is mainly based on the 

presence of the BCs (Figure 8.1.1-1). However, this scheme might be too 

simplistic to fully understand the complexity of the disease and accurately 

model its pathogenesis. I have demonstrated that heterogeneity exists in 

FCDIIb/TS, particularly within the small glial cells. From the first part of my 

work (Section 3.1), I used an updated Ingenuity Pathway Analysis (Winter 

2018 Release version) to reanalyse the differentially expressed genes 

generated by a previous PhD student Dr Picker (157). Through this work, I 

was able to select the top 19 up-regulated secretory molecules expressed in 

the BCs group (6 of them have been previously studied by PhD student Dr 

Scerif (158). Therefore, I focussed my analysis on the remaining 14 secretory 

molecules.  

 
Figure 8.1.1-1 Illustration of the differences between the BCs and non-
BCs group according to the current literature. The difference between 

both groups is the presence of the balloon cells, while the dysmorphic 

neurons could be identified in both.  
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In the second part of my work (Chapter 3, Figure 8.1.1-1), I carefully selected 

the best performing antibodies (CiteAb, https://www.citeab.com/) against the 

14 upregulated secreted molecules. I then validated their expression at a 

protein level in 24 clinical cases (all surgical cases: 10 FCDIIb, 4 FCDIIa, 5 

TS, and 5 neocortices from HS patients). Here I analysed if the protein 

expression fitted the RNA expression data and could better understand the 

cellular localisation of each marker. The results of the validated markers all 

showed that there was an change in protein expression in the BCs groups than 

the non-BCs group, which was consistent with the RNA expression data. Most 

of the markers were found to be expressed in many cells lineages, which made 

it difficult to focus on further areas for study. However, CCL2 and CHI3L1 were 

found to be expressed only in the small glial population and therefore made 

excellent candidates for further investigation. 

Hence, in the third part of my work (Chapter 4, Figure 8.1.1-2), I characterised 

CCL2 and CHI3L1 based on their corresponding cell morphology and protein 

expression. The majority of the CHI3L1 work was completed by Dr Scerif, and 

I carried on her study for further validating CHI3L1 expression. My work in this 

part mainly focused on characterising the CCL2 positive cell populations and 

the integration of both cell populations into the same sample/picture by using 

triple immuno-labelling. I have confirmed that CHI3L1 is expressed in the small 

glial cells and is increased in the BCs group. Then, I have characterised that 

the CCL2 positive population is located to the microglia. Finally, I have 

demonstrated that there is heterogeneity in the small glial cells by showing 

both cell groups in the same picture. A summary of how this changes the 

understanding of the pathology is shown in Figure 7.3.4-2. 
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Figure 8.1.1-2 Illustration of the cells identifiable in the BCs group. From 

work described in Chapter 3 & 4, the cellular diversity in the BCs groups was 

demonstrated, particularly the CHI3L1 (+) and CCL2 (+) small glia. 
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Next, to build a functional model to test this importance of these secretory 

molecules, I developed an organotypic brain slice culture model (Chapter 5, 
Figure 8.1.1-3). In this part, I successfully maintained the brain slices in vitro 

for several weeks, and the cell populations of interest could be identified in the 

tissue over time, namely the BCs, CHI3L1 (+) cells, and CCL2 (+) cells. I also 

optimised methods for organotypic brain slice culture and manipulated them 

by using the mTOR inhibitor, Everolimus. Treatment of pathological samples 

with Everolimus caused a decrease in CHI3L1 (+) and CCL2 (+) cells, which 

might be helpful for future therapeutic strategies. A summary of how this 

changes the understanding of the pathology is shown in Figure 7.3.4-3. 

 
Figure 8.1.1-3 The organotypic slide culture model can be manipulated 
by the mTOR inhibitor, Everolimus. Following treatment with Everolimus, 

the mTOR pathway was down-regulated, and a reduction in both CHI3L1 (+) 

and CCL2 (+) cell populations was observed. 

  



333 
 

Finally, I have developed the- 3D-visualization technique called CLARITY in 

our laboratory and have used this method to visualise further and develop our 

2D findings. In this work, I optimised the CLARITY protocol by using a double 

cover slips method to fit the slice culture samples. This novel method could 

improve the 3D image quality and prevent tissue distortion during the mounting 

process (Chapter 6). Through this technique, I have visualised three different 

populations: the CHI3L1(+), CCL2 (+), and Vimentin(+) large cells in a 3D 

architecture (Chapter 7). From this work, I also noticed the huge variability of 

the large β1(+)/vim(+) cells’ shapes  (Figure 8.1.1-4) and built the 3D structure 

of the large cluster cells, as well as the vim(-)/NF(+) 3D structures. Through 

understanding, the heterogeneity of the giant cells might help to clarify the 

definition of DNs and BCs. A summary of how this changes the understanding 

of the pathology is shown in Figure 7.3.4-4. 

 
Figure 8.1.1-4 Use of a 3D visualisation technique (CLARITY) to 
discover the heterogeneity of the giant cells. By reconstructing 3D 

morphologies of the large β1(+)/vim(+) cells, I found there is a large amount 

of variation in their appearance: some are round, and some contained one or 

multiple processes. 
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In conclusion, I have demonstrated the cellular diversity of small glial cells and 

the balloon cell heterogeneity in FCDIIb/TS. Understanding their existence 

might be critical to fully understand these developmental cortical lesions. 

 Future work 

From this project, I found there were several limitations caused by availability, 

quality and penetration ability of the antibodies. The use of single-cell analysis 

might be an excellent alternative method to understand the cellular 

heterogeneity of FCDII which would avoid these issues. One pioneer study 

has used this technology by separating NeuN+ and NeuN- cells for further 

investigation (43). Most of the NeuN+ cells were found to carry the mutation 

(including MTOR, AKT3, and PIK3CA), while only a proportion of the glial cells 

(NeuN- cells) contained it. From this demonstration, it might be interesting to 

separate cell groups by size and markers (e.g. CHI3L1, CCL2, EFEPM1, 

PLA2G2A) before performing transcriptome analysis to better understand their 

differences and heterogeneity. By analysing cell-specific transcriptomes this 

would also prevent the problems encountered in the antibodies section. 

Beside the transcriptome data from the single-cell sequencing techniques, the 

conventional 2D section and 3D imaging techniques could still apply to 

compose a better understanding from these different methodologies. 
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