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Thesis Summary
The dysfunction of MGE-derived interneurons has been linked to many
neuropsychiatric disorders. The MGE has been shown to be patterned by the WNT
and sonic (SHH) signalling pathways. Published protocols have attempted to replicate
in vitro the MGE environment, by WNT inhibition and SHH activation, in order to
generate MGE-like interneurons from hPSCs. However, in these protocols, very long
periods of maturation and cell transplantation are required in order to obtain a
substantial amount of MGE-like interneurons, especially those expressing
Parvalbumin (PV).
This thesis proposes a differentiation protocol for the production of MGE-like cells
exclusively in vitro. This protocol was established by determining the optimal
concentration of WNT and SHH. Single cell RNA expression analysis by FISH and single
cell qRT PCR revealed that the majority of differentiated neurons became
Somatostatin (SST) expressing INs and almost 10% of cells expressed PV. This was
greater than what other studies obtained exclusively in vitro after only 50 days of
neuronal differentiation. The cells produced were electro-physiologically functional
when co-cultured with rat astrocytes. Single cell RNA sequencing was utilised to
evaluate the efficiency of the protocol by comparing the expression profile of
progenitor cells to a published single cell data of an in vitro model of human
interneurons. Results indicated that the protocol produced a population of
progenitor cells which resembled those derived from the MGE. Interestingly, 10% of
progenitor cells started expressing PV. This early PV expression was also observed in
vivo in another published single cell data.
In conclusion, progenitors and mature interneurons which resemble those derived
from the MGE can be generated from hPSCs using the optimised neuronal
differentiation protocol presented in this thesis. This will be valuable for studying and
modelling neurodevelopment and neuropsychiatric disorders in which MGE derived
interneurons play an important role.
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1. General Introduction
There are two major classes of neurons; excitatory neurons which use the
neurotransmitter glutamate and inhibitory neurons which use the neurotransmitter
γ-aminobutyric acid (GABA). These two main categories of neurons constitute the
majority of neocortical circuitry.
Excitatory neurons originate from progenitors in the pallium (i.e. developing cerebral
cortex) and are termed “projection neurons” because they tend to possess long axonal
projections that extend beyond where their cell bodies are located, whereas inhibitory
neurons are derived from progenitors in the subpallium and tend to have shorter axonal
projections that extend more locally and are therefore termed “interneurons” (INs) (1).
Interestingly, when referring to INs in 1923, Santiago Ramón y Cajal said: “The functional
superiority of the human brain is intimately linked up with the prodigious abundance
and unaccustomed wealth of forms of so-called neurons with short axons”. Indeed, in
humans, INs are particularly numerous and diverse which highlights the complexity of
human neuronal circuits. INs can be typified by different features such as their
neurochemical and electrophysiological properties, as well as their expression of specific
markers such as transcription factors (TFs) and receptor subtypes. It is therefore not
surprising that there is more than one way to categorise INs (2).
The question of whether inhibitory INs establish a given fate at their place of origin or
during/after their migration within the cortex is still debatable, but it is undeniable that
inhibitory IN subtypes are highly influenced by their places of origin within the forebrain.
Indeed, the forebrain is patterned through the action of key morphogens which act
antagonistically to shape the cortex and ganglionic eminences (GEs). Some cortical INs
have been shown to originate from the human cortex itself (3, 4) but the number of
cortex originated INs is not substantial (5-7) and as will be explained later, their origin is
still debatable. Most cortical INs therefore do not originate from the pallium, but from
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the GE in the subpallium which can be divided into the medial ganglionic eminence
(MGE) located in the rostral-ventral region, the caudal ganglionic eminence (CGE)
situated more caudally and the lateral ganglionic eminence (LGE) located in the rostraldorsal subpallium (8). It is the MGE and CGE regions which generate at similar level most
of the inhibitory INs in humans, whereas they originate mainly from the MGE in mice (9).
Of the different types of INs generated, this thesis considers those derived from the MGE
as they have been implicated in various neurological disorders such as epilepsy and
neuropsychiatric disorders such as autism and schizophrenia (SZ) (10-14). The
dysfunction in MGE INs, especially in PV INs is particularly established in the
pathogenesis of SZ (15, 16).
SZ is a neurodevelopmental disorder that affects approximately 1% of the general
population (17) and its heritability is estimated at 80% (18). SZ is characterised by a broad
range of symptoms. There are positive symptoms including hallucinations and cognitive
symptoms such as working memory deficit and negative symptoms such as social
withdrawal (19). The neurodevelopmental hypothesis of SZ suggests that during the
prenatal or postnatal period, brain development is influenced by genetic and
environmental factors which could contribute to the disease later on in life, especially
during adolescence or early adulthood (20). The dopaminergic and glutamatergic
systems have been implicated in the biology of SZ. Indeed, current treatments act
mainly by blocking dopamine D2 receptors and N-methyl-D-aspartate receptor (NMDAR)
antagonists have been shown to produce schizophrenia-like symptoms in healthy
humans and animal models (21). There is currently no effective pharmacological
treatment for cognitive negative symptoms which are managed through a framework of
psychological and social measures. As a result, SZ is one of the most disabling
neuropsychiatric disorders, accounting for up to 50% of psychiatric hospital admissions,
25% of inpatient psychiatric beds. Over 50% of patients diagnosed with SZ have recurrent
symptoms potentially requiring repeated hospitalisation (23, 24). The fact that there is
still a large proportion of SZ patients who do not respond to treatment might be
explained by the heterogeneous gene population which has been implicated in SZ.
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Indeed, these genes which play a role in neurodevelopment, synaptic signalling, voltage
gated calcium channels, neuroimmunology and histone methylation have been
identified by genome wide association studies (GWAS) through the identification of
single nucleotide polymorphisms (SNPs) at 145 distinct genetic loci (25, 26).
Interestingly, GWAS have been shown to consistently map onto specific brain cell types
such as MGE derived INs (27), and therefore these cells could be used to model
neuropsychiatric disorders such as SZ as will be seen in section 1.3.3.
However, prior to discussing their role in disease, potential therapeutic strategies using
cells derived from the MGE and the progress that has been made to generate these cells
in vitro, the first part of this chapter will consider from where they originate and which
intrinsic and extrinsic factors are needed to establish their specific properties.

1.1 Forebrain and ganglionic eminence development
1.1.1 Origin of brain development
During gastrulation, the embryo forms three germ layers named the endoderm,
mesoderm and ectoderm. The endoderm is the inner layer and forms the
gastrointestinal and respiratory tracts. The mesoderm is the middle layer and gives rise
to muscle and cartilage.
The nervous system originates from the outer layer ectoderm which also forms hair and
skin. Interestingly, neural induction is triggered by a region located in the dorsal part of
the mesoderm. In amphibians, this region is named the Spemann’s Organiser or the
Spemann-Mangold organiser which was first described in 1924 by Hans Spemann and
Hilde Mangold. They demonstrated that when transplanted into prospective lateral or
ventral regions of a host embryo, the organiser induces the formation of a second
embryonic axis (28). The equivalent of this organiser in amniotes is named the Henson’s
node and its transplantation in ectopic sites of rabbit, duck and chick embryos also lead
to the formation of a second embryonic axis (29, 30).
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This organiser acts by releasing key morphogens such as noggin and chordin that inhibit
bone morphogenic protein (BMP) and transforming growth factor beta (TGFβ) signalling
which would otherwise activate SMAD signalling and induce the mesoderm, endoderm
and non-neural ectoderm (31, 32). Notably, as will be discussed later, this dual inhibition
of SMAD signalling will act as the basis for differentiation protocols using dual-SMAD
inhibition to produce neural progenitors from human embryonic stem cells (hESCs) (33).
After neural induction, the embryo elongates along the rostro-caudal axis and an
important structure named the notochord arises from the cells of the organiser. The
neural tube is then formed by the inward folding of the neural plate overlying the
notochord. This process is called neurulation (34). The influence that cells from the
Spemann Organiser have on the adjacent endoderm and mesoderm demonstrates that
cell fate could be induced by external factors from other cell populations (28). As a result,
depending on their position along the neural tube, cells are exposed to different cues
and morphogens which influence their fate. The caudal part of the neural tube will form
the spinal cord, whilst the rostral part of the neural tube expands to form three distinct
swellings which will constitute the three primary brain vesicles; the rhombencephalon
(hindbrain), the mesencephalon (midbrain) and the prosencephalon (forebrain).
Five brain vesicles will later be formed by the mesencephalon, the division of the
rhombencephalon into the metencephalon and myelencephalon, and the division of the
prosencephalon into the diencephalon and the telencephalon (35).
It is the development of the forebrain composed of the telencephalon and the
diencephalon which will be discussed further.
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1.1.2 Development of the forebrain
After neural induction, neural progenitors of the most anterior part of the forebrain,
namely the telencephalon, express the transcription factor Forkhead Box G1 (FOXG1)
(36). The telencephalon is patterned into distinct dorsal (pallial, cortical) and ventral
(pallidal, subcortical) subdivisions with the action of key morphogens secreted from the
environment in which it develops.
Sonic hedgehog (SHH) is a key morphogen released ventrally by the notochord hence is
highly concentrated along the ventral part of the neural tube and plays an important role
in patterning the ventral telencephalon (37).The early boundary between the pallium
and subpallium is first established by the interaction between SHH and the transcription
factor, namely the GLI family zinc finger 3 (GLI3), which is highly concentrated dorsally
and regulates the dorsal telencephalon patterning. Both act antagonistically with the
dorsalising effect of GLI3 being repressed by the ventralising function of SHH (38). SHH
also forms a gradient that acts antagonistically with two other key morphogens released
dorsally; namely the mouse Int-1 and Drosophila wingless (WNT) (39, 40) and BMP. The
WNT and SHH pathways will be further discussed in Chapter 2.1.BMP is a member of the
Transforming Growth Factor β (TGFβ) superfamily (41). WNT and BMP are expressed at
higher levels in the cortical hem which is located dorsally in the roof plate of the
telencephalon (37) (Figure 1.1).
There are also other key morphogens that are not restricted to the ventral dorsal axis.
For instance, the anterior neural ridge also called antihem is the source of frizzledrelated proteins and the fibroblast growth factor (FGF) family (42) (Figure 1.1).
Morphogens released by the antihem will act antagonistically with dorsal morphogens
secreted by the cortical hem (Figure 1.1). Additionally, FGF8 and the WNT inhibitor
Dickkopf1 (DKK1) are released by the most rostral part of the neural plate and they
interact with other morphogens released ventrally or dorsally (43). For instance, FGF8
diffuses caudally to repress the effect of BMP and WNT which are released from the

5

cortical hem (44). These key morphogens induce the expression of specific TFs. Thus, the
forebrain subdivision could be seen in regionally restricted TFs. To summarise, these
include Distal-less homeobox 1 and 2 (DLX1&2) (45), and NK2 homeobox 1 (NKX2.1) (46),
which are mainly expressed in the ventral sub-pallium and paired Box 6 (PAX6), empty
spiracles homeobox 1 and 2 and T-Box Brain Transcription Factor 1 (47) in the dorsal
pallium where their expression is controlled by the dorsal morphogen BMPs and WNTs
(48). The patterns of expression of these TFs will further divide the pallium and subpallium into several progenitor domains which will give rise to a vast heterogeneous
neuronal population.

Figure 1.1
Signalling centres in the embryonic brain. The embryonic brain is patterned by
the combined action of different signalling centres like the rostral-patterning centre in the
anterior forebrain (AF, violet) secreting FGFs, the dorsal hem (red), secreting Wnts and BMPs,
and the antihem (green), which specifies the ventral pallium. Other signalling elements are
retinoic acid (RA) laterally and sonic hedgehog (Shh) ventrally. LGE, lateral ganglionic eminence;
MGE, medial ganglionic eminence; POC, commissural preoptic area. Illustration taken from (49)

Through the action of these TFs and keys morphogens, the dorsal pallium and ventral
subpallium will form the cortex and GE respectively (8). The GE is the place of birth of
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neurons that will populate the ventral subpallium structures (striatum, amygdala and
globus pallidus) and the place of origin of most of the INs. It should be highlighted that
neurodevelopment has been extensively studied in rodents compared to humans. In
both human and rodent, the subventricular zone (SVZ) and the ventricular zone (VZ) are
the places where neurons are born either through radial glia cells or intermediate
progenitor cells, also called basal progenitors. Radial glia cells are directly differentiated
from neuroepithelial stem cells while basal progenitors are believed to be derived from
radial glia cells through asymmetric division (50).
Humans are distinguished by their remarkable cognitive function, which has been linked
to an increased complexity and volume of the cortex, which in part is explained by the
expanded SVZ more specifically the outer region of the SVZ (51). It is from this region
that MGE progenitors differentiate as they migrate tangentially to the cortex,
hippocampus or striatum where they differentiate into different types of INs (7). Given
these differences, it is debatable to which extent these studies can be translated to the
human brain development, which is much more complex over a longer period. However,
a very recent study which investigated the differences between the mouse and human
neurodevelopment has shown that in spite of this prolonged development, the diversity
and specificity of human INs are determined in the GE long before they reached the
cortex. This study also identified new types of MGE and CGE INs which are exclusive to
humans. However, despite the existence of these specific INs, they found that the
regulatory gene network controlling the migration and fate determination of INs are
conserved in mouse and human (52). Therefore, given the inaccessibility of the human
brain and the fact that the key developmental genes are similar between the two
species, the invaluable information obtained from in vitro and in vivo rodents studies
must be considered as points of comparison when looking at the specification of INs in
humans. The specification of MGE derived INs will therefore be discussed next using data
taken mainly from rodent research.
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1.2 Specification of MGE derived interneurons
1.2.1 The role of SHH signalling and the TGFβ superfamily
There are a large number of MGE IN subtypes, although, they can be grouped into two
main classes; those which express Parvalbumin (PV) and those which express
Somatostatin (SST). However, within each class the population of INs is diverse,
expressing various combinations of markers such as Reelin, Calbindin (CB) and
Neuropeptide Y (NPY) (9) as they are exposed to different environmental cues,
depending on their position and maturation stages (53) .
Therefore, the specification of MGE derived INs is influenced both spatially and
temporally. SHH plays a crucial role in patterning the ventral telencephalon (37) by acting
antagonistically with GLI3 (38). Additionally, SHH and WNT act antagonistically with each
other with higher concentrations of SHH in the ventral region of the brain compared to
the dorsal part of the brain (37). Nonetheless, within the MGE, the gradient of SHH is the
opposite, with higher concentrations of SHH in the dorsal MGE compared to the ventral
MGE (54). This has created a bias of the production of certain subtypes of MGE INs within
the MGE.
Although PV and SST INs arise from a progenitor pool throughout the MGE, it has been
shown that progenitors from the ventral part of the MGE tend to preferentially give rise
to PV INs whereas progenitors located in the dorsal MGE tend to differentiate into SST
(55). Later another study confirmed a link between Shh signalling level and MGE INs
specification, as a higher concentration of Shh in dorsal MGE promoted the generation
Sst INs while Pv INs birth was supported by lower levels of Shh in ventral MGE (56).
Another way in which SHH regulates the specification of MGE INs is by promoting the
expression of the transcription factor NKX2.1. This was postulated from the lost
expression of Nkx2.1 and the impaired development of the MGE observed in Shh-null
mice (38). Reciprocally, the addition of Shh was also shown to rescue the loss of Nkx2.1
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expression (57). Furthermore, maintaining Nkx2.1 expression by shh signalling promoted
the generation of MGE INs expressing PV and SST (57).
Members of the TGFβ superfamily have also been shown to play a role in the
specification and migration of MGE derived INs as they have been implicated in neuronal
migration, neuronal differentiation and synaptogenesis (58). The TGFβ superfamily is
comprised of two groups. One group is composed of TGFβ, Activin and Nodal. The other
group is made of BMP, growth and differentiation factor (GDF) and Mullerian inhibiting
substance. TGFβ superfamily members activate the regulated SMAD- proteins (RSMADS) namely SMAD 1, 2, 3, 5 and 8. BMP and GDF activate SMAD 1, 5 and 8 while
TGFβ, Activin and Nodal activate SMAD 2 and 3. R-SMADS will subsequently bind to
SMAD 4 which is the common partner SMADS (Co-SMADS). This binding will form a
transcriptional complex which will ultimately control the transcriptional regulation on
TGFβ signalling targets genes (59). The proteins R-SMADS (transcriptional effectors of
the TGF-β signalling) have been shown to interact with DLX which is implicated in the
development of MGE INs (45). Not only do R-SMADS and DLX interact with each other
but they also localise to enhancer regions of the DLX transcription factor to control the
transcription of genes that are normally regulated by DLX (60). Furthermore, BMP4 has
been shown to play a role in the specification of MGE INs. Indeed, a study which utilised
primary cultures of mice MGE progenitors indicated that the number of PV expressing
INs has been increased compared to the number of SST expressing INs in cultures which
have been treated with BMP4 (61). Therefore, members of the TGFβ superfamily could
potentially play a role in the transcriptional regulation of MGE INs development.
In the next session, an overview of this transcriptional regulation will be given by looking
at the role of key TFs.
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1.2.2 The role of key transcription factors
Many experiments have shown that the regional identity of the ventral telencephalon
has been modified by manipulating key morphogens (42) and TFs (62). For instance, the
conditional loss of function of the CGE TF, COUP Transcription Factor 1 (COUPTF1) leads
to a decrease in CGE INs such as those expressing Calretinin (CR) and an increase of MGE
INs such as those expressing PV (62). In addition, after the loss of the key transcription
factor for MGE specification, Nkx2.1, MGE acquires an LGE-like specification (63).
Given that PV and SST are the main types of MGE INs (9), studying the impact of NKX2.1
deletion on the development of these two MGE INs would be of benefit. One limitation
was that NKX2.1homozygeous knock out mice die after birth; therefore, another
approach was to delete NKX2.1 in MGE progenitor cells only. This conditional loss of
function of Nkx2.1 made MGE derived cells adopt a CGE like specification (64)
highlighting the crucial role played by NKX2.1 in specifying MGE cells. Furthermore,
when rescuing the lost expression of Nkx2.1 by electroporation of Nkx2.1 cDNA on slice
culture of ventral telencephalon, the generation of PV and SST INs was restored. This
suggests that Nkx2.1 could also act as a repressor that downregulates genes which would
otherwise promote the expression of CGE and LGE genes. Interestingly, Nkx2.1 has been
shown to activate the transcription factor LIM homeobox 6 (LHX6) which is required for
the PV and SST INs development (53).
Both cortical and striatal INs originate from the MGE and both type of INs express NKX2.1
at the progenitor stage and LHX6 at the post mitotic stage. The expression of NKX2.1 is
downregulated when the progenitor cells migrate out of the MGE towards the cortex.
However, it is maintained by striatal INs when they become post-mitotic (65).
Other TFs that are downstream of NKX2.1 and LHX6 have been also shown to play a role
in the development of MGE INs. For instance, SRY-Box Transcription Factor 6 (SOX6)
which is downstream of LHX6 is needed for MGE IN maturation and proper integration
into the neuronal circuit (66). This coupled with the fact that both PV and SST expressing
human MGE INs co-express SOX6, highlights that SOX6 could indeed be a key
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transcription factor involved in MGE INs development. An overview of the principle TFs
implicated in the generation of cortical interneuron is given in Figure1.2.

Figure 1.2
Main transcription factors implicated in the generation of cortical interneuron
derived from the medial ganglionic eminences. The figure represents a schematic coronal
section of the telencephalon. Interneuron progenitors originate in the medial ganglionic
eminences (MGE) in red. The homeobox transcription factors Dlx5&6, Dlx1&2 are required for
the generation of all GABAergic interneurons. The MGE generates parvalbumin (PV) and
somatostatin (SST) interneurons. These rely on the sequential expression of NK2 Homeobox 1
(Nkx2.1), LIM-homeobox gene 6 (Lhx6), and SRY-Box Transcription Factor 6 (Sox6) for proper
specification and maturation. Illustration taken from (67).
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In terms of progenitor markers, other TFs are of importance. For instance, PAX6 is
strongly expressed in the pallium, whereas GS Homeobox 2 (GSX2) and DLX1&2 are
expressed more strongly in the subpallial region. The pallial-subpallial boundary delimits
the border between the dorsal LGE and the cortex. Regarding the expression within the
GE, PAX6 expression is mostly confined to the LGE, whereas GSX2, DLX1&2 and
Oligodendrocyte Transcription Factor 2 (OLIG2) are expressed across the whole GE (7,
68). With regard to the DLX family, some specificities should be highlighted. For instance,
DLX1 is required for the birth of cortical INs in the MGE, especially those which tend to
express SST and Calretinin (CR) (69). DLX5 and DLX6, which are downstream of DLX2 and
DLX1, are needed for the subsequent migration and specification of mature MGE INs
especially those expressing PV (70).
As was mentioned earlier, some inhibitory neurons could originate from the cortex itself
in humans. This was first inferred from a study which confirmed retroviral labelling of
some INs progenitor markers namely; Achaete-Scute Family BHLH Transcription Factor
1 (ASCL1) and DLX1&2 in organotypic slice cultures of the embryonic human cerebral
cortex (3). This study suggests that as much as 65% of INs could be originated from the
VZ/SVZ of the necortex and expressed both ASCL1 and DLX1&2. In comparison, those
originated from the VZ/SVZ of the GE did not express ASCL1 as they become post-mitotic
and estimated to form only 35% of INs. The authors however, did not exclude the
possibility that some progenitor cells expressing ASCL1 in the neocortical VZ/SVZ could
in fact be migrated from the GE at earlier embryonic stages than those analysed in their
study (3). Later, another study involving the macaque monkey also found the presence
of inhibitory neurons which could have derived from the VZ/SVZ the dorsal
telencephalon(71). Both studies proposed the idea that the dorsal telencephalon and
the GE give rise to different populations of inhibitory neurons in humans. These arise at
different times to those which originate from the GE, which are born between 10 to 13
post-conceptual week (PCW) compared to those born in the dorsal telencephalon, which
are born later between 15 to 24 PCW. It has to be highlighted that these studies rely on
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the fact that ASCL1 is a marker of specification of GABAergic (GABA secreting) INs.
However, ASCL1 has also been shown to be expressed by the progenitors of
glutamatergic projection neurons in the human neocortex at 15 PCW(72).
Another study in humans and monkeys highlighted the possibility that ASCL1 is a
progenitor marker for projection neurons in the pallium and an INs progenitor marker in
the subpallium(6). They found that the majority of cells expressing ASCL1 in the VZ/SVZ
or the cortex also expressed the dorsal marker PAX6 and did not express inhibitory
markers such as GABA or Glutamate Decarboxylase 1 (GAD1 or GAD67)(6). Therefore,
the number of cortical IN progenitors attributed might have been overestimated, given
that ASCL1 is not a specific marker of inhibitory INs and their progenitors.
The idea that a larger proportion of human cortical interneurons originate from the
cortex was also challenged by another study which examined the expression of DLX2 and
the marker of proliferation Ki-67 (MKI67) in cortical tissues from PCW10–14. This was
based on the fact that progenitors undergoing commitment to INs lineage express both
of these markers. They found that in more than 6000 cells expressing DLX2, only one
expressed MKI67 (7). Interestingly this cell co-expressed the CGE marker COUP
Transcription Factor 2 (COUPTF2). This raises the question of whether these progenitor
cells originated from the cortex itself or from the GE, subsequently migrating to the
cortex whilst retaining their proliferative ability.
It has been suggested that the INs progenitors observed in the dorsal telencephalon
could in fact originate from the CGE rather than the cortex itself as they appeared to
express CR which is a class of INs that is more prevalent in human and non-human
primates compared to rodents (9, 73). It is conceivable that some of the IN progenitors
found in the cortex could in fact originate from the dorsal MGE as COUPTF2 has been
shown to be expressed in the dorsal MGE where it represses the expression of PV fate
(74). Together, these studies suggest that even if there is a class of cortical INs that is
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derived from the proliferative zone of the human cortex, their number is negligible
compared to those derived from the MGE.The importance of being able to generate
these MGE-derived INs will be discussed next by considering the therapeutic role these
cells might have in neuropsychiatric disorders and how they could be used to study
neurodevelopment and model diseases.

1.3 Importance of generating MGE-like interneurons
1.3.1 MGE derived interneurons in brain development and
function
One strategy for studying neurodevelopment and determining the role of a gene is to
generate an animal knock out model of the gene. However, this cannot be applied to
genes that are critical for neurodevelopment. An alternative strategy for determining
the role of genes which are essential for development is to transplant mutant progenitor
cells and to observe the resulting phenotype in the grafted animal. For instance, this was
successfully applied in order to determine the developmental role of Nkx2.1 (53, 75).
Indeed, the development of the MGE region was shown to be impaired in Nkx2.1-/mouse so this mouse model could not be used directly to perform postnatal analysis.
Therefore, culturing and transplanting the progenitor cells of these mutant animals is a
better strategy for studying cell fate. This was done successfully by Xu et al.who showed
that MGE-like progenitor cells that originated from the Nkx2.1-/- mouse failed to
produce PV and SST expressing INs(75).
A similar strategy was employed later, to verify if rescued expression of Nkx2.1 would
rescue the PV or SST fate of these cells. Electroporation of Nkx2.1 cDNA into primary
culture of neonatal cortex from Nkx2.1-/- mouse embryos was done and the cells were
transplanted into neonatal cortex. Results indicated that the loss PV and SST expressing
INs was rescued. This study also showed that Lhx6 was induced by this rescued
experiment, indicating that Nkx2.1 directly activates Lhx6 to specify MGE INs(53). In a
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recent study, the transcriptomic and epigenomic regulation of GABAergic INs
differentiation was analysed by using cells derived from two healthy control (HC) male
induced pluripotent stem cells (iPSCs) at day 22, 50 and 78 of neuronal differentiation.
The analysis was done by performing bulk RNA sequencing (RNA seq) and assay for
transposase-accessible chromatin sequencing (ATAC seq) analysis (76). Genomic regions
associated with gene expression of GABAergic INs were identified. Some regions were
enriched in TFs such as Neuronal Differentiation 2 (NEUROD2), which has been shown
to promote inhibitory synapse formation in the layers of the cerebellum (77) or NK6
Homeobox 2 (NKX6.2), which promote the specification of CR and SST expressing INs
(78). Enrichment for binding motifs of TFs such Interferon Regulatory Factor 3 and the
BAF Chromatin Remodeling Complex Subunit BCL11A (79) which were not previously
associated with inhibitory neuron differentiation, were also identified. However, even if
81-85% of cells expressed GABA at day 78, only 26–31% expressed SST and 15–16%
expressed PV cells (76). This indicates that the regulatory components unravelled in this
study may not be specific to those which are MGE-derived especially that bulk RNA seq
and ATAC seq used in this study does not allow the discrimination of different cell types.
Thus, the contribution of MGE INs compared to other types of GABAergic cells could not
assessed. One aspect of brain function that has been extensively studied using MGE INs
is cortical plasticity. One of the models to study it, is the mouse’s visual cortex which
goes through a critical period when INs development can activate ocular dominance
plasticity(80).
To test the capacity of inhibitory INs to induce plasticity, INs were transplanted into the
neonatal and adult visual cortex , results showed that a new critical period was created
that rescued impaired vision (81, 82). It has been hypothesised that PV INs are the
specific type of INs that control cortical plasticity. To test this hypothesis, Tang et al.
(2014) evaluated the exclusive contribution of both PV and SST INs. It was done by
specifically eliminating PV or SST cell types from MGE transplants. Results indicated that
transplants without PV INs or without SST INs were both able to induce ocular
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dominance plasticity, indicating that both cell types are involved in plasticity (83). Given
that SST INs can induce cortical plasticity, it has been postulated that any type of
inhibitory INs possesses the same capacity. To verify this, CGE precursor transplants
were used instead of MGE and results showed that grafted CGE was not able to induce
cortical plasticity (84). In order for cell replacement therapy to be successful, the donor
cells must not only have the capacity to differentiate into the required specific cell type,
but also be capable of inducing the desired function. Therefore, given that unlike CGE
INs, both PV and SST INs were capable of inducing neuronal plasticity, using MGE INs as
opposed to any type of inhibitory INs appear to be a best strategy for studying neuronal
plasticity.
MGE INs are essential in physiological brain function and development and MGE derived
INs were used successfully to help understand some of these functional aspects as well
as providing insights into neurodevelopmental processes. The next section will discuss
the role these cells play in neuropsychiatric disorders and how they could be used to
model these diseases in order to understand their aetiology.

1.3.2 MGE derived interneurons in neuropsychiatric disorders
Work on animal models has shown that MGE IN dysfunction could be linked to
neuropsychiatric disorders. For instance, behavioural deficits exhibited in humans with
a diagnosis of autism, such as decreased social interaction and impaired communication,
have also been observed in Pv-null mice (85). Additionally, the same behavioural deficits
and a decreased expression of PV were exhibited by SH3 And Multiple Ankyrin Repeat
Domains 1 and 2null mice, which is particularly relevant as mutations in the family of
this have been associated with SZ and autism in human (86). Most importantly, inhibitory
INs play an important role in maintaining the balance between excitation and inhibition,
through synchronising the activity of local projection neurons by responding to
excitatory and inhibitory inputs that they receive. Therefore, it is not surprising that their
malfunctions lead to an inappropriate shift towards excitation which disrupts neuronal
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activity. This has been observed in many neuropsychiatric disorders such as autism and
SZ and neurological disorders such as epilepsy (10-14). Unfortunately, there is currently
no cure for these disorders and the therapeutic treatments that are used to alleviate
their associated symptoms have limited efficacy and many side effects (22).
Interestingly, positive symptoms of SZ such as hallucinations and delusions are thought
to arise primarily from excessive striatal presynaptic dopamine release (87). Amongst
the different causes that would lead to this striatal hyperdopaminergia, N-methyl-Daspartate (NMDA) receptor hypofunction appears to be one of the upstream
mechanisms (21). This was suggested because schizophreniform cognitive deficits were
induced in both humans (88) and rodents (89) by inhibiting NMDA receptors of cortical
INs which then impeded their function (90). Interestingly, another study showed that
the transplantation of MGE into the neonatal mouse brain before injecting the NMDA
receptor antagonist prevented the appearance of schizophreniform cognitive symptoms
(91). Additionally, positive schizophrenic symptoms such as hallucinations were linked
to an impaired inhibition in the hippocampus and MGE transplants were shown to
restore hippocampal activity as well as improve the hippocampus-related cognitive
deficits in the mice model of SZ (92). These results are particularly significant since SZ
symptoms such as cognitive impairment manifest themselves years before the onset of
psychosis and are the best predictor of functional outcome in SZ (93).
Interestingly, cognitive impairment was also linked to a dysfunction of the PV expressing
INs. A new model of IN dysfunction in SZ suggested that impaired cognition emerges
from impaired prefrontal gamma oscillations from PV INs. This model suggests that in an
attempt to restore the balance between excitation and inhibition, a decreased inhibition
of PV INs takes place to compensate for an upstream deficit in pyramidal cell excitation.
However, in SZ, this restoration is insufficient to generate enough gamma oscillation in
order to maintain normal cognition (16).
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It has to be highlighted that although the role of PV IN dysfunction has been linked
extensively to SZ, the role of SST INs, (the other main MGE INs) is not negligible. For
instance, a study in mice inhibited optogenetically SST INs and/or PV INs, showing that
inhibiting SST INs impaired working memory accuracy, which was associated with
decreased hippocampal-prefrontal synchrony. This implies that MGE IN dysfunction may
contribute to cognitive impairment associated with SZ by disrupting long-range
synchrony between the hippocampus and the prefrontal cortex (94). Together, these
studies show that MGE INs have the potential to restore the neuronal balance between
excitation and inhibition which has been lost in many psychiatric disorders so these cells
could be used to model diseases.
Given that the dysfunction in MGE INs, especially in PV INs, is one of the strongest finding
in the pathogenesis of SZ as reviewed by Lewis et al (15, 16) the next section will give
some examples of how these cells could be utilised to model SZ.

1.3.3 MGE derived interneurons to model neuropsychiatric
disorders such as schizophrenia
Traditionally, human brains were examined during post mortem studies in order to
further our understanding of neuropsychiatric disorders. Unfortunately, the information
yielded from post mortem tissue represents the end stage of the disease which is a major
limitation when investigating neurodevelopmental disorders such as SZ which manifest
early in life (95). Utilising human hPSCs has proven a promising alternative as these cells
can be used to investigate the developmental stages of a disease in a particular cell type.
More details on PSCs and the importance of using them to generate a specific type of
cell will be given in section 1.4.1. To briefly explain their relevance in neuropsychiatric
disorders, it is necessary to say that PSCs can be derived (induced) from fully
differentiated somatic cells in patients suffering from these disorders, and these iPSCs
could be potentially differentiated into any type of cell including neurons, which have
the same genetic makeup as the patients. It should be noted that it also possible to
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bypass the pluripotency stage and to perform direct reprogramming of somatic cells into
neurons.
However, one of the issues encountered with this direct reprogramming method is that
is circumvents the neural progenitor stage so it is not suitable to study aspects of
development present at the neural progenitor stage so aspects of early development
could be better investigated when deriving cells from PSC lines. Given that SZ has a
strong genetic component (17), many studies have utilised patient-derived iPSCs to
model different risk variants of SZ . This approach was used by Brennand et al to convert
fibroblasts from SZ patients into neurons. This study was the first to show differences in
neuronal connectivity and gene expression between the neurons derived from SZ
patients and HC (96). Often in these models of SZ pathogenesis, a mixed neuronal
population which is comprised of an enriched population of excitatory glutamatergic
neurons compared to inhibitory GABAergic INs, is obtained (97). This is not optimal to
study SZ, a pathogenesis which implicates not only glutamatergic neurons but also MGE
INs.
A more recent study however, used 15 HC and 15 SZ patients IPSC lines to derive and
look at MGE-like INs and glutamatergic neurons. Gene expression analysis indicated that
MGE-like INs from SZ patients had dysregulated mitochondrial function which was not
present in SZ glutamatergic neurons (98). Interestingly, this mitochondrial defect was
rescued by adding Alpha Lipoic Acid/Acetyl-L-Carnitine, a known drug capable of
increasing mitochondrial function. The fact that the mitochondrial deficit was rescued in
the absence of any other cell type, indicates that it was intrinsic to SZ MGE-like INs (99).
Of note, mitochondrial dysfunction was previously linked to SZ in a post mortem studies,
but it was not possible to ascertain whether this was a consequence of the disease or
the side effect of long term use of psychiatric drugs (100). This study does however
convincingly link mitochondrial dysfunction to SZ pathogenesis (99).
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A more recent study (101), looked at MGE-like INs which were derived from 14 SZ
patients and 14 HC iPSC lines. This study found that MGE-like INs derived from SZ
patients showed a dysregulation in the expression of protocadherin genes, which lie
within documented SZ loci (25). In both studies (98, 101), the generation of MGE-like INs
was achieved by using the Kim et al. protocol (102). Therefore, given that MGE-derived
INs are implicated in various psychiatric disorders, being able to generate an enriched
population of these cells in vitro is of primary importance for successful disease
modelling. The progress that has been made in this field will be the subject of the next
section.

1.4 Generation of MGE-like interneurons
1.4.1 Sources used for the generation of MGE-like interneurons in
vitro
As was discussed earlier, MGE foetal tissue may be utilised to produce MGE INs in vitro
but there will always be a limited supply of viable foetal tissue from donations.
Additionally, for the cells to be used, it requires a source of viable progenitors and the
fact that foetal tissue cannot be stored long term, adds logistical complications from the
moment the tissue is collected until it is used. These difficulties prevent foetal cells from
becoming widely utilised as a source of MGE INs.
Another source of cells must therefore be found. For instance, hPSCs could be
differentiated in vitro into MGE-like progenitors, providing a potentially limitless supply
of cells. Indeed, PSCs have the capacity to self-renew and as their name indicates, they
are pluripotent, which means that given the correct extrinsic cues, they have the
capacity to differentiate into any cell type. There are two types of PSCs ; ESCs which
originate from the embryo inner cell mass (103) and iPSCs. iPSCs were observed after
their pluripotency was successfully induced in both mouse and adult human fibroblasts
by viral transduction of some TFs known as the 4 Yamanaka factors, namely; SRY-Box
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Transcription Factor 2 (SOX2), Kruppel Like Factor 4, Octamer-Binding Transcription
Factor 3 and 4 and MYC Proto-Oncogene, BHLH Transcription Factor (104). As it was
previously mentioned, this discovery has great potential as iPSCs from patients could be
used to obtain an unlimited source of disease-specific cell model. In order to produce in
vitro an enriched population of MGE-like INs from any types of PSCs in vitro, knowing
the factors that are important for the development and specification of a specific
neuronal subtype is primordial. Attempts to replicate the environment in which MGE INs
develop in vivo have been made and the progress made in generating these cells is
discussed next.

1.4.2 Generation of MGE-like interneurons from mESCs
One of the first approaches was to use mouse embryoid bodies (EBs) which were
obtained from mouse ESCs (mESCs) which were left on non-sticky tissue culture plate so
that the cells could grew into three dimensional circular structures, which would
eventually differentiate into the three embryonic germ layers in culture. WNT and
Nodal/TGFβ inhibition with DKK1, Left-Right Determination Factor 2 and the ventralising
factor SHH were used to generate ventral telencephalic progenitor cells from dissociated
mouse EBs. Although the number of cells expressing the MGE progenitor marker NKX2.1
was increased in culture with higher concentrations of SHH, only 5% of cells expressed
NKX2.1, indicating that majority of cells generated do not resemble MGE progenitors
(105).
A modification of this protocol was used by Maroof et al. in order to generate ventral
telencephalic cells. EBs were generated and grown in media with noggin inhibition
followed by the addition of Fibroblast Growth Factor 2 (FGF2), Insulin Like Growth Factor
1 (IGF1) and the ventralising factor SHH. Maroof et al. approach was also used to
generate an Lhx6-GFP mESC reporter line to isolate MGE-like progenitor cells which was
used to mark MGE INs. Only 2% of cells were GFP+ and amongst those, 64% expressed
SST and 10% expressed PV (106).
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Improving upon this, the same group generated a mESC line for doxycycline-inducible
expression of NKX2.1; a key transcription factor for MGE INs progenitors. This mESC line
was then modified to express GFP when expressing LHX6. After successful doxycycline
induced NKX2.1 expression, an increased number of MGE-like INs (expressing LHX6) was
achieved. Here again a strong bias towards the SST fate was observed as 47.4% of GFP+
cell expressed SST compared to only 1.3% GFP+ that expressed PV. Interestingly, these
MGE-like INs were successfully generated even after inhibition of SHH, suggesting that
NKX2.1 induction was enough to promote the generation of MGE-like INs even in the
absence of SHH (107).
Another important piece of work on mESCs demonstrated that varying the timing and
concentration of SHH produced cells resembling those coming from different GE regions.
After purification of telencephalic progenitors, conditions with higher Shh signalling
differentiated cells into MGE and CGE fate while low SHH resulted in LGE fate. This study
also found that earlier SHH treatment was most effective in triggering sub-pallial
differentiation. In the best culture condition, there were approximately 12% cells
expressing PV and 17% expressing SST. This study also showed the requirement for FGF8
signalling to promote the MGE fate compared to the CGE fate (108). This indicated that
the effect of SHH signalling was time sensitive during neurodevelopment and that
varying the concentration of SHH signalling would impact the type of INs generated.

1.4.3 Generation of MGE-like interneurons from hPSCs
Generating MGE-like INs from hPSCs is more challenging than generating them from
mESCs, mostly due to the slower maturation of hPSCs which leads to longer neuronal
differentiation period and greater expenses. Despite this limitation, the principle behind
most of the hPSCs differentiation protocols is similar to those in mESCs.
The first steps being mesoderm and endoderm inhibition, followed by neural induction
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and then early forebrain patterning by using WNT, BMP, and Nodal antagonists to bias
cell fate towards a rostro-ventral character. Finally, the SHH signalling pathway is
upregulated to further promote the ventral telencephalic identity (109). Importantly, the
introduction of dual SMAD signalling inhibition protocols promoted efficient neural
conversion (>80% of hESCs). This was a major advance as these results were achieved
under adherent culture conditions (33). Another progress was the generation of an
NKX2.1-GFP hESC reporter line which enabled the isolation of MGE-like progenitors
which could then produce MGE-like mature INs (110). This progress along with those
described earlier in mice, enabled many groups to generate cell cultures with a high
proportion (>85%) of MGE-like progenitors expressing NKX2.1 and FOXG1 (102, 110,
111). However, given the implications that mature IN dysfunction has in
neuropsychiatric disorders, it is important to ascertain that the protocols could generate
a substantial number of cells resembling mature MGE INs, especially those expressing
PV INs. One of the biggest difficulties in generating PV INs in humans comes from the
fact that they require longer time to become fully functional. Indeed, PV INs keep
maturating for years after birth, so obtaining these cells in vitro after a limited period of
time is very challenging (112). For instance, Nicholas et al. who also used the NKX2.1GFP hESC reporter line and performed neuronal differentiation with WNT inhibition by
DKK1 (113) and SHH pathway activation by Purmorphamine (PurM) (114) only obtained
1.5% of cells expressing PV compared to 40% of cells expressing SST. These results were
obtained after selection and re-culture of the cells already expressing NKX2.1 onto
mouse glial cells (115).
Interestingly, Kim et al. also used WNT inhibition and SHH pathway activation by using
IWP2 which is an inhibitor of WNT pathway (116) and SAG which is a SMO agonist (SMO
being a component of the SHH pathway). They also added exogenous FGF8 to their
culture. They found that the addition of FGF8 counteracted the caudalising effect of
FGF15 and FGF19, further promoting the rostral identity of MGE cells. More than 80% of
cells expressed NKX2.1 under FGF8 condition compared to 30% without FGF8. This is
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particularly encouraging as this high percentage of MGE-like progenitor generated could
remove the need of using a NKX2.1-GFP reporter cell line. Culture with FGF8 generated
more than 77% of cells expressing the post mitotic marker LHX6 but only 0.87% of cells
expressed PV and 1.5% of cells expressed SST after six weeks of differentiation. However,
after transplantation into rodent brains, 15.7% of PV expressing cells and 17.7% of SST
expressing cells were observed in 5 months old grafts (102). This study is of importance
because it shows that FGF signalling plays an important role in rostral caudal patterning
by differentially modulating MGE and CGE-like fates and that FGF8 pushes the cells
towards a more rostral fate, thus promoting MGE-derived cells.
Maroof et al. used both a NKX2.1-GFP hESC reporter line and a dual SMAD signalling
inhibition protocol along with a WNT inhibition by XAV939 (117) (more details on
XAV939 is given in Chapter 2.1) and late SHH activation by PurM. This protocol produced
more than 80% of cells expressing the MGE progenitor marker NKX2.1. This showed that
an early SHH activation was not necessary to induce MGE progenitor cells. This is
significant given that the addition of SHH at an early stage of the neuronal differentiation
is very expensive so being able to conduct the cellular differentiation whilst adding SHH
at later stage is of benefit. Results indicated that 40% of cells expressed SST and 5% of
cells expressed PV. These results were obtained after the progenitor cells expressing
NKX2.1 were cultured on a mouse cortical feeder for up to 62 days of differentiation.
They also demonstrated that using XAV939 was more efficient and cheaper than other
WNT inhibitors, so using early WNT inhibition by XAV939 and later SHH ventralisation is
more cost effective (111).
Together, these protocols showed that there has been far more success in generating
MGE-like progenitor cells and limited success in generating mature MGE INs especially
PV INs which appeared to be particularly difficult to obtain. One limitation to consider
when attempting to generate and identify specific INs subtypes in vitro is the fact that
there are no known subtype specific INs markers. Indeed, the expression of markers
overlaps between different subtypes of INs. For instance, GABA, DLX1 and DLX2 are
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expressed by all GABAergic INs and LHX6 is expressed by cortical and striatal INs,
although mature striatal INs were shown to maintain the expression of both NKX2.1 and
LHX6 (7). Additionally, different subpopulations of striatal and cortical INs express SST
and PV (9, 118).
Given this limitation and considering that current protocols have failed to generate a
homogenous population of different subtype of INs in vitro, elucidating the
transcriptional changes that occur during their development would enable the
development of new protocols in order to differentiate hPSCs into specific MGE INs
subtypes. With the aim of assessing the efficiency of the differentiation protocol used,
Close et al performed single-cell profiling of INs derived from hPSCs at different stages
of maturation. However, their protocol failed to generate any cells expressing PV (119).
It is important to highlight that these guided neuronal differentiation protocols aim to
re-create the spatial and temporal environmental cues in which the cells develop in vivo.
However, whether the development of these cells was already predetermined at
progenitor stage is debatable. Indeed, there are different models of linage commitment
which could be summarised as two main types. One model, the “Progenitor specification
model”, favours the idea that the cell specification is mainly predetermined intrinsically
when the cells are born. The other model, the “Cardinal-definitive specification model”,
assumes a greater degree of lineage flexibility, where the progenitor cells respond to
extrinsic cues to specify their fate, so progenitor cells possess common intrinsic
developmental factors and their developmental trajectories could differ depending on
the extrinsic signal they receive (120) (Figure 1.3).
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Figure 1.3
Models of cortical interneuron development from the medial ganglionic
eminence (MGE) and the caudal ganglionic eminence (CGE). The progenitor specification model
posits that early in neurogenesis distinct progenitors prescribe the fate of a given subtype of
interneuron covertly through an intrinsic genetic cascade. The cardinal-definitive specification
model, on the other hand, speculates that progenitors bestow a basic and potentially uniform
intrinsic programme that is then further modified and supplemented by later context-specific
changes that are induced through genetic regulation to inform the fate of an interneuron.
Illustration taken from (120).

There is clear evidence for both models, so strictly separating them would be unhelpful.
Together, both the environmental cues that the progenitor cells received and their
intrinsic genetic programme, determine the specification of INs (120). However, even if
other factors influence MGE INs lineage during the progression towards mature
interneuron stage, at least several aspects of their fate are specified at progenitor stage
in the ventral telencephalon. Therefore, deciphering the genetic programmes implicated
in neurodevelopment would offer a better characterisation of different cell types and
offer knowledge to improve the MGE IN differentiation method. With this intention,
progress has been made particularly utilising single cell RNA sequencing (scRNA-seq).
The importance of using this sequencing technique to characterise cell types and
function will be discussed in the next section.
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1.5 Single cell RNA sequencing analysis to characterise cell
type and development
Bulk expression analysis was conventionally used to study gene expression. However, it
assumes homogeneity within a population and therefore it can only provide information
on cell population averages. Although it is possible to use Fluorescence-activated cell
sorting (FACS) to isolate cells that express a specified marker and then perform bulk RNA
seq analysis, this approach assumes the expression of this specified markers. It is as a
result inefficient to reveal rare cell types with unknown gene expression. In sc RNA seq
analysis, there are different approaches and techniques to isolate and sequence single
cells. Although it is possible to use FACS to separate cells prior to perform sc RNA seq,
most isolation techniques could isolate single cells from mixed population regardless of
their size and the expression of a specific marker. These isolation and sequencing
approaches will be discussed in Chapter 4. ScRNA-seq has permitted to capture the
genetic expression of a large number of individual cells simultaneously and therefore
unravel cell heterogeneity (Figure 1.4).

Figure 1.4
Schematic showing the importance of single cell analysis compare to bulk
analysis. Bulk analysis assumes homogeneity of cell populations and therefore provides
information on cell population averages whereas single-cell analysis reveals individual cells
heterogeneity.

Advances in this field have given more information regarding INs diversity and
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specification (121). ScRNA-seq analysis helps to categorise IN subtypes by assessing the
expression of classic INs markers as well as discovering novel markers. Indeed, before
scRNA-seq analysis, staining for specific markers was employed. Although staining
techniques such as ICC and fluorescence in situ hybridisation (FISH) have the advantage
of preserving the structure and topological characteristics, these techniques are limited
to a handful of genes and proteins which could be tested simultaneously. Additionally,
the presence of background signal makes the intensity of the gene and protein
expression very difficult to quantify. However, FISH using the RNAscope Fluorescent
Multiplex Assay technology which will be used in this thesis, enables very sensitive
detection, as it permits the visualisation of one single mRNA (122). However, only a very
limited number of markers could be imaged at the same time due to the limited number
of channels available at different wavelengths. This make the detection of overlapping
expression very limited. This is overcome in scRNA-seq analysis which allows the
detection of thousands of genes within the same cell. This in turn permits the
identification of different cellular type without prior information on population-specific
genes, which is significant when trying to characterise the cellular complexity of a given
tissue. For instance, a scRNA-seq analysis study of only 466 cells, successfully identified
the main cell types of the brain as well as neuronal subtypes and genes that are
differentially expressed in the foetal neurons compared to the adult (123).
Additionally, scRNA-seq of adult human tissue has permitted the identification of
specialised human INs subtypes whose specific molecular marker signature is not seen
in mice (124). Some species-dependent differences in INs diversity and preponderance
have been elucidated using scRNA-seq. For example, PV INs have been found to be the
most abundant subtype in mouse cortex whereas CR INs and PV INs are expressed at
similar level in human cortex (9). A more recent study looking at the differences between
primates and rodents INs (73) sequenced 188,776 INs of similar brain regions of humans,
macaques, marmosets, mice and ferrets. It was found that many previously identified
cell type markers were differently expressed in different species. Additionally, an
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abundant type of striatal INs (30% of striatal INs) in humans and marmosets was not the
same in mice and ferrets. These differences highlight that although knowledge gained
related to other species is beneficial, it is nonetheless important to avoid extrapolating
patterns of gene expression found in other species when looking at neurodevelopment
in human.
Beyond the possibility of categorising specific cell types, another main application of
single-cell transcriptomic analysis is the identification of gene networks which regulate
pathways involved in neurodevelopment. One of the difficulties encountered in this
respect is the fact that various cell types at different stages of maturation could coexist
in the same embryonic tissue during its formation. These differences are impossible to
examine deeply in bulk analysis. For instance, an scRNA-seq study by Nowakowski et al.
looked at spatiotemporal gene expression trajectories in the human cortex (125). This
study, which sequenced 4300 cells, revealed distinct gene expression trajectories
between radial glia cells of dorsal and ventral telencephalic lineages as well as subtle
differences within the dorsal telencephalon which appeared to include cells at different
stages of maturation. Therefore, progenitors were characterised temporally as well as
topologically across the cortex and topographical differences were found to have more
influence across neuronal maturation. By linking gene expression to the maturation
stage and localisation, a pattern of conserved gene expression trajectories involved in
neurogenesis as well as lineage-specific trajectories involved in cell specification were
unravelled. Of note, this study (125) also found that some of the gene networks
implicated in cell specification may be associated with neurodevelopmental disorders
such as autism.
Interestingly, even more cells (40,000) were sequenced in another important scRNA-seq
piece of research from Polioudakis et al, which looked at the spatiotemporal gene
expression of the developing human cortex (126). Here again, scRNA-seq analysis was
used successfully to identify different cell types present in the brain as well as various
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neuronal subtypes. Given that the cells were sequenced at different time points during
mid-gestation, it also allowed the discrimination between neurons at the immature
stage and mature stage to determine genetic programmes which are upregulated during
neurodevelopment. Interestingly, Close et al. used sc RNA seq to characterise the
developmental profile of the cells generated in vitro with their differentiation protocol
(119). They looked at the expression profile of progenitor and mature INs in order to
validate their directed IN differentiation protocol. Therefore, advances in single cell
transcriptomic have thus equipped researchers with unprecedented knowledge
regarding neurodevelopment and specification. ScRNA-seq analysis has been utilised to
unravel gene regulatory network involved in diseases and neurodevelopment in vivo, as
well as characterising cell generated in vitro. These advances were employed in my PhD
work in order to evaluate the efficiency of the selected protocol by exploring the
transcriptomic profile of the cells which I obtained from my differentiation directed
protocol and comparing it to the Close et al. sc data (119) as will be discussed in the last
chapter of results (chapter 4).
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1.6 Summary and thesis aims
MGE INs are of particular importance because of the role they play in regulating
neuronal circuit and the fact that their dysfunction has been linked to many neurological
disorders. Brain repair by cell replacement therapy using MGE foetal tissue transplants
have been shown to modify disease phenotypes in human and in several rodent models
of neuropsychiatric disorders. Therefore, they hold great potential for treating these
disorders. Regrettably, the sources of foetal tissue are scarce, thus being able to
generate MGE-like INs from hPSCs would be very beneficial for the analysis of INs fate
and function as well as cell replacement therapies.
Recent advances in PSCs technology have permitted MGE-like INs to be derived which
have subsequently been used successfully to investigate brain development, neuronal
plasticity and psychiatric disorders such as SZ. However, whether it was by using patientderived iPSCs or standard PSC lines, the challenges faced in most of these studies was
the heterogeneity of the cells obtained. Indeed, generating a greater proportion of MGElike INs is crucial for the study of brain disorders in which these cells play a role.
Interestingly, MGE INs not only have the capacity to migrate and differentiate in the
cortex, striatum and hippocampus, but they also possess the ability to differentiate into
mature GABAergic INs in foreign regions of the central nervous system such as the spinal
cord. Therefore, even though some developmental theories indicate that the cell type
specification is not entirely predetermined at progenitor stage, MGE INs are specified
mainly by intrinsic developmental programs established at the progenitor stage in the
ventral telencephalon.
Many groups tried to generate MGE-like INs from hPSCs by establishing differentiation
protocols using the information gained during embryogenesis concerning the birth of
MGE INs from the ventral telencephalon. Most of these protocols were able to generate
a good proportion of MGE-like progenitor cells expressing NKX2.1. However, in terms of
the capability to produce mature MGE- like INs, they have been able to generate a
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substantial amount of SST expressing INs but failed to generate a substantial proportion
of PV expressing INs. However, from these directed differentiation protocols, some
important development insights have been made. For instance, FGF8 has been shown to
promote MGE-derived cells by pushing the cells towards a more rostral fate. Early WNT
inhibition by XAV939 and later SHH activation was shown to be particularly effective in
order to promote MGE-derived cells.
Interestingly, given that a reciprocal gradient of WNT and SHH expression in the
telencephalon, many protocols used SHH peptide and agonists as well as WNT
antagonists but the influences of varying the concentrations of both SHH and WNT have
not been reported in their approaches. It is therefore possible that existing protocols do
not mimic sufficiently the milieu in which MGE INs develop by not reproducing
accurately the environmental conditions of SHH and WNT.
The aim of my thesis was to determine the best culture condition for producing MGElike INs. This was done by performing a directed IN differentiation based on published
protocols with tests of various concentrations of both SHH and XAV939 (WNT inhibitor)
in the presence of FGF8, in order to determine the optimal environment of the two
patterning molecules: SHH and WNT. The directed differentiation protocols were first
applied to three different cell lines; hESCs (line H7 and H9) and IPSCs (line IBJ4). The
selected cell line and conditions were further analysed at single cell level using
techniques such as ICC, FISH and single cell qRT PCR (sc qRT PCR). I then selected the
best culture condition and derived MGE-like INs from a SZ associated mutation edited
PSC line to see the impact of this mutation on MGE markers transcription. To evaluate
further the efficiency of my protocol, scRNA-seq was performed and I compared my
scRNA-seq data to the Close et al. published scRNA-seq data of an in vitro model of
human INs.
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2. Development of the differentiation protocol to
generate MGE-like cells from hPSCs
2.1 Introduction
Normal brain function is maintained by a careful balance between excitation and
inhibition of neuronal activity. Disruption of this balance is thought to give rise to
neurological disorders such as epilepsy (14) and neuropsychiatric disorders such as
autism(10) and SZ (12, 15, 27). Although many cell types have been implicated in these
disorders, inhibitory cortical GABAergic INs are of key interest due to evidence linking
alterations in this class of neurons to disease (12, 127). INs are generated from the MGE,
CGE and LGE (8). Of the three parts of the human embryonic brain, the MGE and CGE
produce most of the INs at similar level with the MGE producing mainly PV and SST
expressing INs (9). MGE progenitors migrate tangentially to the cortex where they form
local synaptic connections with glutamatergic projection neurons (128). Consequently,
they play an important role in the wiring of the developing nervous system (129).
It is therefore not surprising that the dysregulation of MGE-derived INs has been
implicated in various psychiatric disorders (10, 12-14, 127). For instance, SST INs have
been shown to be decreased in the hippocampus of bipolar disorder brains (130) and a
decrease in SST expression has also been reported in the brains of individuals with SZ
(131). Particularly strong evidence exists for an involvement of cortical PV INs in risk for
SZ as reviewed by Lewis et al. (15, 16). Indeed, several lines of evidence indicate PV
involvement in SZ. For instance, PV expressing INs were shown to have decreased
expression of GAD1 in the prefrontal cortex of adults with SZ, making them less capable
of inhibiting pyramidal cells (132). Additionally, the expression of PV has been reported
as being reduced in the brains of schizophrenic individuals examined at post-mortem
(27, 133). The dysfunction of MGE-derived PV expressing INs has also been linked to
epilepsy and autism (12).
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Considering the link between MGE-derived INs and neurological and psychiatric
disorders, being able to produce an enriched population of MGE-like INs from hPSCs
would be crucial in understanding the mechanisms implicated in the pathogenesis of
neuropsychiatric disorders such as SZ. Current protocols to obtain MGE-like INs derived
from hPSCs in vitro varied critically in their efficiency to generate both types of MGE
cortical INs, with 2% to 50% of SST expressing INs against less than to 1% to 5% of PV
expressing INs(102, 111). This could be explained by the fact that these protocols do not
closely mimic the environmental influences found in the MGE.
Cells are exposed to different levels and types of morphogens during neurulation,
depending on where they are located along the dorso-ventral and rostro-caudal axes.
PV-expressing INs are derived from basal progenitors in the SVZ of the ventral MGE
whilst SST INs are derived from apical progenitors in the VZ of the dorsal MGE (134). The
development of the MGE INs subtypes is therefore highly influenced by regional domains
of the brain (135). One such morphogen, SHH is expressed at higher levels in the ventral
telencephalon (37) and therefore plays a key role in patterning the ventral telencephalon
which will promote the generation of different INs subtypes (56).
In the SHH signalling pathway, SHH binds to its membrane receptor Patched which can
no longer repress its G-protein coupled receptor Smoothened. This starts an intracellular
signalling cascade involving other transcription regulators involved in neural tube
patterning (136, 137). SHH regulates gene expression by inducing ventrally expressed
TFs and also restricting dorsally expressed genes as it establishes a reciprocal gradient
with WNT (37, 40).
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Figure 2.1
(A) Activation of the WNT canonical signalling pathway and (B) Inhibition of
the WNT canonical signalling pathway by XAV939.
The WNT canonical signalling pathway is activated when WNT ligand binds to frizzled family
receptors and co-receptors LDL Receptor Related Protein 5 or 6 (LRP5/6). This binding initiates
the recruitment of the dishevelled family of proteins which will inhibit the destructive complex
made of casein kinase 1, glycogen synthase kinase 3 β (GSK3β), adenomatous polyposis coli
protein (APC) and axin. Tankyrases (TNKSs) also promote the inactivation of the complex by
phosphorylating axin (138). The inactivation of this complex prevents the degradation of βcatenin which translocates into the nucleus where it can interact with TFs and activate WNT
target genes (138) (Figure 2.1.A). The WNT canonical pathway is inactivated when XAV939
inhibits TNKSs enzymes which can no longer dephosphorylate axin and target it for degradation
(117). The subsequent stabilisation of axin stabilises the destructive complex which promotes
β-catenin degradation which can no longer translocate to the nucleus and activates WNT target
genes (139) (Figure 2.1.B). Figure adapted from (138).
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WNT is expressed at higher levels in the dorsal telencephalon (37). The WNT canonical
signalling pathway is activated by the binding of a WNT ligand to a frizzled family
receptor and co-receptor LDL Receptor Related Protein 5 or 6 (LRP5/6). The binding to
this receptor complex triggers downstream signalling which starts by recruiting a
dishevelled family of protein. This will subsequently inactivate the destructive complex
made of casein kinase 1, glycogen synthase kinase 3 β (GSK3β), adenomatous polyposis
coli (APC), and axin. The inactivation of this complex prevents the degradation of βcatenin which accumulates in the cytoplasm and translocates into the nucleus where it
can interact with TFs and activate WNT target genes (140) (Figure 2.1A). Importantly,
the WNT signalling pathway can also be promoted by Tankyrases (TNKSs) which target
axin for degradation therefore inactivating the complex (117). Consequently the WNT
signalling pathway is inhibited when β-catenin levels are kept low by the presence of the
destructive complex (140). Axin is the concentration-limiting component of the
destructive complex (139). Therefore, one way of inhibiting the WNT signalling pathway
would be to stabilise this destruction complex by stabilising axin. XAV939 stabilises axin
by inhibiting the TNKSs enzymes which can no longer target axin for degradation (117).
This stabilises the destructive complex which in turn destabilises β-catenin to inhibit the
WNT signalling pathway (Figure 2.1.B).
Considering that SHH (high in ventral region) promotes ventrally expressed genes and
establishes a reciprocal gradient with WNT (high in dorsal and caudal region), which
regulates dorsally expressed genes (37), finding the right concentration of these two key
patterning molecules would enable to simulate the right environment along the ventral
dorsal axis. Therefore, to mimic the MGE environment and establish the best culture
condition to produce MGE-like INs, the optimal concentration SHH and WNT has to be
determined. To fulfil this aim, I performed a differentiation based on published protocols
(102, 111, 115) and by testing various concentrations of both SHH and the XAV939 (WNT
inhibitor) (117).
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Bulk qRT PCR analysis was employed to measure the relative gene expression of neural,
neuronal and MGE specific markers at day 20 and day 50, in order to verify how the
culture conditions would affect the neuronal population and whether the progenitors
and mature neurons generated in my culture, expressed MGE gene markers. The
relative gene expression was measured in three different cell lines namely; hESCs (line
H7 and line H9) and hiPSCs (line IBJ4) and the loci of their copy number variations (CNVs)
were also established to verify their genomic abnormalities.

2.2 Methods
2.2.1 Cell culture and differentiation
The hESCs (line H7 and H9) were sourced from WiCell, Wisconsin–Madison, USA and
the hiPSCs (line IBJ4) was from Josh Chenoweth from the Lieber Institute for Brain
Development, MD, USA.
hESCs (line H7 and H9) and hiPSCs (line IBJ4) were cultured and neuronal differentiation
was induced using different conditions of XAV939 (Tocris) and SHH (R&D Systems).
Initially, twelve different conditions of XAV939 and SHH were tested in hESCs (line H7)
(Figure 2.2).
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Figure 2.2
Schematic diagram of differentiation schedule.
The composition of the media N2B27 without and with RA (Retinoic acid) was given in Chapter
2.2.1.2. SB (SB 431542), LDN (LDN 193189), PurM (Purmorphamine), FGF8 (Fibroblast Growth
Factor 8), and BDNF (Brain-derived neurotrophic factor). In yellow, twelve different
combinations of concentrations of XAV939 (WNT inhibitor) and SHH (Sonic Hedgehog) were
tested namely; no XAV939 and no SHH, no XAV939 and 50ng/ml of SHH, no XAV939 and
100ng/ml of SHH, no XAV939 and 200ng/ml of SHH, 1μM of XAV939 and no SHH, 1μM of XAV939
and 50ng/ml of SHH, 1μM of XAV939 and 100ng/ml of SHH, 1μM of XAV939 and 200ng/ml of
SHH, 2μM of XAV939 and no SHH, 2μM of XAV939 and 50ng/ml of SHH, 2μM of XAV939 and
100ng/ml of SHH, 2μM of XAV939 and 200ng/ml of SHH

From these twelve conditions, four were selected and tested in hESCs (line H7 and H9)
and hiPSCs (line IBJ4). The selected four conditions were the following:
Condition 1(C1) is 1μM of XAV939 and no SHH
Condition 2(C2) is 1μM of XAV939 and 200ng/ml of SHH
Condition 3(C3) is 2μM of XAV939 and no SHH
Condition 4(C4) is 2μM of XAV939 and 200ng/ml of SHH

2.2.1.1 Culture of hESCs (line H7 and H9) and hiPSCs (line IBJ4)
Plates were coated with a solution of Matrigel (Pharmagen) diluted in Dubelcco’s
Modified Eagle Medium (DMEM)/F-12 (Gibco) at 1:15 concentration. 1 ml of Matrigel
solution was used per well in 6-well plate. The 6-well plate was then incubated for at
least 1hour at 37°C.
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A frozen vial of cells was thawed quickly in a 37°C water bath. When half the vial had
thawed, the cells were transferred into 9ml of mTeSR1 medium (STEMCELL). The cells
were centrifuged at 200 rcf for 5 minutes and re-suspended in a 1 ml of mTeSR medium
containing Y27 Rock inhibitor (10uM) (Millipore). The Matrigel solution was then
transferred to a new well (to be re-used once). The coated well was washed once with
1x Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco) and 2 ml of mTeSR medium was
added to the well before plating the cells that contained Y27 Rock inhibitor. mTeSR
medium (3 ml) was changed every day.
When the well reached 70-80% confluency, the cells were passaged on the remaining 5
Matrigel coated wells on the 6-well plate. In order to do so, the confluent well was
washed with 1x DPBS. 0.5 ml of Versene (Gibco) was added to the well. The plate was
then incubated for 1-2 minutes at 37°C. The colonies were examined under the
microscope to determine the appropriate incubation time which occurred when the
edges of the colonies brightened up. Versene solution was then aspirated and 1 ml of
mTeSR medium was added to the well. The cells were gently scraped with the tip of a
5ml serological pipette and collected in a 15ml centrifuge tube containing mTeSR
medium. They were then seeded into five wells coated with Matrigel so that the final
volume of medium was 3 ml per well. After three passages at the same ratio (1:5), the
cells were ready for differentiation.

2.2.1.2 Neural Differentiation of hESCs
Principles behind the neural differentiation of hESCs
A schematic diagram of differentiation schedule is given in Figure 2.2. The principles
behind the directed INs differentiation were adapted from published protocols (102,
111, 115).
Neuronal differentiation, was induced from day 0 to day 10 by using a “Dual-SMAD
inhibition” approach. This was achieved with the small molecules SB 431542 (SB)
(141)and LDN 193189 (LDN) (33). SB, a selective ATP-competitive inhibitor of the activin
receptor-like kinases 4/5/7, suppresses the phosphorylation of SMAD2 therefore
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inhibiting TGF-beta/SMAD pathway (141). LDN, a BMP inhibitor, blocks nonneuroectoderm fate by mimicking the BMP inhibition induced by noggin (33) .
Additionally, various concentrations of XAV939 (WNT inhibitor), were added from day 0
to day 10 as early WNT inhibition has been shown to promote the generation of ventral
progenitors (40).
The cells were then pushed further towards a more ventral fate between day 10 to day
20 with the addition of SHH (37), PurM and FGF8. PurM has been shown to activate the
SHH signalling pathway by targeting smoothened (114). Of note, PurM was utilised at
the same concentration in all conditions, this means that the culture condition with no
additional SHH still receive some SHH signalling. FGF8 has been shown to push the cells
towards a more rostral fate, thus promoting MGE-derived cells (102).
To promote forebrain/rostral fate, retinoic acid (RA) was not included in the medium
the first 30 days of neuronal differentiation as it has been shown to promote caudal fate
commitment of neuroepithelial cells at an early stage (142). However, RA signalling
promote the maturation and survival of post-mitotic neurons (143) as well as the
generation of GABAergic INs in vitro (144), thus it was added to the medium at day 30
along with brain-derived neurotrophic factor (BDNF) which is required for the
differentiation and survival of neurons (145).
All components were added at the same concentration, except for SHH and XAV939 as
the aim was to identify their optimal concentrations in order to determine the best
environment for SHH and WNT, as explained in Chapter 2.1.
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Protocol for the Neural Differentiation of hESCs
Cells were passaged on 12-well Matrigel coated plates. The passage was done according
to the protocol described above at a 2:3 ratio. The cells were kept in mTeSR medium
until 80% confluent. The differentiation (Day 0) started when the mTeSR medium was
changed to the differentiation medium. A diagram of the differentiation schedule is
given in (Figure 2.2). Three differentiation mediums containing three different
concentrations of XAV939 (0, 1 and 2µM) were prepared. It was done by adding XAV,
100nM LDN 193189 (LDN) (Cambridge Bioscience) and 10µM SB 431542 (SB) (Stratech)
to N2B27 defined- medium (without RA) (N2B27-RA). N2B27-RA was prepared by
adding: 100 ml of DMEM/F-12 (Gibco), 50ml of Neurobasal (Gibco) and 1ml of N2
(Thermo Fisher), 1 ml of B27 without RA (B27-RA) (Thermo Fisher), 2 mM L-glutamine,
penicillin-streptomycin (Gibco), and ß-mercaptoethanol (0.1mM) (Gibco).
From day 0 to day 10, the cells were kept in N2B27 (without RA + LDN + SB and XAV).
1.5ml/well of medium was used and half of the medium was changed every other day.
At day 10, 12-well Fibronectin (Millipore) coated plates were prepared. Coating was
done by using 0.5ml/well of 15µg/ml Fibronectin solution diluted in 1x DPBS. The plates
were incubated for an hour at 37°C. The cells were then passaged at a 2:3 ratio according
to the protocol described previously so that the final volume of medium was 1.5 ml/well.
Four differentiation mediums containing four different concentrations of SHH (0, 50, 100
and 200 ng/ml) were prepared. This was done by adding SHH, 100 ng/ml FGF8 and 1µM
PurM to N2B27 medium (without RA).
From day 10 to 20, the cells were kept in N2B27 (without RA + FGF8 + PurM and SHH).
1.5ml/well of medium was used and half of the medium was changed every other day.
At day 19, poly-D-lysine and laminin (Sigma) coated plates were prepared. In order to
prepare 12-well coated plates, 0.5 ml/well of 0.002% Poly D lysine in 1x DPBS was used
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and plates were incubated at 37°C for at least 2 hours and then washed with 1x DPBS.
Laminin solution (20µg/ml in DPBS) was added and incubated at 37°C overnight.
At day 20, the plates were washed with 1x DPBS before use. The cells were passaged
with a ratio of (1:2) into Poly D lysine-laminin coated plates. From day 20 to day 30, cells
were kept in N2B27 medium (without RA) and half of the medium was changed every
other day.
At day 30 the medium was replaced by N2B27 with RA. The new N2B27 medium was
made by replacing B27 (without RA) with B27 (with RA) (Invitrogen). BDNF (PeproTech)
(10ng/ml) was also added to the medium. From day 30 to 50, the cells were kept in
N2B27 (with RA) plus and half of the medium was changed every other day.

2.2.2 Bulk RNA qRT PCR
RNA extraction
At days 20 and 50, the wells were washed once with 1x DPBS (Gibco) and 1ml of Trizol
(Sigma) was added into each well. The plates were left at RT for 5 minutes. The cells were
scraped and collected with the tip of a 1 ml pipette. The trizol samples were stored at 80°C until used.
The following RNA extraction protocol is based on a 1ml Trizol sample.
1ml Trizol samples were thawed and left to sit at RT for 5 minutes. 200µl of chloroform
was added to each sample. The samples were shaken vigorously for 15 seconds and left
to stand at RT for 2-15minutes. The samples were then centrifuged at 12000 g for
15minutes at 4°C. The aqueous phase of each sample was transferred into a new tube.
A volume of 0.5ml isopropanol was added into each tube; tubes were then mixed and
left to stand for 5-10 minutes at RT. Samples were centrifuged at 12000 g for 10 minutes
at 4°C. Supernatants were removed. The RNA pellets were washed in 1ml of 75%
ethanol. Samples were centrifuged at 12000 g for 5 minutes at 4°C. Ethanol was
removed and the samples were dried. 30µl RNase free water was added into each pellet.
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The

concentration

of

RNA

was

measured

using

the

NanoDrop™

8000

Spectrophotometer (Thermo Fisher Scientific).
cDNA conversion
RNA samples containing 1µg of RNA were prepared in PCR tubes using DEPC water to
make up to a total volume of 8 µl. Possible genomic DNA contamination was removed
by DNase treatment by adding 1µl of 10x reaction buffer (Quanta) and 1µl of PerfeCTa
DNase (Quanta) to each of these RNA samples. Samples were incubated at 37°C for 30
minutes. A volume of 1µl 10x STOP buffer (Quanta) was added. Samples were mixed
and cDNA synthesis reaction was started by adding 5µl of DEPC water and 4 µl of qScript
cDNA Supermix (Quanta). These 20µl reactions were then incubated in the thermal
cycler (BioRad) using the following setting: 5 minutes at 25°C, 30 minutes at 42°C and 5
minutes at 85°C. At the end, the samples were held at 4°C and reactions were diluted by
adding DEPC water into each sample to make up to 200µl volume. Samples were stored
at -20°C until used.
qRT PCR and analysis
Primer sequences are presented in Table 2.1. A master mix solution was prepared so
that each well contained 10 µl SYBR green (BioRad), 0.1 µl forward, 0.1µl reverse primers
(Table 2.1) and 7.8 µl of water. A volume of 18µl of master mix solution and 2µl of cDNA
was added to each well of the 96 well PCR plate. Three technical repeats were performed
for each of the cDNA samples and three biological repeats were performed for each
condition. Bio-rad adhesive film was applied to the plate and attached firmly. The plate
was then centrifuged briefly and placed into the CFX Connect Real-Time PCR Detection
System (BioRad).
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The qRT PCR reaction was carried out using the following setting:
39 cycles. Total volume was 20μl.
•

An initial 4-minute denaturation step at 94°C.

•

Subsequent denaturation steps were for 30 seconds at 94°C.

•

The annealing reaction was at 60°C for 15 seconds.

•

The extension reaction was performed at 72°C for 30 seconds.

The fold change was calculated using the delta delta Ct (ΔΔCt) method which measures
the relative change in mRNA expression, and is expressed relative to the mRNA
expression in a control sample (called calibrator). The expression was standardised to
two housekeeping genes Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and
C1orf43(Chromosome 1 Open Reading Frame 43), and calibrated to the fold change of
one condition. For instance, when the expression was calibrated to the fold change in
condition 1 (1μM XAV939 and no SHH), the average of GAPDH and C1orf43 was used as
a reference, and Condition 1 was used as a calibrator to calculate delta Ct(ΔCt) and ΔΔCt
as described below.
ΔCt (target gene) = Ct (target gene) - Ct (reference)
ΔCt (calibrator) = Ct (calibrator) - Ct (reference)
ΔΔCt (target gene) = ΔCt (target gene) - ΔCt (calibrator)
The relative gene expression of the target gene was then expressed as an expression
ratio.

Expression ration (target gene) = 2 – ΔΔCt (target gene)
qRT PCR analysis was performed to measure the expression of NESTIN, NKX2.1, PAX6,
COUPTF2, OLIG2, NEUN, GAD67, CR, LHX6, SST and PV.
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Genes

Forward Primers

Reverse Primers

GAPDH

ATGACATCAAGAAGGTGGTG

CATACCAGGAAATGAGCTTG

C1orf43

GGCATCCCCGTTCCTTAATGG

TACACCCTTGAAAGGCGTACT

NESTIN

AGCAGGAGAAACAGGGCCTAC

CTCTGGGGTCCTAGGGAATTG

NKX2.1

CGCATCCAATCTCAAGGAAT

TGTGCCCAGAGTGAAGTTTG

PAX6

AACAGACACAGCCCTCACAAACA

CGGGAACTTGAACTGGAACTGAC

COUPTF2

GGAGAAGCTCAAGGCACTGCA

CCTGCAAGCTTTCCACATGGG

OLIG2

AGGAGGCAGTGGCTTCAAGTC

CGCTCACCAGTCGCTTCATC

NEUN

CCAAGCGGCTACACGTCT

GCTCGGTCAGCATCTGAG

GAD67

CGTCTTCGACCCCATCTTCGT

CGCAGATCTTGAGCCCCAGTT

CR

CCTTACCTGCACCTGGCCGA

CCAGAGCCTTTCCTTGCCTTC

LHX6

ACAGATCTACGCCAGCGACT

CATGGTGTCGTAGTGGATGC

SST

GCTGCTGTCTGAACCCAAC

CGTTCTCGGGGTGCCATAG

PV

AAAGAGTGCGGATGATGTGAAG

ACCCCAATTTTGCCGTCCC

Table 2.1
Primers sequences for GAPDH, C1orf43, NESTIN, NKX2.1, PAX6, COUPTF2,
OLIG2, NEUN, GAD67, CR, LHX6, SST and PV. Primers sequences are given from 5’ to 3’.

2.2.3 Determining the CNV present in hESCs (line H7 and line H9)
and hiPSCs (line IBJ4)
The medium was removed from three confluent wells (from 6-well plates) containing
cultured hESCs (line H7 and H9) and hiPSCs (line IBJ4). The wells were washed with 1x
DPBS. 0.5 ml of Versene was added to each well. The plates were then incubated for 12 minutes at 37°C. For each well; Versene solution was aspirated and 1 ml of mTeSR
medium was added. The cells were gently scraped with the tip of a 5ml serological
pipette and collected in a 15ml centrifuge tube containing mTeSR medium.
The cells were centrifuged at 200 rcf for 5 minutes, the media were aspirated and the
three cell pellets were donated to Dr Thomas Monfeuga who performed a genomic DNA
extraction.
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DNA samples extracted from hPSCs lines H7, H9 and IBJ4 were delivered to the Medical
Research Council (MRC) Centre for Neuropsychiatric Genetics and Genomics at Cardiff
University, where Dr Alexandra Evans performed SNP genotyping and estimated the CNV
present in the samples. The SNP genotyping was done according to the manufacturer
protocol

(Illumina.

(2019)

Infinium

HTS

Assay,

available

at:

https://emea.support.illumina.com/content/dam/illuminasupport/documents/documentation/chemistry_documentation/infinium_assays/infini
um-hts/infinium-hts-assay-reference-guide-15045738-04.pdf [Accessed: 25.11.21]).
The CNVs were detected from SNP genotyping array using PennCNV software (146).
CNVs smaller than 100,000bp and containing less than 10 SNPs were filtered out.

2.3 Results
Due to the COVID pandemic, the experiment could not be repeated in order to obtain a
sufficient number of biological replicates (i.e. three cellular differentiations) so the wells
of cultured cells (i.e. technical replicates) were used to perform statistical analysis as
indicated in figure legends.

2.3.1 Testing 12 conditions of SHH and XAV939 in hESCs (line H7)
The relative gene expressions of the two MGE INs markers SST and PV (134) were
measured by bulk qRT PCR at day 50 when cells were differentiated into neurons. The
expression of the TF LHX6 was also tested as it is a gene that was shown to be induced
in the MGE and LHX6 activity is required for the migration and specification of PV and SST
INs subtypes(147).

Twelve culture conditions were tested using various concentrations of both SHH and
XAV939 in hESCs line H7 (Figure 2.2 and Figure 2.3).
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Figure 2.3
Fold change in A) LHX6, B) SST and C) PV expression in cultured neurons
extracted at day 50 of neuronal differentiation from hESCs line H7. The columns represent
different conditions of neuronal differentiation with various concentrations of XAV939(Xav0 =
no XAV; Xav1 = 1μM; Xav2 = 2μM) and SHH (SHH0 = no SHH; SHH50 = 50ng/ml; SHH100 =
100ng/ml; SHH200 = 200ng/ml). Expression ratios have been standardised to GAPDH and
C1orf43 and calibrated to fold change in samples without XAV939 and SHH. One round of
differentiation was carried out and three technical replicates (number of wells of cultured cells)
were used, except in Figure 2.3A where two technical replicates were used for condition with
2μM of XAV939 and no SHH. Standard errors are also shown as error bars. Two-way AN0VA was
performed to show the general effect of SHH, XAV939 and the interaction between SHH and
XAV939 (Table 2.2). Tukey’s multiple comparisons test was then carried out to check the
differences within the same XAV939 concentration. * indicates a P-value <0.05 and ** indicates
a P-value <0.01. Coloured arrows indicate the four conditions; C1, C2, C3 and C4 which will be
used for further analysis. The twelve combinations of XAV939 (WNT inhibitor) and SHH that were
tested are given from left to right; no XAV939 and no SHH, no XAV939 and 50ng/ml of SHH, no
XAV939 and 100ng/ml of SHH, no XAV939 and 200ng/ml of SHH, 1μM of XAV939 and no SHH,
1μM of XAV939 and 50ng/ml of SHH, 1μM of XAV939 and 100ng/ml of SHH, 1μM of XAV939
and 200ng/ml of SHH, 2μM of XAV939 and no SHH, 2μM of XAV939 and 50ng/ml of SHH, 2μM
of XAV939 and 100ng/ml of SHH, 1μM of XAV939 and 200ng/ml of SHH.
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Two-way Analysis of variance (AN0VA) was performed to show the general effect of SHH,
XAV939 (Figure 2.3 and Table 2.2) and the interaction between SHH and XAV939 on the
gene expression of LHX6, SST and PV (Table 2.2).

Effect of the
Genes

Effect of SHH

Effect of XAV939

interaction between
XAV939 and SHH

LHX6
SST
PV

F(3,23)= 3.16,

F (2, 23)= 6.90,

F(6, 23)=2.74, p=0.0370

p=0.0439

p=0.0045

F(3, 24)= 19.60,

F (2, 24)= 6.94,

p<0.0001

p=0.0042

F(3, 24)= 5.30, p=0.006

F (2, 24)= 43.66,

F(6, 24)=7.80, p <

p<0.0001

0.0001

F(6, 24)=4.26, p=0.0047

Table 2.2
Two-way AN0VA results to show the general effect of SHH, XAV939 and the
interaction between SHH and XAV939 on the relative gene expression of LHX6, PV and SST.

The results indicated that the concentration of SHH and the concentration of XAV939
had both a significant effect on the expression of LHX6, SST and PV (Table 2.2). Similarly
the interaction of XAV939 and SHH had a significant effect on the expression of these
three MGE markers (Table 2.2). Since this interaction is statistically significant, the p
values that follow for SHH and XAV939 effects were difficult to interpret. A Tukey’s
multiple comparisons test was performed to check the differences within the same
XAV939 concentration (Figure2.3).
Expression of LHX6 after testing 12 conditions of SHH and XAV939 in hESCs line H7
SHH (p<0.0439) and XAV939 (p=0.0045) were shown to both have an individual effect on
LHX6 expression. Given that the interaction between SHH and XAV939 had also a
significant effect on LHX6 expression (p=0.037) (Table 2.2), it is therefore difficult to know
which factor plays the most important part on the expression of LHX6 but it can be inferred
that the effect of each factor depends on the other factor’s concentration as they
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interact with each other. Therefore, it is not surprising that no specific patterns were
observed when looking at the SHH differences in conditions with no XAV393 and low
XAV939. However, when looking at conditions with higher XAV939, increased
concentration of SHH appeared to favour the expression of LHX6 . The condition of high
SHH within the higher concentration of XAV939 (C4 with 2μM of XAV939 and 200ng/ml
of SHH) appeared to produce the highest expression of LHX6, although results failed to
reach significance (Figure 2.2.A).
Expression of SST after testing 12 conditions of SHH and XAV939 in hESCs line H7
As was the case for the expression of LHX6, the interaction between SHH and XAV939 also
had a significant effect on SST expression (p=0.0047) (Table 2.2). However, this time SHH
had a much more significant effect (p<0.0001) on the expression of SST compared to
XAV939 (p=0.0042). Therefore, when looking at the differences within the same XAV939
condition, it was not surprising to see that varying the concentration of SHH within XAV0
and XAV1 conditions had a very significant effect on the expression of SST, where the
condition with lower SHH (within condition with no XAV939 and XAV939= 1μM) was
shown to be more favourable for the expression of SST (Figure 2.2.B).
Expression of PV after testing 12 concentrations of SHH and XAV939 in hESCs line H7
Comparable to LHX6 and SST results, the interaction between SHH and XAV939 also had a
very significant effect on PV expression (p < 0.0001) (Table 2.2). Although this time varying
XAV939 (p<0.0001) had a more significant effect than varying SHH (p=0.006). Multiple test
comparison results indicated that conditions with 1μM of XAV939 produced significant
results, where an increased concentration of SHH was shown to interact with PV
expression. C2 with 1μM of XAV939 and 200ng/ml of SHH gave the most significant
increase in the expression of PV (Figure 2.2.C).
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Four out of the twelve conditions were selected for further analysis
Out of the twelve conditions, two culture conditions are of particular interest. C4 with
high XAV939 and high SHH (red arrow in Figure 2.3.A) gave rise to a higher expression
of the MGE post mitotic marker LHX6, although the results failed to reach significance.
C2 (green arrow in Figure 2.3.C) which had a very significant effect on the expression of
the MGE IN subtype marker PV. Hence, it was decided to study these two conditions
further and to compare them to their control conditions with no SHH (C1 and C3, yellow
arrows in Figure 2.3.A and C). Amongst these two control conditions, C1 with 1μM of
XAV939 and no SHH also appeared to give a significant increase of the other MGE IN
subtype marker SST (Figure 2.3.B). Therefore, the following four conditions were studied
further.
Condition 1(C1) is 1μM of XAV939 and no SHH
Condition 2(C2) is 1μM of XAV939 and 200ng/ml of SHH
Condition 3(C3) is 2μM of XAV939 and no SHH
Condition 4(C4) is 2μM of XAV939 and 200ng/ml of SHH
After I selected these four conditions, I wanted to measure the relative gene expression
of some progenitor markers and mature markers in hESCs (line H7) and two other cell
lines namely hESCs (line H9) and hiPSCs (line IBJ4).
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2.3.2 Testing the selected conditions; C1, C2, C3 and C4 in hESCs
(line H7 and line H9) and hiPSCs (line IBJ4)
Firstly, I wanted to check if different concentrations of XAV939 and SHH would affect
neural progenitor generation, and so I looked at the expression of NESTIN a neural
progenitor marker(148).

NESTIN

Figure 2.4
Fold change in NESTIN expression in cultured cells extracted at day 20 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out and six technical replicates per condition were used, except for C4
where five technical replicates were used. Standard errors are also shown as error bars. Oneway AN0VA was performed to check if there were any significant variances between the
conditions for hESCs (line H7) (F(3, 8)= 2.787, p= 0.127), for hESCs (line H9) (F(3, 19)= 0.116, p=
0.950 ) and for hiPSCs (line IBJ4) (F(3, 19)= 0.230, p= 0.875).

No significant ANOVA results were observed for NESTIN expression in the three cell lines
(Figure 2.4). Subsequently, I wanted to verify if different concentrations of XAV939and
SHH would affect the general neuronal population, so I looked at the expression of
Neuronal Nuclei (NEUN) a mature neuronal marker (149).
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NEUN

Figure 2.5
Fold change in NEUN expression in cultured cells extracted at day 50 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out. In hESCs (line H9), five technical replicates per condition were used
except for C3 where six technical replicates were used. In hiPSCs (line IBJ4), six technical
replicates per condition were used. Standard errors are also shown as error bars. One-way
AN0VA was performed to check if there were any significant variances between the conditions
for hESCs (line H7) (F(3, 8)= 4.837, p= 0.033 ), for hESCs (line H9) (F(3, 17)= 0.249, p= 0.861 ) and
for hiPSCs (line IBJ4) (F(3, 20)= 2.672, p= 0.075). Tukey’s multiple comparisons test was carried
out to check the significant differences between each condition in hESCs line H7. * indicates a
P-value <0.05.

ANOVA indicated no significant results in hESCs (lineH9) and hiPSCs (line IBJ4). The
Tukey’s multiple comparisons test in hESCs (lineH7) indicated that C1 appeared to favour
the neuronal population (Figure 2.5). Considering that MGE INs subtypes are generated
by the ventral region of the brain (134), I wanted to make sure that the expression of the
dorsal telencephalon marker PAX6 (150) was not increased in the conditions.
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PAX6

Figure 2.6
Fold change in PAX6 expression in cultured cells extracted at day 20 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out. In hESCs (line H9), six technical replicates per condition were used.
In hiPSCs (line IBJ4), six technical replicates per condition were used except for C1 and C4 where
five technical replicates were used. Standard errors are also shown as error bars. One-way
AN0VA was performed to check if there were any significant variances between the conditions
for hESCs (line H7) (F(3, 8)= 6.151, p= 0.018), for hESCs (line H9) (F(3, 20)= 2.434, p= 0.095 ) and
for hiPSCs (line IBJ4) (F(3, 18)= 3.508, p= 0.037). Tukey’s multiple comparisons test was carried
out to check the significant differences between each condition in hESCs (line H7) and hiPSCs
(line IBJ4). * indicates a P-value <0.05.

An increased expression of the dorsal marker PAX6 was observed for C3 in hESCs (line
H7) and hiPSCs (line IBJ4), whereas the expression of PAX6 was significantly decreased
for C2 in hESCs (line H7), indicating that C2 could favour the production of cells which
resemble those originating more ventrally (Figure 2.6).
Given that the dorsal marker PAX6 is present in my cultures, I wanted to check if the cells
expressed the CGE and dorsal MGE marker COUPTF2 (151).
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COUPTF2

Figure 2.7
Fold change in COUPTF2 expression in cultured cells extracted at day 20 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1 The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out. In hESCs (line H9), six technical replicates per condition were used
except for C2 and C4 where five technical replicates were used. In hiPSCs (line IBJ4), six technical
replicates per condition were used except for C4 where five technical replicates were used.
Standard errors are also shown as error bars. One-way AN0VA was performed to check if there
were any significant variances between the conditions for hESCs (line H7) (F(3, 8)= 1.005, p=
0.439), for hESCs (line H9) (F(3, 18)= 0.158, p= 0.923 ) and for hiPSCs (line IBJ4) (F(3, 19)= 1,308,
p= 0.301).

No significant AN0VA results were observed for COUPTF2 expression in the three cell
lines (Figure 2.7).I also looked at the expression of the progenitor marker OLIG2 which
is preferably expressed in dorsal MGE compared to ventral MGE (151) as well as in many
types of neuronal progenitors including multipotential neuron/glia progenitors (152).
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OLIG2

Figure 2.8
Fold change in OLIG2 expression in cultured cells extracted at day 20 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1 The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out. In hESCs (line H9), five technical replicates per condition were used.
In hiPSCs (line IBJ4), six technical replicates per condition were used except for C1 and C4 where
five technical replicates were used. Standard errors are also shown as error bars. One-way
AN0VA was performed to check if there were any significant variances between the conditions
for hESCs (line H7) (F(3, 8)= 13.07, p= 0.002), for hESCs (line H9) (F(3, 16)= 3.247, p= 0.045 ) and
for hiPSCs (line IBJ4) (F(3, 18)= 1.101, p= 0.410). Tukey’s multiple comparisons test was carried
out to check the significant differences between each condition in hESCs (line H7 and H9). **
indicates a P-value <0.01 indicate and * indicates a P-value <0.05.

Interestingly, as it was observed with PAX6 in hESCs (line H7) and hiPSCs (line IBJ4)
(Figure 2.6), conditions with low SHH favoured the expression of OLIG2 in hESCs (line H7
and H9) (Figure 2.8).
After ensuring that the conditions did not show increased expression of dorsal MGE and
CGE markers, I wanted to look at the main type of neuronal MGE progenitor and verify
if it was expressed at day 20, so I looked at the neuronal MGE progenitor marker NKX2.1
(151).

55

NKX2.1

Figure 2.9
Fold change in NKX2.1 expression in cultured cells extracted at day 20 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out and six technical replicates per condition were used, except for C4
where five technical replicates were used. Standard errors are also shown as error bars. Oneway AN0VA was performed to check if there were any significant variances between the
conditions for hESCs (line H7) (F(3, 8)= 7.635, p= 0.010), for hESCs (line H9) (F(3, 19)= 0.316, p=
0.814 ) and for hiPSCs (line IBJ4) (F(3, 19)= 0.433, p= 0.732). Tukey’s multiple comparisons test
was carried out to check the significant differences between each condition in hESCs (line H7).
** indicates a P-value <0.01.

No significant results were observed in hESCs (lineH9) and in hiPSCs (line IBJ4). In hESCs
(line H7), an increase expression of the MGE progenitors NKX2.1 was observed in C2
(Figure 2.9). Afterwards, I looked at whether MGE progenitors would become GABAergic
INs and which conditions would give rise to different subtypes of INs. Firstly, I wanted to
verify if the mature neurons at day 50 were inhibitory, so I looked at the expression of
the GABAergic marker GAD67 to check if the cells produced were inhibitory.
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GAD67

Figure 2.10
Fold change in GAD67 expression in cultured cells extracted at day 50 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out. In hESCs (line H9), four technical replicates per condition were used,
except for C2 where five technical replicates were used. In hiPSCs (line IBJ4), six technical
replicates per condition were used, except for C1 where five technical replicates were used.
Standard errors are also shown as error bars. One-way AN0VA was performed to check if there
were any significant variances between the conditions for hESCs (line H7) (F(3, 8)= 0.4589, p=
0.7185), for hESCs (line H9) (F(3, 13)= 6.262, p= 0.0073 ) and for hiPSCs (line IBJ4) (F(3, 19)= 1.409,
p= 0.2710). Tukey’s multiple comparisons test was carried out to check the significant
differences between each condition in hESCs (line H9). ** indicates a P-value <0.01 indicate and
* indicates a P-value <0.05.

Results showed that C2 favoured the production of GABAergic INs in hESCs line H9 but
no significant results were found for the hESCs lineH9 and the hiPSCs line IBJ4 (Figure
2.10). Conditions with low SHH (C1 and C3) appeared to favour the expression of CGE
and dorsal MGE marker COUPTF2 as well as the progenitor marker OLIG2 (7, 151) which
is expressed across the whole GE ventricular and SVZ. Next, I wanted to check if the same
conditions favoured the production of the mature INs marker CR which originate mainly
from the CGE (75, 153) with a subpopulation which also derives from the dorsal part of
the MGE (154, 155).
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CR

Figure 2.11
Fold change in CR expression in cultured cells extracted at day 50 of neuronal
differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2, C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out. In hESCs (line H9), five technical replicates per condition were used,
except for C3 where six technical replicates were used. In hiPSCs (line IBJ4), six technical
replicates per condition were used, except for C3 and C4 where five technical replicates were
used. Standard errors are also shown as error bars. One-way AN0VA was performed to check if
there were any significant variances between the conditions for hESCs (line H7) (F(3, 8)= 4.359,
p= 0.043), for hESCs (line H9) (F(3, 17)= 2.662, p= 0.095) and for hiPSCs (line IBJ4) (F(3, 18)=
3.508, p= 0.037). Tukey’s multiple comparisons test was carried out to check the significant
differences between each condition in hESCs line H7 and hiPSCs (line IBJ4). * indicates a P-value
<0.05.

CR expression was significantly increased in C4 for hiPSCs (line IBJ4) and in C3 for hESCs
(line H7) (Figure 2.11). Interestingly those results indicate that C3 is a condition which
could favour the expression of CGE and dorsal MGE markers in hESCs (line H7) and
similar pattern was observed for hESCs (line H9) although the results failed to reach
significance (Figure 2.8 and Figure 2.11). Next, I wanted to verify whether the
preliminary results observed with hESCs (line H7) at day 50 for LHX6, SST and PV (Figure
2.3) were replicable in hESCs (line H9) and hiPSCs (line IBJ4) at day 50.
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I looked at the expression of LHX6 (Figure 2.12) a TF required for the generation and
specification of MGE derived INs (14) and the expression of the two markers of MGE IN
subtypes SST and PV (134) (Figure 2.13 and Figure 2.14).

LHX6

Figure 2.12
Fold change in LHX6 expression in cultured cells extracted at day 50 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7) except
for C3 where 2 technical replicates were used. In hESCs (line H9) and in hiPSCs (line IBJ4), two
rounds of differentiation (i.e. two biological replicates) were carried out. In hESCs (line H9) and
in hiPSCs (line IBJ4), six technical replicates per condition were used, except for C1 where five
technical replicates were used. Standard errors are also shown as error bars. One-way AN0VA
was performed to check if there were any significant variances between the conditions for hESCs
(line H7) (F(3, 7)= 2.350, p= 0.159), for hESCs (line H9) (F(3, 19)= 0.310, p= 0.818 ) and for hiPSCs
(line IBJ4) (F(3, 19)= 4.708, p= 0.013). Tukey’s multiple comparisons test was carried out to check
the significant differences between each condition in hiPSCs (line IBJ4) ** indicates a P-value
<0.01.

In iPSC line IBJ4, C4 favours the expression of LHX6 and SST (Figure 2.12 and Figure 2.13).
Interestingly the expression of SST was significantly increased with C2 in hESCs line H9
(Figure 2.13).
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SST

Figure 2.13
Fold change in SST expression in cultured cells extracted at day 50 of
neuronal differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2,
C3 and C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out. In hESCs (line H9), six technical replicates per condition were used,
except for C1 and C4 where five technical replicates were used. In hiPSCs (line IBJ4), six technical
replicates per condition were used. Standard errors are also shown as error bars. One-way
AN0VA was performed to check if there were any significant variances between the conditions
for hESCs (line H7) (F(3, 8)= 4,837 p= 0.033), for hESCs (line H9) (F(3, 18)= 3.222, p= 0.047) and
for hiPSCs (line IBJ4) (F(3, 20)= 5.231, p= 0.008). Tukey’s multiple comparisons test was carried
out to check the significant differences between each condition within each cell line. ** indicates
a P-value <0.01 and * indicates a P-value <0.05.

C2 favoured an increased expression of PV in hESC lines (H7 and H9) but failed to reach
significance in hiPSCs line IBJ4 (Figure 2.14). Therefore, C2 appeared to be a good
condition for the production of INs which resemble those derived from the MGE as this
condition appeared to favour the expression of GAD67, SST and PV indicating that the
cells produced could be GABAergic and expressing PV or SST.
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PV

Figure 2.14
Fold change in PV expression in cultured cells extracted at day 50 of neuronal
differentiation from hESCs (line H7 and line H9) and hiPSCs (line IBJ4) using C1, C2, C3 and
C4.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in C1. The heights of the columns represent the mean of the calibrated fold changes for the
number of technical replicates (number of wells of cultured cells). One round of differentiation
was carried out and three technical replicates per condition were used in hESCs (line H7). In
hESCs (line H9) and in hiPSCs (line IBJ4), two rounds of differentiation (i.e. two biological
replicates) were carried out. In hESCs (line H9), six technical replicates per condition were used,
except for C2 where five technical replicates were used. In hiPSCs (line IBJ4), six technical
replicates per condition were used. Standard errors are also shown as error bars. One-way
AN0VA was performed to check if there were any significant variances between the conditions
for hESCs (line H7) (F(3, 8)= 13.76, p= 0.002), for hESCs (line H9) (F(3, 19)= 5.815, p= 0.005 ) and
for hiPSCs (line IBJ4) (F(3, 20)= 0.619, p= 0.611). Tukey’s multiple comparisons test was carried
out to check the significant differences between each condition for hESCs (line H7 and line H9).
** indicates a P-value <0.01 and * indicates a P-value <0.05.

I then wanted to determine which cell line would be selected for further analysis.
Although the expression of PV showed a similar pattern in all three cell lines, the hESCs
line H9 showed the most significant results.
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2.3.3 CNV loci in hESCs (line H7 and line H9) and hiPSCs (line IBJ4)
It must be highlighted that expending hPSC cultures extensively has been associated with
genetic and epigenetic alterations and various culture conditions used by multiple users
increases this risk (156). Therefore, before selecting the hESCs line H9 for further
analysis, CNVs analysis had to be performed on the three different cell lines, hESCs line
H9 and line H7 and in hiPSCs line IBJ4.

Table 2.3
(line IBJ4).

SAMPLE ID

CNV LOCUS

Duplication / Deletion

H7

20p12 -p11.1

Deletion

H7

20q11.21-q13.33

Duplication

H7

2q37.3

Deletion

H7

3q26.1

Duplication

IBJ4

20q11.21

Duplication

IBJ4

22q12.1-12.2

Duplication

IBJ4

6p21.1-p12.3

Duplication

H9

7q11.21

Duplication

H9

14q23.2

Duplication

Number of CNVs detected in hESCs (line H7 and line H9) and in hiPSCs

All the CNVs detected are non-pathogenic. The hESCs (line H9) contains only two CNVs
whereas the hESCs (line H7) and the hiPSCs (line IBJ4) contain four and three CNVs
respectively (Table 2.3).
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2.4 Discussion
My results suggest that hPSCs were successfully differentiated to MGE-like cells via WNT
inhibition and SHH activation. qRT PCR data of the twelve culture conditions with
different concentrations of XAV939 and SHH, suggested that one specific condition; C2
(with1μM of XAV939 and 200ng/ml of SHH) was promoting the expression of the MGE
IN subtype marker PV in hESCs (line H7). These results were replicated in two other cell
lines; the hESCs (line H9), which showed the most significant results, and the hiPSCs (line
IBJ4), where results failed to reach significance.
Although, the expression pattern of PV was similar in the three cell lines, it varied greatly
for the other INs and MGE markers. For example, the expression of the MGE IN subtype
marker SST, was also favoured in C2 but only in hESCs (line H9). In hESCs (line H7),
conditions with no exogenous SHH favoured the expression of SST. This would appear to
be in contradiction with other studies (56). Indeed, it is well established that there is a
high concentration of SHH in the ventral region of the brain compared to the dorsal part
of the brain (37). However, within the MGE, the SHH gradient is the opposite with high
SHH in dorsal MGE and low SHH in the ventral part of the MGE (54). This is particularly
interesting because PV and SST expressing INs are believed to be derived from different
part of the MGE, with PV INs originating from basal progenitors, within the SVZ of the
ventral MGE whereas the SST INs are believed to have derived from the apical
progenitors within the dorsal MGE of the ventricular zone (54). In agreement with this,
higher levels of SHH signalling was shown to promote the generation of the SST
expressing INs at the expense of PV expressing INs (56). This apparently contradicts the
results that I found in the hESCs line H7 where lower levels of SHH signalling were shown
to promote the expression of SST.
One possible explanation could arise from the fact that SHH had a very high effect
(p<0.0001) on the expression of SST in hESCs (line H7). Therefore, it is conceivable that
hESCs (line H7) is intrinsically more ventralised than hESCs (line H9), making it much more
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susceptible to the addition of SHH. It is particularly relevant because conditions without
SHH still contained PurM and therefore still received he SHH signal (114), and so if the line
was already ventralised, adding higher concentration of SHH could create an environment
where the SHH signalling is well above the range of its optimal activation to promote the
expression of SST.
The same rational could be given when looking at the expression of the neuronal MGE
progenitor NKX2.1 in hESCs (line H7) where C2 was shown to be the best condition to
significantly promote the expression of NKX2.1. However, no significant results were
obtained for the other two cell lines. Whilst SHH is required for the induction and
maintenance of NKX2.1 at progenitor stage, increasing the concentration of SHH had no
impact on the expression of NKX2.1 in hESCs (line H9) and iPSCs (line IBJ4) whereas it
had an impact in hESCs (line H7). This could be explained here again by a potentially
more ventralised hESCs line H7. For instance, if hESCs line H9 and iPSCs line IBJ4
contained less endogenous SHH signal, it is possible that more SHH would be needed in
order to reach the threshold where NKX2.1 is upregulated. Given that the upregulation
of NKX2.1 expression by SHH in the MGE is crucial for the specification of PV and SST INs
(64), it was expected that C2 which promoted the expression of NKX2.1 in hESCs line H7
also promoted SST and PV expression in hESCs line H9.
As well as patterning the developing neural tube, SHH has been shown to promote the
survival and proliferation of neural stem cells (157). However, different concentrations
SHH and XAV939 did not significantly affect the expression of the neural progenitor
marker NESTIN suggesting that none of the conditions impaired the SHH signalling
involved in the maintenance of neural progenitors, possibly because all the conditions
contained PurM and therefore still received SHH signal (114). Interestingly, C3 with low
SHH and high XAV939 appeared to favour the expression of the dorsal telencephalon
marker PAX6(150) in hESCs (line H7 ) and hiPSCs (line IBJ4). No significant results were
observed for the CGE and dorsal MGE progenitor marker COUPTF2 (151). However, the
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expression of OLIG2, another progenitor marker expressed across the whole GE (7, 151),
was increased in C1 and C3 with low SHH in hESCs (line H7 and H9). The same pattern
was observed in the same cell lines for the expression of the mature IN marker CR, which
originate mainly from the CGE with a small subpopulation coming from the dorsal MGE
(158) though the results failed to reach significance.
These results cumulatively suggest that conditions with low SHH favoured the expression
of markers which are expressed more dorsally. This is supported by the fact that SHH is
low in dorsal and caudal region of the embryonic brain (37). Therefore, different
conditions of SHH appeared to increase the expression of different INs markers, implying
that SHH signalling strongly influenced INs fate specification. This is reinforced by the
fact that, inactivating the SHH signalling pathway in the developing forebrain lead to a
ventral to dorsal molecular re-specification, with the MGE acquiring dorsal markers
which were normally found in the LGE and CGE (63). In agreement with that, upregulating the SHH signalling in cells originating from the dorsal telencephalon, lead to
an up-regulation of ventral telencephalic genes (159).Remarkably, in hiPSCs (line IBJ4),
C4 with high XAV939 and high SHH, significantly favours the expression of CR and the
MGE markers LHX6, which may indicate that C4 could favour the production of CR
expressing INs found in the dorsal MGE.
Therefore, results indicated that C2 appeared to be a good condition for the production
of INs which resemble those derived from the MGE, as this condition appeared to favour
the expression of GAD67, SST and PV, indicating that the cells produced could be
GABAergic and PV or SST expressing INs. It was hypothesised that conditions with higher
SHH and XAV939 compared to lower SHH and XAV939 would resemble an environment
with higher SHH and lower WNT found in the ventral part of the embryonic
corresponding to the MGE. However, it has to be highlighted that within the MGE, there
is also a SHH gradient which establishes the distinct IN subtypes (56). Amongst the
conditions that I tested, no specific condition was revealed to enable the clear
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discrimination between different IN subtype markers. Indeed, C2 favoured the
expression of both PV and SST in hESCs line H9. This suggests that this condition could
be further fine-tuned by varying slightly to concentration of SHH and XAV939 in order to
establish their optimal concentrations to produce specific MGE IN subtypes. This could
be the subject of further research, but the aim of my experiment was not to produce
specific MGE IN subtypes but to find the best condition to produce MGE-like INs in
general.
Consequently, the qRT PCR results obtained, after using my directed differentiation
protocol based on published protocols

(102, 111, 115) and testing various

concentrations of both SHH and the XAV939, indicated that C2 appeared to favour the
production of cells resembling MGE. The most significant qRT PCR results were obtained
using the hESCs (line H9). Genetically, this line also contains fewer numbers of CNVs
which are non-pathogenic. Therefore, the hESCs (line H9) was selected for further
analysis. Nonetheless, it is important to highlight that bulk qRT PCR analysis only gives
the relative gene expression, and so in order to ascertain if a culture condition produces
an enriched population of cells expressing distinct MGE markers, single cell analysis must
be performed. This was done in the following chapters.
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3. Differentiation protocol validation to generate
MGE-like cells and its application to the CACNA1C
knock out cell line model
3.1 Introduction
The validation of a specific differentiation protocol to produce MGE-like cells requires
the verification that it produces an enriched population of those cells. Bulk qRT PCR only
gives the relative gene expression, so this method is not sufficient to distinguish between
a transcript weakly expressed due to low expression in a large cell population or a
transcript highly expressed in a rare cell population. It is then possible that the increased
expression of MGE markers observed in my bulk qRT PCR results were due to higher gene
expression in each cell rather than an increased percentage of MGE-like cells. To
ascertain whether a selected condition produced an enriched population of cells, single
cell analysis was employed.
The emergence of single cell analysis techniques has permitted the study of the gene
expression profile at a single cell level (160). Amongst these techniques, scRNA-seq
which allows the investigation of the full transcription profile of one single cell, is
undoubtedly the most powerful tool (121). However, to verify whether a cell culture is
enriched in cells expressing distinct types of markers, obtaining the full transcription
profile of a cell culture is not necessarily required. With this intent, less intensive and
costly methods could be used. For instance, FISH RNAscope Fluorescent Multiplex Assay
technology uses a special probe specifically designed to allow simultaneous signal
amplification and background suppression. This allows the detection of one single mRNA
(122). The Fluidigm Biomark platform provide another single cell transcriptome analysis
technique by performing a qPCR reaction on a single cell (161). Here, two experiments
using these two methods; the FISH RNAscope Fluorescent Multiplex Assay and the
Fluidigm Biomark sc qRT PCR analysis were performed to ascertain whether C2 would
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generate an enriched population of MGE-like cells. The protein expression of MGE
progenitors and mature markers were also determined by ICC. Subsequently, the
functionality of the cells generated with the selected condition was assessed. To conduct
these analyses, progenitor cells generated using the selected condition along with rat
primary astrocytes were co-cultured and single cell patch clamping analysis was
performed to measure the electrophysiological properties of the cells generated.
The selected differentiation protocol was then applied to a cell line bearing a mutation
in a gene involved in neuropsychiatric disorders such as SZ. For this work, I used a line
bearing a mutation in the Calcium Voltage-Gated Channel Subunit Alpha1C (CACNA1C).
Mutations in both exons 8 and 8a of the CACNA1C gene leads to Timothy Syndrome,
which is a rare autosomal dominant multi-system disorder characterised by symptoms
such as long QT syndrome, syndactyly and craniofacial abnormalities, which often leads
to death within two and a half years. Patients who live with this disorder can also present
with autism, reduced social skills and cognitive impairment (162, 163). Interestingly,
both mutations in exons 8 and 8a are gain-of-function mutations in CACNA1C that impair
the function of the voltage gated calcium channel subunit Cav1.2. These mutations lead
to prolonged depolarisation of the Cav1.2 channel, which allows excess calcium to enter
cells, which may contribute to a psychiatric phenotype (164). Indeed, GWAS have
consistently shown that variation in CACNA1C increases the risk of bipolar disorder,
depressive disorder, autism and SZ (165-168). However, further research is needed to
investigate the functional effects of this risk genes and how it may lead to disease. Bulk
qRT PCR of MGE markers was performed with the aim to check the CACNA1C mutation
effect on MGE-like cells.
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3.2 Methods
3.2.1 Cell culture and differentiation
The CACNA1C knock out (KO) cell line was generated by Gemma Wilkinson (PhD Student)
who knocked out exon 2 of CACNA1C from hiPSCs line IBJ4 using the clustered regularly
interspaced short palindromic repeats (CRISPR) technology (Figure 3.1).
The cell culture and neuronal differentiation of hESCs (line H9) and CACNA1C KO and

wild type (WT) were carried according to the protocol described in section 2.2.1 (Figure
2.2).

Figure 3.1
Diagram showing the exon layout of CACNA1C.
Black exons denote alternate exons. The red line in exon 2 denotes the position of the deletion
generated by CRISPR in the knockout line. The blue line indicates the CACNA1C antibody binding
site. The diagram was supplied by Gemma Wilkinson.

3.2.2 FISH RNAscope Fluorescent Multiplex Assay
The FISH RNAscope Fluorescent Multiplex Assay and imaging was conducted with the
assistance of Sophia Wilson, an undergraduate student. hESCs (line H9) were cultured at
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low density (20 000 cells per well of 96 well plate). IN differentiation was induced using
the four different conditions of XAV939 and SHH described previously; C1, C2, C3 and C4
were tested in duplicate.
At day 50, the cells were fixed in ice cold 4% RNAase free paraformaldehyde (PFA)
(Invitrogen) for 30 minutes and then washed twice with 1X DPBS. The cells were
dehydrated, stored for two weeks and re-hydrated whilst the FISH RNAscope
Fluorescent Multiplex Assay protocol was done strictly according to the manufacturer
protocol (Advance cell diagnostics (2017). RNAscope Multiplex Fluorescent v2 Assay for
Cultured Adherent Cells in 96-well Plate Format.
Available at:
https://www.cosmobio.co.jp/support/technology/document/ADC_Tech_Note_Mux_FL
_CulturedCells_V2.pdf. [Accessed:29/11/2020]).
The specific experimental set-up is described below.
The protocol was carried out with three control probes; Probe C1 (targeting SST),
ProbeC2 (targeting LHX6) and ProbeC3 (targeting PV). Please note that ProbeC1,
ProbeC2 and ProbeC3 did not refer to the culture conditions (C1, C2 and C3) but to the
three probes which were designed as such in page 2 of the manufacturer protocol (part
2 entitled RNAscope Pre-treatment, section 4).
The probes are conjugated with horseradish peroxidase(HRP). The hybridisation of the
three probes was detected using three fluorophores; Cyanine 3, Cyanine 5 and
Fluorescein. Cyanine 3 and Cyanine 5 were diluted (both at 1/1500) in Trichostatin A
(TSA) and used for the development HRP-ProbeC1 and HRP-ProbeC2 signal respectively.
Therefore, Cyanine 3 is specific to SST and Cyanine 5 is specific to LHX6. Fluorescein
(1/3000) was used to develop HRP-ProbeC3 signal so Fluorescein is specific to PV. Cells
were then counterstained with DAPI and washed twice with Phosphate-buffered saline
(PBS).
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Images were taken on an Inverted Leica DMI6000B. A 20X objective was used and for
each condition, images were taken from five random fields. A 400nm filter set (blue)
was used to detect DAPI, a 488nm filter set (green) for Fluorescein, a 594nm filter set
(red) for Cyanine 3 and a 647nm used for Cyanine 5 (far red but changed subsequently
to white to discriminate easily from Cyanine 3). Images taken from the five random fields
were Z-stacked and processed on the LAS-X software. The expression of LHX6, SST and
PV were then manually counted. However, the expression of DAPI was quantified using
the processed z- stack image and the Cell Profiler programme.
Two independent rounds of differentiation of ESCs line H9 cells were performed and the
FISH experiments were done twice.

3.2.3 Single qRT PCR
It must be noted that the aim of the experiment was to measure the single cell
expression when cells were mature neurons at day 50. However, due to the restrictions
of experiment timeline which only allowed one sample to run per day, the cells could
not be all captured on the same day. The mature neurons were therefore tested at
different days after they reached day 50 (Table 3.1).
Cell culture conditions

Day at which the cells were captured

C1a

day 66

C1b

day 69

C2a

day 57

C2b

day 68

C3a

day 61

C3b

day 67

C4a

day 69

C4b
Table 3.1

day 70
Stage of neuronal differentiation at which cells were captured.
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The cells were derived from hESCs (line H9) using C1, C2, C3 and C4. Two biological
replicates were used for each condition. hESCs (line H9) were cultured at high density
(500000 cells per well of 12-well plate).
Before loading cells into the “C1 Single-Cell PreAmp IFC (Fluidigm)10–17μm integrated
fluidic circuit chip”, the cells were prepared in the same way. Y27 Rock inhibitor (10μM)
was added to culture. After 1 to 2 hours, the medium was removed and the cells were
washed twice with PBS, then a volume of 0.5 ml of acutase (Gibco) was added to the
culture and the plate was incubated for 5 to 10 minutes at 37°C. 1 ml of N2B27 (with
RA) plus BDNF medium was added and cells were transferred to a 15ml centrifuge tube
containing 5 ml of N2B27 (with RA) plus BDNF medium. The cells were then centrifuged
at 200g for 5 minutes. The cell pellet was subsequently re-suspended in 10 ml of N2B27
+ RA + BDNF media and transferred to a FACS tube to filter possible debris. The cell
concentration was then measured.
A cell mix was then prepared by combining the cells with suspension reagent (Fluidigm)
at a ratio of (3:1). The manufacturer protocol required a volume of 6µl of cell mix to be
loaded into the IFC. The total volume of the cell mix was therefore scaled in such a way
that 6µl of cell mix would contained 1000 cells.
Subsequently, the rest of the experiment was carried out according to the
manufacturer protocol (Fluidigm (2016). C1 to Capture Cells from Cell Culture and
Perform Pre-Amplification Using Delta Gene Assays. Available at:
https://mmcri.org/wp-content/uploads/2016/11/Protocol_Using-PreAmp-with-DeltaGene-Assays-PN-100-4904.pdf. [Accessed: 30/11/2020]).
A “C1 Single-Cell PreAmp IFC (Fluidigm)10–17μm integrated fluidic circuit chip” was
used. GAPDH, C1orf43, LHX6, SST and PV primers were used to prepare the pool
primers (Table 2.1). Capture sites were visualised on the Olympus IX51 inverted
microscope to check the number of cell(s) per well and their liveability (Table 3.2). The
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wells containing damaged cells or more than one cell were excluded and only the wells
containing live single cell were used to prepare sample mixes.
Cell culture conditions

Percentage of single cell captured

C1a

77

C1b

83

C2a

85.5

C2b

79

C3a

68

C3b

97

C4a

77

C4b

75

Table 3.2

Single cell capture using C1 Single-Cell PreAmp IFC 10–17μm integrated fluidic

circuit chips.

The table shows the percentage of single cell capture obtained for the eight different
experiments. The cells were derived from hESCs (line H9) using C1,C2, C3 and C4 with
two biological replicates for each condition: C1ab, C2ab, C3ab and C4ab.
Sample mixes and assay mixes corresponding to the following genes: GAPDH, C1orf43,
LHX6, SST and PV were prepared using the primers given in Table 2.1. Sc qRT PCR was
performed with the BioMark HD real-time PCR reader (Fluidigm) to measure gene
expression using a Flex Six IFC chip (Fluidigm). The chip was primed and sample and
assay mixes were prepared and loaded into the IFC chambers with an IFC Controller HX
(Fluidigm). Everything was done exactly according to the manufacturer protocol
(Fluidigm (2014). Gene Expression with the Flex Six IFC Using Fast/Standard TaqMan
Assays. Available at:
https://jp.fluidigm.com/binaries/content/documents/fluidigm/resources/flex-six-getaqman-fast-std-100-7251/flex-six-ge-taqman-fast-std-100-7251/fluidigm%3Afile.
[Accessed: 30/11/2020]).
The following thermal protocol set up: GE Flex Six PCR +Melt v1 was used.
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Data from different Flex Six partitions but corresponding to the same condition were
combined using the Fluidigm real-time qPCR analysis software. Threshold and linear
baseline correction were automatically calculated. Amplification curves, melting curves
and cycle threshold (Ct) were obtained for every single cell and they were checked
manually to exclude aberrant melting curve plots (such as those containing multiple pics
or pics at the wrong temperature) and their associated data. Two biological replicates
were used for each condition. The number of single cells used per condition is shown in
Table 3.3.
Cell culture conditions

Number of cells used for analysis

C1

116

C2

147

C3

118

C4

140

Table 3.3
Number of cells used per cell culture condition. Aberrant amplification curves,
melting curves and their associated data were excluded.

3.2.4 Immunocytochemistry on cultured cells
hESCs (line H9) were cultured at the density of 500,000 cells per well of a 12-well plate.
Two rounds of IN differentiation were done until day 20, using C1 and C2. ICC was
performed to measure the expression of NKX2.1 and OLIG2. hESCs (line H9) were
cultured at low density (250,000 cells per well of a 12-well plate). Neuronal
differentiation was done until day 50, using C1, C2, C3 and C4. ICC was performed to
measure the expression of PV and SST.
The cells were washed with 1x DPBS and fixed with 4% PFA at 4°C for 20 minutes. After
three more washes with PBS, 1ml of PBS containing 0.02% of sodium azide to prevent
microbial growth was added into each well. The plate was then stored at 4°C until it was
stained.The cells were washed twice with PBS and blocked with 5% normal serum (1ml
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PBST + 50 µl serum) in PBS+Triton-X-100 (0.3% PBST, mix 1L of PBS with 3ml of Triton-X100) for 1 hour.
For progenitor neurons at day 20, the cells were incubated with primary antibodies;
NKX2.1 anti-Rabbit (1:1000, Abcam) and OLIG2 anti-Goat (1:200, Sigma) in blocking
solution overnight at 4°C. The cells were then washed with PBST three times for 5
minutes at RT before being incubated with secondary antibodies; Donkey anti-Mouse
Alexa 594 (1: 500, which will colour NKX2.1 in red) Donkey and anti-Rabbit Alexa 488 (1:
500, which will colour OLIG2 in green) in blocking solution at RT for 1-2 hours in the dark.
For mature neurons at day 50, the cells were incubated with primary antibodies; PV antiRabbit (1:1000, Sigma), SST anti-Rat (1:50, Santa Cruz), in blocking solution overnight at
4°C. The cells were then washed with PBST three times for 5 minutes at RT before being
incubated with secondary antibodies; Donkey anti-Rabbit Alexa 488 (1: 500, which will
colour PV in green) and Donkey anti-Mouse Alexa 594 (1: 500, which will colour SST in
red) in blocking solution at RT for 1-2 hours in the dark.
The cells were then washed twice with PBS for 5 minutes in the dark. They were then
counter stained for 5 minutes with DAPI (1:1000, Thermofisher) in PBS. The cells were
washed once more with PBS for 5 minutes before being mounted with Fluorescent
mounting medium (Dako). Cell samples were subsequently kept in the dark at 4°C until
they were visualised. Images were taken on an Inverted Research Microscope for
Biomedical Research Leica DMI6000B. A 20X objective was used. In each well, images
were taken from four-five random fields. Images were Z- stacked and processed on the
LAS-X software. The cells were counted manually with ImageJ to detect the expression
of SST and PV. DAPI, NKX2.1 and OLIG2 expression was quantified using the processed
Z- stack image and Cell Profiler.

75

3.2.5 Co-culture of rat primary astrocytes and MGE-like cells
derived from hESC (line H9)
3.2.5.1 Preparation of the rat primary astrocytes
A 6-well plate containing rat primary astrocytes was kindly donated by Emily Adair (PhD
student). Her protocol for the preparation of primary astrocytes is given below.
All mixed glial cultures were generated from Sprague-Dawley rats aged post-natal day 710 (Charles River) and were bred in-house. The animals were kept according to the
Animal Act (Scientific Procedures) of 1986 and according to Cardiff University animal
husbandry procedures. Every effort was taken to minimise pain and suffering where
possible. The animals were kept under standard housing conditions (12hr light-dark
cycle, 20-24oC and relative humidity at 55%± 10%) and fed ad libitum. .8-16 pups were
sacrificed one at a time via cervical dislocation.
The cortex was quickly dissected and cut into 450mm thick sections. Pooled tissue was
enzymatically dissociated using a pre-warmed papain (22.0 U/mg, Sigma) solution
(2mg/ml) for 30 minutes at 37oC. The cell suspension was spun down and re-suspended
DMEM supplemented with 5% heat inactivated fetal bovine serum (FBS), 0.25%
Glutamax and 1% antimycotic-antibiotic. A single cell suspension was achieved via
trituration and further diluted in another 5ml of the above media and passed through a
100mm cell strainer (VWR). Cells were counted using trypan blue exclusion and seeded
at a density of 5x105 cells/ml/well in glia medium on Poly D lysine coated 6 well plastic
plates and cultured in a humidified incubator at 37oC, 5% CO2 ,9% 02 plus nitrogen. 2hrs
post-plating, all media were changed (2ml/well), to remove weakly attached cells and
debris. 2/3rd of media was changed at 7 days in vitro. Once the cells became confluent,
the plates were shaken at 1200rpm for 20 minutes and all media was replaced to remove
weakly attached microglia, the astrocytes remain stuck to the bottom of the plate.
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3.2.5.2 Preparation of the co-culture
13mm coverslips were prepared by putting them in a solution of 70% ethanol for a short
time before transferring them briefly to a solution of ddH20 twice. The coverslips were
then coated with Poly D lysine and washed with ddH20 twice before being left to dry on
the side of each well of the 12-well plate. It was important to make sure that they were
completely dry, in order to hold the cell suspension drop in the right place without
spillage.
A volume of 50 ml of BrainPhys medium was prepared by combining 49 ml of BrainPhys
(STEMCELL), 1 ml of B27 without retinoic acid, 50µl of BDNF and 200 µl of Ascorbic acid
(Sigma). hESCs (line H9) were cultured and IN differentiation was induced using C2 as
described previously until cells reached day 20. N2B27 medium (without RA + FGF8 +
PurM and SHH) was aspirated from the 12-well plate and the wells were washed with 1x
DPBS. Similarly, the medium was aspirated from the 6-well plate containing the
astrocytes and the cells were washed with 1x DPBS. Acutase and TryplE (Gibco) were
added respectively into the 12-well plate and the 6-well plate before being incubated
until the cells began to come off.
N2B27 medium (without RA) was then added to both the 12-well plate and the 6-well
plate. The cells were then transferred into two universal tubes. The volume was made
up to 20ml each using N2B27 medium (without RA). The cells were then counted in order
to calculate the volume required to obtain 25000 astrocytes for 40,000 IN progenitors
per coverslip. The cells were then spun at 200g for 5 minutes. In the meantime, 60µl
aliquot of Matrigel was diluted by adding 740µl of BrainPhys medium.
The N2B27 medium (without RA) was aspirated from both universal tubes. The diluted
Matrigel was added firstly into the tube containing astrocytes to break the pellet. The
astrocytes in diluted Matrigel were then transferred into the IN progenitors pellet.
At this stage, the coverslips were dried and one coverslip was placed in each well. 30µl
of cell suspensions containing both the astrocytes and the IN progenitors in diluted
Matrigel was finally added into the middle of each coverslip.
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The plate was then gently transferred to the incubator and cells were left to sit down for
at least 1 hour but no longer than 2 hours. 1ml of BrainPhys medium was then added
very gently to each well, with 1ml of BrainPhys medium being added to each well the
following day. The cells were maintained by replacing half of the BrainPhys medium
every week until they reach day 50, then they were given to Dr Whitcomb (University of
Bristol) who performed the single cell patch clamping analysis (Figure 3.2).

Figure 3.2
Representative widefield image of patch clamping of one single cell derived
from hESCs (line H9) using C2 at day 50. 40x magnification shown with patch pipette present.
The image was supplied by Dr Whitcomb.

3.2.6 Bulk RNA qRT PCR
The RNA extraction, cDNA conversion and qRT PCR and analysis of CACNA1C KO and WT
were carried out according to the protocol described in section 2.2.2 with the following
forward

(5’-TGACTATTTTTGCCAATTGTGTGG-3’)

GCGGAGGTAGGCATTGGG-3’) primers.
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and

reverse

(5’-

3.3 Results
3.3.1 FISH indicates that C2 is the best culture condition to produce
PV expressing cells
In order to determine the percentage of each subtype of MGE-like INs in each condition,
FISH was performed at day 50 on INs derived from hESCs line H9 using C1, C2, C3 and
C4.
No significant results were observed for the expression of LHX6 and SST, suggesting that
the culture conditions do not influence the expression of these two markers. Significant
differences however, were observed for the expression of PV in which C2 clearly
produced more PV expressing cells compared to the other conditions (Figure 3.7). This
enrichment was also observed in the FISH image for C2 (Figure 3.4).
As expected, the cells expressing PV and those expressing SST also expressed the MGE
marker LHX6. Surprisingly, the expression of PV and SST co-localised (Figure 3.3, Figure
3.4, Figure 3.5 and Figure 3.6).
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FISH for culture condition C1

A

B

C

D

E

Figure 3.3
FISH RNAscope Fluorescent Multiplex Assay showing the expression of PV,
LHX6 and SST at day 50 in cells derived from hESCs (line H9) using C1. A shows DAPI staining.
B represents the expression of LHX6 (594nm). C represents the expression of PV (488nm). D
represents the expression of SST (647 nm). E shows the merged four channels (400 nm, 488nm,
594 nm and 647 nm).
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FISH for culture condition C2

A

B

C

D

E

Figure 3.4
FISH RNAscope Fluorescent Multiplex Assay showing the expression of PV,
LHX6 and SST at day 50 in cells derived from hESCs (line H9) using C2. A shows DAPI staining.
B represents the expression of LHX6 (594nm). C represents the expression of PV (488nm). D
represents the expression of SST (647 nm). E shows the merged four channels (400 nm, 488nm,
594 nm and 647 nm).

81

FISH for culture condition C3

A

B

C

D

E

Figure 3.5
FISH RNAscope Fluorescent Multiplex Assay showing the expression of PV,
LHX6 and SST at day 50 in cells derived from hESCs (line H9) using C3. A shows DAPI staining. B
represents the expression of LHX6 (594nm). C represents the expression of PV (488nm). D
represents the expression of SST (647 nm). E shows the merged four channels (400 nm, 488nm,
594 nm and 647 nm).
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FISH for culture condition C4

A

B

C

D

E

Figure 3.6
FISH RNAscope Fluorescent Multiplex Assay showing the expression of PV,
LHX6 and SST at day 50 in cells derived from hESCs (line H9) using C4. A shows DAPI staining. B
represents the expression of LHX6 (594nm). C represents the expression of PV (488nm). D
represents the expression of SST (647 nm). E shows the merged four channels (400 nm, 488nm,
594 nm and 647 nm).
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LHX6, SST and PV expression measured by FISH

Figure 3.7
FISH results showing the percentage of cell expressing LHX6, SST and PV.
Cultured neurons were extracted at day 50 of neuronal differentiation from hESCs (line H9) using
C1, C2, C3 and C4. The heights of the columns represent the mean of the percentage of cells
expressing LHX6, SST and PV. Standard errors are shown as error bars. For each condition, six
technical replicates (number of wells of cultured cells) of two rounds of differentiation (i.e. two
biological replicates) were used. One-way AN0VA was performed to check if there were any
significant variances between the conditions for the expression of LHX6 (F (3,44) =0.7324
P=0.5382), SST (F (3,44) =1.543 P=0.2168) and PV (F (3,44) =11.62 P=<0.0001). Tukey’s multiple
comparisons test was carried out to check the significant differences between each condition for
PV expression. *** indicates P-value <0.001 and ** indicates a P-value <0.01
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3.3.2 Single cell qRT results indicate that C2 is the best culture
condition to produce PV and LHX6 expressing cells
With a view to validating the FISH results, I used another single cell technique to
determine the percentage of each subtype of MGE-like INs in each condition. The sc qRT
PCR was performed on mature cells derived from hESCs line H9 using C1, C2, C3 and C4.
(Figure 3.8).

Figure 3.8
Heat map representing the raw data obtained from one partition of a Gene
Expression Flex Six IFC chip (Fluidigm).The columns represent the samples (twelve samples were
loaded per partition). The rows represent the assay tested in triplicate for PV, SST, LHX6 and
GAPDH. The right caption shows the colour coded CT values. A cell was counted as positively
expressing a gene when the CT value was not too high (less than 25) and was the same in each
triplicate. Therefore, the twelve single cells (from column 01: S01 to 12: S12) express SST, LHX6
and GAPDH. However, only one cell in the seventh column titled 07: S07 (green arrow) expresses
PV.

Interestingly, and in agreement with the FISH results (Figure 3.3, Figure 3.4, Figure 3.5
and Figure 3.6).sc qRT PCR data showed that the cells expressing PV also express LHX6
and SST, as it can be seen for cell 07SO7 in Figure 3.8.
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LHX6, SST and PV expression measured by sc qRT PCR

Figure 3.9
Single cell qRT PCR results showing the percentage of cell expressing LHX6, SST
and PV in cultured neurons extracted at day 50 of neuronal differentiation from hESCs (line
H9) using C1, C2, C3 and C4. The heights of the columns represent the mean of the percentage
of cells expressing LHX6, SST and PV. Standard errors are shown as error bars. For each condition,
two biological replicates (i.e. two wells of cultured cells from two rounds of differentiation) were
used. One-way AN0VA was performed to check if there were any significant variances between
the conditions for the expression of LHX6 (F (3,4) =1052, P=<0.0001), SST (F (3,4) =2515,
P=<0.0001) and PV (F (3,4) =20.24 P=0.007). Tukey’s multiple comparisons test was carried out
to check the significant differences between each condition. *** indicates P-value <0.001, **
indicates a P-value <0.01 and * indicates a P-value <0.05.
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C1

C2

C3

C4

LHX6

95.7

99.3

79.5

95.7

PV

5.13

10.9

2.4

3.7

SST
Table 3.4

100
98.9
94.5
100
Average percentage of cells expressing LHX6, PV and SST in C1, C2, C3 and C4.

As was observed with the FISH experiment (Figure 3.7), sc qRT PCR results also indicate
that C2 produces a larger population of cells expressing PV compared to the other
conditions (Figure 3.8 and Table 3.4). However, the expression pattern of SST and LHX6
differ slightly between the two experiments. FISH results indicated no significant
differences in the expression of LHX6, with about 20 to 35% of cells expressing LHX6 and
10 to 20% of cells expressing SST (Figure 3.7). This is less than what was observed in sc
qRT PCR in which almost all the cells express LHX6 and SST (Figure 3.9 and Table 3.4).

3.3.3 ICC results indicate that C2 is the best culture condition to
produce PV and SST expressing cells
Firstly, I wanted to check if the protein expression of PV and SST follows the same pattern
as what was observed with SST and PV transcript. ICC was performed on mature INs
derived from hESCs line H9 using C1, C2, C3 and C4 (Figure 3.10 and Figure 3.11).
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ICC showing the protein expression of SST and PV at day 50

Figure 3.10
Immunofluorescence staining showing the expression of PV and SST in hESCs
(line H9). Images were taken at day 50 of neuronal differentiation using C1, C2, C3 and C4. The
four images represent the merged four channels (400 nm for DAPI, 488nm for PV and 594 nm
for SST).
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Percentage of cell expressing PV and SST proteins at day 50

Figure 3.11
Percentage of PV and SST positive cells at day 50 in cells derived from hESCs
(line H9) using four different culture conditions: C1, C2, C3 and C4.
The heights of the columns represent the mean of the percentage of cells expressing PV and SST.
For each condition, three technical replicates (i.e. three wells of cultured cells) from one round
of differentiation were used. Standard errors are shown as error bars. One-way AN0VA was
performed to check if there were any significant variances between the conditions for the
expression of PV (F (3,8) =12.58, P=0.0021) and SST (F (3,8) =5.085 P=0.0293). Tukey’s multiple
comparisons test was carried out to check the differences between each condition. ** indicates
a P-value <0.01 and * indicates a P-value <0.05.

As opposed to the gene expression pattern observed in the FISH and sc qRT PCR
experiments (Figure 3.3, Figure 3.4, Figure 3.5 and Figure 3.6), immunofluorescence
staining (Figure 3.10) indicated that there was no overlap of PV and SST protein
expression.
In concordance with the bulk qRT PCR results observed for hESCs line H9 (Figure 2.13
and Figure 2.13), C2 appeared to produce an enriched population of SST INs (Figure
3.11). More importantly, C2 also produced an enriched population of PV expressing INs
and this was also observed in the bulk qRT PCR (Figure 2.14), the FISH (Figure 3.4 and
Figure 3.7) and the sc qRT PCR (Figure 3.9 and Table 3.4) experiments. This enrichment
of PV in C2 was also observed in the immunofluorescent staining (Figure 3.10 and Figure
3.11).
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As it was mentioned previously, FISH, sc qRT PCR and ICC results indicated that C2
produced an enriched population of PV expressing cells (Figure 3.12) and the significance
of these results is highlighted by the fact that the percentage of cells expressing PV is
similar at around 10% using both sc techniques; FISH and sc q RT PCR (Figure 3.12).

Enrichment of PV expressing cells verified by FISH, sc qRT PCR and ICC

Figure 3.12
Summary of FISH, sc qRT PCR and ICC results showing the percentage of cells
expressing PV in cultured neurons extracted at day 50 of neuronal differentiation from hESCs
(line H9). Detailed legend is given in Figure 3.7, Figure 3.9 and Figure 3.11.

Considering the significance of the results, C2 was chosen as the best condition to
produce MGE-like INs.
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3.3.4 C2 generates a high percentage of cells expressing the MGE
progenitor marker NKX2.1
ICC was also carried out in order to calculate the percentage of cells expressing the MGE
progenitor marker NKX2.1 and OLIG2 which is also expressed in the CGE and dorsal MGE
as well as in many types of neuronal progenitors and glia progenitors of the embryonic
brain (152).

ICC showing the protein expression of NKX2.1 and OLIG2 at day 20

Figure 3.13
Immunocytochemistry showing the expression of NKX2.1 and OLIG2 at day 20
in neuronal progenitors derived from hESCs (line H9) using C2. A shows DAPI staining (400nm).
B represents the expression of NKX2.1 (594nm). C represents the expression of OLIG2 (488nm).
D shows the merged three channels (400 nm, 488nm, 594 nm).
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Percentage of cells expressing OLIG2 and NKX2.1 protein at day 20

Figure 3.14
Percentage of cells expressing NKX2.1 and OLIG2 at day 20 in neuronal
progenitors derived from hESCs (line H9) using C2. NKX2.1 positive cells were counted as a
percentage of DAPI. The heights of the columns represent the mean of the percentage of cells
expressing OLIG2 and NKX2.1. For OLIG2, five technical replicates (number of wells of cultured
cells) of two rounds of differentiation (i.e. two biological replicates) were used. For NKX2.1, five
technical replicates (number of wells of cultured cells) of two rounds of differentiation (i.e. two
biological replicates) were used. Standard errors are shown as error bars. An unpaired t test was
performed to check if difference in expression of NKX2.1 and OLIG2 were significant. Results
show that the differences observed between NKX2.1 and OLIG2 (t (9) =16.5, P=0.0021) were
significant. *** indicates a P-value <0.001

C2 produces a much higher percentage of cells expressing the most important MGE
progenitor TF NKX2.1 (~80%) compared to the MGE and oligodendrocyte marker OLIG2
(<20%) (Figure 3.14). I then wanted to assess the functionality of the cells generated with
C2. I then co-cultured C2 progenitor cells along with rat primary astrocytes. Single cell
patch clamping analysis was then performed.
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3.3.5 C2 generates cells with functional electrophysiological
properties
I cultured rat primary astrocytes with cells derived from hESCs line H9 using C2, then Dr
Whitcomb (University of Bristol) performed a patch clamping analysis whose results are
presented below.

A

B

C

Figure 3.15
Spontaneous synaptic activity showing an example of trace of mEPSC
recording (A), mEPSC frequency (B) and mEPSC amplitude (C) in cells at day 50 which were
derived from hESCs (line H9) using C2. mEPSCs (mini excitatory synaptic current) are recorded
in the presence of tetrodotoxin (TTX) which blocks action potential formation and their
propagation by blocking Na+ channel. They represent the spontaneous synaptic activity such as
fusion of vesicles to the membrane which generate these mini events. The data were supplied
by Dr Whitcomb.
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A

B

C

Figure 3.16
Active electrophysiology characteristics showing the resting membrane
potential (A), the trace of action potentials (B) and the spontaneous action potential frequency
(C) in cells at day 50 which were derived from hESCs (line H9) using C2. The data were supplied
by Dr Whitcomb.

A

B

Figure 3.17
Active electrophysiology characteristics showing an example of trace of
current-injected action potential (A) and the quantification of number of action potentials
evoked at given injected currents (B) in cells at day 50 which were derived from hESCs (line
H9) using C2. The data were supplied by Dr Whitcomb.
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Cells day 50 showed spontaneous synaptic activity (Figure 3.15A, B and C), they have a
resting membrane potential at around -45mV (Figure 3.16A) and can fire action potential
spontaneously (Figure 3.16B, C) and upon current injection (Figure 3.17A, B). My next
step was to apply the selected condition C2 to a disease model of genetic variation
associated with SZ.

3.3.6 Application of the differentiation protocol to the CACNA1C
knock out cell line
3.3.6.1 CACNA1C protein and mRNA reduction in CACNA1C knock out cell
line
This cell line was generated by another PhD student (Gemma Wilkinson) (Figure 3.1).
After she generated the cells, Gemma Wilkinson applied a differentiation protocol to
produce cortical glutamatergic neurons. This protocol was based on the dual-SMAD
inhibition methods described by Chambers et al. (2009) and Shi et al. (2012) (33, 169).
She then checked if the expression of CACNA1C was completely knocked out in the KO
line by performing a Western Blot (WB) analysis of CACNA1C expression in WT (hiPSCs
line IBJ4) and KO (CACNA1C knock out line derived from hiPSCs line IBJ4).

95

Protein expression of CACNA1C at day 50

Figure 3.18
A: Fold change in CACNA1C protein expression in cultured neuron extracted at
day 50 of neuronal differentiation from (hiPSCs line IBJ4) and KO (CACNA1C knock out line
derived from hiPSCs line IBJ4). Expression ratios have been standardised to GAPDH and
calibrated to fold change in WT. The heights of the columns represent the mean of the calibrated
fold change for the three technical replicates (number of wells of cultured cells) of one round of
differentiation. Standard errors are shown as error bars. An unpaired t test was performed to
check if difference in expression of WT and KO were significant. Results show that the differences
observed between WT and KO (t (4) =4.02, P=0.015) were significant. * indicates a P-value <0.05.
B: Immunoblot for CACNA1C and GAPDH in cultured neurons at day 50 of neuronal
differentiation from from (hiPSCs line IBJ4) and KO (CACNA1C knock out line derived from
hiPSCs line IBJ4).
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The CACNA1C antibody recognises the intercellular loop between domains 2 and 3. The
data was supplied by Gemma Wilkinson.Her WB results (Figure 3.18A, B) indicated that
there was still some CACNA1C protein expression in the KO line, but it was significantly
reduced (70% reduction) compared to the WT. I then differentiated the WT and KO cells
into MGE-like cells using C2. Firstly, I wanted to check the expression of CACNA1C at the
mRNA level, to see if it was completely knocked out in the KO line. I checked the
expression of CACNA1C at day 50 (Figure 3.19).

Relative gene expression of CACNA1C at day 50

Figure 3.19
Fold change in CACNA1C expression in cultured neurons extracted at day 50
from WT (hESCs line IBJ4) and KO (CACNA1C knock out from hESCs line IBJ4) using C2.
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold change
in WT. The heights of the columns represent the mean of the calibrated fold changes for the two
technical replicates (number of wells of cultured cells) of one round of differentiation. Standard
errors are shown as error bars. An unpaired t test was performed to check if differences in
expression between WT and KO were significant (t (2) =1.400, P=0.297).

Results indicate that the expression of CACNA1C transcript decreased by 70% in KO
compare to WT at day 50 (Figure 3.19), although the results failed to reach significance.
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Interestingly, this reduction was comparable to the significant decrease in CACNA1C
protein observed in the KO cortical glutamatergic neurons (Figure 3.18A).

3.3.6.2 SST and PV expression in mature neurons derived from the
CACNA1C knock out cell line using C2
I then wanted to check the effect of CACNA1C knock down on the expression of the two
MGE IN markers SST and PV.

Relative gene expression of SST at day 50

Figure 3.20
Fold change in SST expression in cultured neurons extracted at day 50 from WT
(hESCs line IBJ4) and KO (CACNA1C knock out from hESCs line IBJ4) using C2. Expression ratios
have been standardised to GAPDH and C1orf43 and calibrated to fold change in WT. The heights
of the columns represent the mean of the calibrated fold changes for the two technical replicates
(number of wells of cultured cells) of one round of differentiation. Standard errors are shown
as error bars. An unpaired t test was performed to check if differences in expression between
WT and KO were significant (t (2) =1.00, P=0.423).
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Relative gene expression of PV at day 50

Figure 3.21
Fold change in PV expression in cultured neurons extracted at day 50 from WT
(hESCs line IBJ4) and KO (CACNA1C knock out from hESCs line IBJ4) using C2. Expression ratios
have been standardised to GAPDH and C1orf43 and calibrated to fold change in WT. The heights
of the columns represent the mean of the calibrated fold changes for the two technical replicates
(number of wells of cultured cells) of one round of differentiation. Standard errors are shown as
error bars. An unpaired t test was performed to check if difference in expression between WT
and KO were significant (t (2) =3.592 P=0.069).

Interestingly, results indicated a decreased expression of PV but not SST (Figure 3.20 and
Figure 3.21), although these results failed to reach significance.
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3.4 Discussion
Taken together, sc qRT PCR, FISH RNAscope Fluorescent Multiplex Assay and ICC results
confirmed that C2 favoured the production of cells expressing MGE progenitor and IN
markers in hESCs (line H9).
Some discrepancies between the FISH and sc qRT PCR results must be noted. FISH results
indicated that 20 to 35% of cells express LHX6 and 10 to 20% of cells express SST,
whereas sc qRT PCR result showed that more than 90% of cells express LHX6 and SST
across conditions. This could be explained by the fact that cells were filtered by size in
the sc qRT PCR experiment, as the diameter of the “C1 Single-Cell PreAmp IFC (Fluidigm)
integrated fluidic circuit chip” only allowed the capture of cells with a diameter of 10 to
17μm where the FISH stained the whole cell population. Another reason could arise from
the fact that the cell density for the sc qRT PCR experiment was much higher than the
cell density for the FISH experiment. In other words, the cells formed a monolayer in
both experiments so they were exposed uniformly to the culture medium and the
patterning factors. However, the cells were at closer proximity in the sc qRT PCR
experiment and so were able to differentiate in a more homogeneous and synchronous
way and were receiving more factors secreted by cells at closer proximity.
In spite of the discrepancies observed between the FISH and the sc qRT PCR experiments,
the selected culture condition C2 produced more cells expressing PV and the percentage
of PV expressing cells is similar at around 10% using both sc techniques FISH and sc qRT
PCR. Additionally, sc qRT PCR results indicated that C2 produced more than 98% of cells
expressing the post mitotic MGE marker LHX6 and the INs subtype marker SST. This
confirmed that the selected condition produced an enriched population of cells which
have some MGE transcriptional signature at day 50.
When looking at the protein expression, results indicated that C2 produced 20% of cells
expressing the MGE and oligodendrocyte marker OLIG2 compared to a higher
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proportion of cells (~80%) expressing the MGE progenitor marker NKX2.1. These ICC
results at day 20 suggest that the progenitor cells have a strong ventral forebrain
identity. At the more mature stage (day 50), the selected C2 generated a higher
percentage of cells expressing MGE INs subtype markers PV (~2%) and SST (~6%)
compared to other conditions. Despite being enriched in C2, the percentage of cells
expressing SST and PV protein is low at day 50, indicating that the cells are still too
immature to be fully functional and express the protein.
The ICC results showed that the protein expression of PV and SST did not overlap as
compared to the expression of the transcripts seen in the FISH and sc qRT PCR results
which indicated that the cells expressing PV also expressed SST. This mRNA colocalisation was already reported in all layers of the mouse neocortex in which 10-15%
of GABAergic INs express both markers. (170). Another mouse study using sc RNA seq
and FISH analysis, this time, in striatal cells enriched for INs likewise showed that Pvalb
expressing striatal INs co-express Sst (118). A more recent study comparing scRNA-seq
of the middle temporal gyrus of human cerebral cortex to a similar mouse cortex sc RNAseq dataset showed that this overlapping of MGE markers at RNA level was also
observed in humans (9).
Other published protocols have generated different subtypes of INs but in these, the
percentages of cells expressing PV and SST vary greatly, with SST expression ranging
between 2% to 40% and PV from <1% to 5% (102, 111). Another protocol which used
FGF8, XAV, LDN, SB and looked at the total cell population, showed less than 1% of cells
expressing PV and less than 2% of cells expressing SST (102). Two differentiation
protocols which did not use LDN and XAV failed to generate any PV INs (171). To
generate MGE-like INs, the strategies employed by different research groups varied and
were discussed in Chapter 1. For instance, Maroof et al. protocol appeared to generate
more cells expressing PV (5%) and SST (40%). However, this was using NKX2.1-GFP hESC
reporter so they were able to sort GFP positive cells expressing NKX2.1 on day 32 and
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plate them onto a mouse cortical feeder layer (111). Therefore, this data cannot be
directly compared to my study, in which the total cell population was examined.
Interestingly, the Maroof et al. results indicated that only 40 % of cells were GFP-positive
at day 18 compare to more than 80 % of cells expressing NKX2.1 in my culture at day 20.
This suggests that the selected condition C2 is better at producing MGE-like progenitors.
Nicholas et al. also used a NKX2.1-GFP hESC reporter line to sort the cells on day 35. The
cells were then co-cultured with mouse glial cells. They obtained 10% of PV INs at 15
weeks, but this reduced to 1.5% by 30 weeks. This reduction suggests that the cells
needed some sort of support to maintain PV expression. Given that fully functional PV
INs appear post-natally in humans and in mice (115), it would not be surprising that these
cells required more support from their environment. In support of this, the cells cocultured with mouse neurons and glia (111) matured more quickly than those cocultured solely with glia (115). This implies that co-culture of hPSC-derived neurons with
mature neurons and glia would be preferable to generate in future experiments.
Electrophysiological properties of INs generated with C2 and co-cultured with rat
primary astrocytes were analysed at day 50. Results showed that these cells had a resting
membrane potential at around -45mV, fired action potential spontaneously and upon
current injection and showed spontaneous synaptic activity (miniature excitatory
synaptic current). It is important to highlight that the morphology of the cells was
observed using a microscope in order to ensure that sc-patch clamping was performed
on neurons rather than astrocytes. However, no immuno-staining was performed after
electrophysiology analysis, and so the results do not characterise the functionality of the
SST and PV INs specifically, but rather the functionality of the general neuronal
population generated in my culture. Nonetheless, these electrophysiological properties
are similar to immature neurons derived from hPSCs obtained in other protocols in vitro
(172). However, to acquire electrophysiological properties similar to INs in vivo,
progenitor cells have to be transplanted into a rodent’s brain (111, 115). Therefore, the
results that I obtained are promising as C2 generated a high percentage of cells
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expressing NKX2.1 without the use of a NKX2.1-GFP hESCs reporter line and given that
SST and PV expressing cells were still generated in the absence of a mouse/human
cortical feeder or cell transplantation. However, the percentage of cells expressing SST
and PV proteins was low. This along with the relatively modest electrophysiological
properties of the cells generated, indicate that the cells produced at day 50 were not
mature enough to be fully functional. A way to stimulate the maturation of MGE-like INs
would be to transplant the MGE-like progenitors into neonatal rodents’ brains and leave
them to mature in order to produce fully functional neurons.
The selected differentiation protocol C2 was then used to study the impact of the
CACNA1C mutation which was associated with SZ (165-167). The CACNA1C KO was
generated by Gemma Wilkinson who knocked out the exon 2 with the aim of generating
a homozygous KO. Results indicated that there were still some CACNA1C protein and
transcript expression in the KO line. However, there was still a 70% reduction in the
CACNA1C protein in the KO line. The fact that CACNA1C expression was not completely
knocked down could be explained by a recent study (173) showing the existence of at
least 240 novel transcript isoforms of CACNA1C. This study found 38 novel CACNA1C
exons. Amongst all the CACNA1C isoforms, many were predicted frameshift.
Interestingly, 5 novel exons were located before the exon 2 that was knocked out.
Therefore, considering that the CACNA1C qRT PCR primers spam the junction between
exon 3 and exon 4, it is possible that some transcripts are still expressed after knocking
exon 2. This may eventually be verified once the 240 isoform sequences are made
available.
The bulk qRT PCR results revealed a 70% decrease in the CACNA1C mRNA expression in
the KO line. The CACNA1C knock down appears to cause a decrease expression of PV but
not SST at day 50. It should however be highlighted that those qRT PCT results are
preliminary and the experiment must be repeated due to a lack of sufficient biological
repeats. Nonetheless, the results agree with another study (174), which revealed a
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decrease in the protein expression of PV and GAD67, but not SST in the dentate gyrus of
rats with heterozygous CACNA1C deletion. It is important to highlight that this study did
not utilise stereological techniques to determine if the number of INs were reduced or if
it was the protein expression of PV and GAD67 which was decreased within the same
number of interneurons(174). A similar comment must be made regarding my data, as I
only measured the relative gene expression of PV and SST, meaning that the decreased
expression of PV does not necessary indicate that the number of cells expressing this
marker was reduced. Nonetheless, this result is interesting because a decrease in PV
expression resulted from a decrease in the CACNA1C gene expression.
Interestingly, It has been hypothesised that reduced function of GABAergic inhibitory
interneurons in SZ result from the NMDAR dysfunction (175). This hypothesis arose
because ketamine, a NMDAR antagonist worsens the psychotic symptoms of patients
with SZ and triggers these symptoms in healthy individuals (176). Additionally, it has
been shown that repeated exposure to NMDAR antagonists decreases PV and GAD67
expression in GABAergic interneurons (177). Given that CACNA1C is also a risk gene, the
changes seen with CACNA1C KO are consistent with the above hypothesis (165-167).
The results I obtained are however very preliminary and the experiment will have to be
repeated in order to obtain enough biological repeats to yield significant results. Other
MGE/CGE markers must also be tested at the mRNA and protein level and
electrophysiology analysis must be performed to conclusively demonstrate that MGElike INs were generated from the KO and WT lines. Furthermore, in order to better
investigate the full effect of CACNA1C hypofunction on MGE-like INs transcriptome,
scRNA-seq analysis could be performed on MGE INs derived from CACNA1C WT and KO
lines with the aim of unravelling altered biological pathways to identify subtype-specific
phenotypes and underlying mechanisms caused by CACNA1C hypofunction. The next
step to validate the protocol for the generation of MGE-like cells was to use scRAN-seq.
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4. Validations of the differentiation protocol to
generate MGE-like cells by single cell RNA sequencing
analysis
4.1 Introduction
The first scRNA-seq study was published in 2009 (178) and since then this new
technology has improved dramatically, not only in terms of the platforms available for
obtaining single cell RNA libraries in the lab, but also with regard to the number of
genomic and bioinformatics analysis tools available. The advantages of using scRNA-seq
analysis and the advances made in this field have been discussed in section 1.5. There
are several scRNA-seq techniques and amongst these, the critical step is the isolation of
individual cells. Plate-based methods, in which cells are firstly FACS isolated before they
are distributed into individual wells, are very expensive as they necessitate large
volumes of reagents and often robotic automation to run efficiently (179).
In an effort to reduce the amount of reagents and suppress the need for automation,
microwell technologies such as SMARTer ICELL8 Single-Cell System (Takara) , system
(Celsee) (180) and the Fluidigm C1 system (181) were designed. These technologies
utilise individual microwells that capture single cells and beads which are barcoded.
Then, following cell lysis and hybridisation of the mRNA to the beads, the gene
expression of captured mRNAs can be traced back to individual cells. Droplet-based
single cell RNA approaches have been developed more recently and have become very
popular as they facilitate increased throughput, with reduced cost per cell (182). With
this method, individual cells bind to barcoded beads and the content is captured in single
nanolitre droplets. Following cell lysis and the dissolution of the beads, barcoded reverse
transcription oligonucleotides are liberated into the solution to allow the mRNAs to be
reverse-transcribed with the same barcode if they result from the same single cell. This
allows the cDNAs to be pooled and sequenced together and therefore thousands of cells
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can be sequenced simultaneously, which significantly reduces cost (182). The 10x
Chromium system is one of such throughput droplet-based methods and which I
selected for this thesis. This method has been shown to be very efficient as it enables 3ʹ
mRNA sequencing of up to tens of thousands of single cells per sample (183).
As was briefly mentioned in Chapter 1, scRNA-seq analysis has been utilised successfully
to characterise cells generated in vitro. This was done by Close et al. (119), who validated
their protocol for the generation of cortical INs from hESCs, by looking at the cells’
expression profile at different time points across the maturation process. They found
that their protocol generated many cells typically found in the embryonic brain in vivo.
However, it failed to generate an important MGE IN subtype as there were no PV
expressing cells at any time point. This highlighted the fact that scRNA-seq is an
important tool for the validation of existing differentiation protocols and also for
revealing their limitations. Interestingly, the results also showed that some genes
involved in IN specification were linked to neurological disorders. This was the case with
contactin-associated protein-like 2 (CNTNAP2) which was associated with autism and
epilepsy (184), and was upregulated in developing SST expressing cells (119). The fact
that these neuropsychiatric disorders had associated genes which are also expressed in
IN development, implies that neurodevelopmental processes are heavily involved in the
aetiology of these disorders. This highlights the importance of using scRNA-seq to
investigate differentially expressed genes present in clusters of progenitor and mature
INs, as well as validating differentiation protocols and revealing their limitations.
In this chapter, I evaluated the efficiency of the selected protocol by exploring the
transcriptomic profile of the cells generated. I then compared their single cell expression
profile to the Close et al. single cell dataset (119) in order to evaluate the efficiency of
my differentiation protocol.
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4.2 Methods
4.2.1 Cell culture and differentiation
The cell culture and neuronal differentiation of hESCs (line H9) were carried out
according to the protocol described in section 2.2.1. C2 and the control condition; C1
were used to derive progenitor neurons and mature neurons from the hESCs line H9.

4.2.2 Bulk RNA qRT PCR
The RNA extraction, cDNA conversion, qRT PCR and analysis of hESCs (line H9) at day 20
and day 50 was carried out according to the protocol described in section 2.2.2

4.2.3 Single Cell 3ʹ gene expression libraries preparation
Cells were derived from the hESC line H9, using C2 and C1. Single Cell 3ʹ gene expression
libraries and sequencing was performed on derived progenitor neurons at day 20 and on
more mature neurons at day 50.
Sample preparation
The sample preparation and single cell libraries were prepared at the same time at day
20 for samples C1d20 and C2d20 and at day 50 for samples C1d50, C2ad50 and C2bd50.
My aim was to capture and sequence 3000 cells per condition, and so a cell suspension
stock with a concentration of 1200 cells/ μl was prepared for each sample according to
the manufacturer’s protocol (Cell Suspension Volume Calculator Table in page 24 of
Chromium Single Cell 3ʹ Reagent Kits v3 User Guide | Rev A).
For all conditions, cells for each sample were collected from an individual well from a 12well plate. Firstly, the cells were washed twice with DPBS and incubated with acutase for
5-10 minutes. The cells were then collected in a universal tube containing 9ml of N2B27-
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RA media for C1d20 and C2d20 and 9 ml of N2B27+RA media for C1d50 and C2d50,
before being centrifuged at 250 g for 5 minutes. The cell pellet was re-suspended in DPBS
with 0.04% BSA (for C1d20 and C2d20) and in media N2B27+RA with 0.04% BSA for
C1d50 and C2d50. Cells in DPBS or media with 0.04% BSA were then transferred to a
FACS sorting tube to remove the cell debris. They were stained with Trypan Blue
(Thermofisher) then quantified manually using a hemocytometer (Sigma) and the
viability of the cells was also estimated (Table 4.1). Finally, for each sample, a cell
suspension stock with a concentration of 1200 cells/ μl was prepared and placed on ice.
Samples

Cell viability

C1d20

75%

C2d20

80%

C1d50

74%

C2ad50

73%

C2bd50

78%

Table 4.1

Percentage of cell viability obtained after sample preparation.

Library preparation:
The cells on ice were immediately transferred to the Dementia Research Institute in
Cardiff University where the Single Cell 3ʹ gene expression libraries were prepared by Dr
Rachel Raybould using the 10x Genomics technology. This technology uses partitions
reactions into nanoliter-scale droplets containing uniquely barcoded beads called GEMs
(Gel Bead-In EMulsions).
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Before starting the preparation of the libraries, the cell concentration and viability of
C1d20 and C2d20 samples were double checked (Table 4.1) using the Muse Cell Analyser
(Merck). The cell concentration and viability estimated automatically by the Muse
Analyser was the same consistent with manual calculations (Table 4.1). Therefore, given
that my method was of equal accuracy, the cell concentration and viability were not
double checked with the Muse Analyser for samples C1d50, C2ad50 and C2bd50, which
reduced processing time and minimised possible cellular stress.
Immediately afterwards, a cell suspension was prepared for each sample using a volume
of 4 μl of cell suspension stock (1200 cells/μl) and 42.6 μl of Nuclease-free Water. This
cell suspension was added to the 33.4 μl of Master Mix (Step 1.1 Prepare Master Mix
p24 of Chromium Single Cell 3ʹ Reagent Kits v3 User Guide | Rev A). Subsequently, 75 μl
of this solution containing Master Mix and cell suspension was loaded into the
Chromium Chip B (Step 1.2 Load Chromium Chip B p25 of Chromium Single Cell 3ʹ
Reagent Kits v3 User Guide | Rev A).
The rest of the method for generating Single Cell 3ʹ gene expression libraries was carried
out in exact accordance with the manufacturer’s protocol (Chromium Single Cell 3ʹ
Reagent Kits v3 User Guide | Rev A) for samples C2d20, C1d50, C2ad50 and C2bd50.
Sample C1 at day 20 was initially prepared according to the manufacturer’s protocol
(C1d20*) but the cDNA yield obtained was very low (Table 4.2), and therefore the
following modifications to the protocol were made, and a new library (C1d20) was
obtained (Table 4.2).
After step 2.1, Post GEM-RT Cleanup – Dynabeads (in p 30-31 of Chromium Single Cell 3ʹ
Reagent Kits v3 User Guide | Rev A), 17.5 μl of purified cDNA sample was used (instead
of 10 μl) for C1d20 in order to increase the cDNA yield going into the library preparation
in step 3 (3ʹ Gene Expression Library Construction in p37 of Chromium Single Cell 3ʹ
Reagent Kits v3 User Guide | Rev A). During the library construction in step 3.5 Sample
Index PCR (in p 41 of Chromium Single Cell 3ʹ Reagent Kits v3 User Guide | Rev A) 14
cycles were used for C1d20 instead of the 13 cycles used for the other samples. This
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allowed an increase in the library concentration (Table 4.2).

Samples

Post GEM
cDNA yield

Volume of cDNA

Number of cycles

Final cDNA yield

used to prepare

used to prepare

after library

the libraries

the libraries

construction

*C1d20

4.8 ng /μl

10 μl

13

1.38 ng/μl

C1d20

4.8 ng /μl

17.5ul

14

31.3 ng/μl

C2d20

37.4 ng /μl

10 μl

13

12.8 ng/μl

C1d50

19 ng/μl

10 μl

13

15.6 ng/μl

C2ad50

23 ng/μl

10 μl

13

11.6 ng/μl

C2bd50

24 ng/μl

10 μl

13

11.6 ng/μl

Table 4.2
Post GEM cDNA yield and Volume of cDNA and number of cycles used
to prepare the final library of C1d20, C2d20, C1d50, C2ad50 and C2bd50
*first attempt to prepare C1d20 library.

4.2.4 Sequencing and mapping
The single cell libraries were then delivered to the sequencing facility at the MRC Centre
for Neuropsychiatric Genetics and Genomics at Cardiff University, where they were
sequenced by Joanne Morgan on the Illumina® HiSeq4000 across three lanes on one
flowcell.
The libraries were sequenced with nine unrelated samples over the other five lanes. The
sequencing was performed exactly according to the manufacturer’s instructions (see 3ʹ
Gene Expression Library Sequencing Depth & Run Parameters, library loading and
pooling in page 46 of Chromium Single Cell 3ʹ Reagent Kits v3 User Guide | Rev A).

110

Conditions

no of cells

no of reads

no of genes

no of transcripts

per cell

per cell

per cell

C1d20

4477

46143

692

1189

C2d20

2948

80241

4424

15120

C1d50

4467

45483

1341

2455

C2ad50

5605

36690

1119

1936

C2bd50

4167

50529

1031

1767

Table 4.3
Table showing the number of cells sequenced, the number of reads per
cell obtained and the number of genes and transcripts per cell detected in samples
C1d20, C2d20, C1d50, C2ad50 and C2bd50. The best sample C2d20 is highlighted in bold.
It is undeniable that sequencing many cells using a large number of sequencing reads
(depth) increases the significance of the results. However, this method would result in a
very high cost associated with library preparations and sequencing. Therefore, there is
often a trade-off between sequencing a larger cell number with less depth and
sequencing a smaller cell number with more depth. It has been shown that major cell
types can be inferred from around 3000 cells and that the number of genes and
transcripts plateaus at 50K reads per cell. Increasing the depth above 50K reads per cell
therefore, does not increase the number of transcripts and genes detected. Additionally,
most of the genes were detected at 30K reads per cell, and so increasing sequencing
depth beyond 30K reads per cell will increase the cost significantly without a
corresponding increase in the yield of results.
(https://support.10xgenomics.com/single-cell-geneexpression/sequencing/doc/technical-note-resolving-cell-types-as-a-function-of-readdepth-and-cell-number, [Accessed: 10/11/2021] ).
Therefore, I decided to aim for a depth of at least 30K reads per cell, which was achieved
successfully (Table4.1).
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The initial mapping and quality control (QC) that was done using the 10x Cell Ranger
raw data processing pipeline (183), which is designed to map Chromium single cell 3ʹ
libraries to the transcriptome. Initial results (Table 4.3) showed that sample C2d20
gave a significantly higher number of reads per cell and number of genes and
transcripts per cell, compared to other samples.
Initial FastQC (185) analysis using default parameters revealed that the reads contained
significant amounts of sequencing adaptors (Table 4.4), and so the sequencing reads
were trimmed of library adaptor using TrimGalore
(https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/,
[Accessed:10/11/2021] ) and aligned to the GRCh38 genome reference and assessed
again for quality using FastQC.
The alignment was performed again after trimming using the 10x Cell Ranger raw data
processing pipeline (183).
Results indicated that the dataset for mature neurons and control conditions didn’t pass
the QC (Table 4.5, Table 4.6 and Table 4.7) so only the data obtained for progenitor cells
using the culture condition 2 at day 20 was analysed further.
Investigating the effects of the selected culture condition 2 at day 20 is of interest
because my differentiation protocol only differs in the first 20 days (Figure 2.2). It is
therefore possible that the cells were already committed to become certain subtypes of
INs at this stage and the selected condition might favour cellular mechanisms implicated
in the IN cell type specification. ScRNA-seq analysis of cells generated with C2 at day 20
was performed. Then the efficiency of my protocol was assessed by comparing my
scRAN-seq data to the published Close et al. single cell data of hESC-derived human
interneurons and progenitors (119) at day 26 (D26) of neuronal differentiation. This
scRAN-seq data was downloaded from the Gene Expression Omnibus (GEO) Accession
database under the project ID: GSE93593.
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4.2.5 Single cell RNA sequencing analysis using Seurat
4.2.5.1 Single cell analysis of the progenitor cells obtained with C2 at day20
The R (version 3.6.3) was used for single cell RNA analysis. QC post mapping and
clustering analysis were executed following the Seurat Guided Clustering Tutorial
(https://satijalab.org/seurat/archive/v3.0/pbmc3k_tutorial.html,

[Accessed:

02/12/2021]). An explanation of each Seurat function used to analyse my dataset can be
found in the tutorial. However, for more clarity, the full R script which contains the
command line codes from the Seurat tutorial is given next. The explanation is provided
at the top of each box containing the command lines.
*

First of all, the required R libraries namely “dplyr” and “Seurat” were loaded.

The “dplyr” package allows data manipulation such as filtering and sorting,
(https://cran.r-project.org/web/packages/dplyr/vignettes/dplyr.html, [Accessed:
02/12/2021]) and the “Seurat” package (Version 3.1) which was developed by the
Satija Lab (186) is used to perform the single cell data analysis.
library(dplyr)
library(Seurat)

*

I then assigned the single cell raw dataset for C2d20 sample to a vector called

“sampleName”.
sampleName <- "c2d20"
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*

I then read the single cell raw dataset, which was saved in the “input” folder in

the working directory. The “Read10X” function reads in the output of the cellranger
pipeline that was obtained before (i.e. the “filtered_feature_bc_matrix”. The single cell
raw dataset was then assigned to a vector named “raw.data”.
raw.data <- Read10X(data.dir = paste("../input/", sampleName,
"/filtered_feature_bc_matrix/", sep=""))

*

A Seurat object named “scRaw” was created containing the raw gene count data

from cell ranger. This was done using the default parameter where genes were discarded
if they were not present in at least 2 cells, and cells were discarded if they contained
fewer than 200 transcripts.
scRaw <- CreateSeuratObject(counts = raw.data, project =
sampleName, min.cells = 2, min.features = 200)

*
of

The function “PercentageFeatureSet” was then used to evaluate the percentage
transcripts

that

mapped

to

mitochondrial

genes

(https://search.r-

project.org/CRAN/refmans/Seurat/html/PercentageFeatureSet.html,
[Accessed:02/12/21]). This was achieved by calculating the percentage of all the counts
belonging to a subset of the possible features. In this case, the feature is mitochondrial
genes (i.e. genes’ names that start with "MT- “). The percentage of mitochondrial
genes;"percent.mt” would be required later for the QC analysis.
scRaw[["percent.mt"]] <- PercentageFeatureSet(scRaw, pattern =
"^MT-")
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*

The QC metrics of the scRaw object were visualised by producing three violin

plots using the “VlnPlot” function. This was done in order to visualise the outliers present
in the number of genes (“nFeature_RNA”), the number of transcripts (“nCount_RNA”)
and the percentage of mitochondrial genes (“percent.mt”).
VlnPlot(scRaw, features = c("nFeature_RNA", "nCount_RNA",
"percent.mt"), ncol = 3)

*

After visualisation of QC metrics (Figure 4.3, A &B), I removed the outliers by

applying a second filter to remove cells whose number of genes were fewer than 500
and greater than 8000, and a high percentage of mitochondrial genes (>15%). I kept the
cells whose number of transcripts were between 500 and 50000 mRNA molecules. I
assigned the filtered dataset to an object called “scFiltered”.
scFiltered <- subset(scRaw, subset = nFeature_RNA > 500 &
nFeature_RNA < 8000 & percent.mt < 15 & nCount_RNA <50000 &
nCount_RNA >500)

*

In order to be able to compare the gene expression of individual cell to one

another, the “scFiltered” dataset was normalised by multiplying, each feature
expression measurement for each cell, by 10000 and log-transformed the results
(these were the default parameters recommended in the Seurat tutorial). I assigned
the normalised dataset to an object called “scNormalised”.
scNormalised <- NormalizeData(scFiltered, normalization.method =
"LogNormalize", scale.factor = 10000)
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*

Next, the top 2000 highly variable genes (i.e. highly expressed in some cells, and

much less so in others) were identified in order to focus on them in downstream
analysis and to reduce the size of data for efficient compute. This was also
recommended in the tutorial as it has been shown that focusing on these highly
variable genes in downstream analysis helps to highlight biological significance in
single-cell datasets (187).The resulting dataset was assigned to an object called
“scFeatureFiltered”.
scFeatureFiltered <- FindVariableFeatures(scNormalised,
selection.method = "vst", nfeatures = 2000)

*

The dataset was then scaled by shifting the expression of each gene, so that the

variance across cells was 1 and the mean expression across cells was 0, which is a
prerequisite for dimensional reduction analysis. The scaled dataset was assigned to an
object called “scScaled”.
all.genes <- rownames(scFeatureFiltered)
scScaled <- ScaleData(scFeatureFiltered, features = all.genes)

*

The principal components analysis (PCA) was then performed using the function

“RunPCA” which allows Seurat to cluster cells based on their PCA scores and reduces the
complexity of the dataset by discarding small effects and focusing downstream analysis
on

the

largest

components

(https://www.rdocumentation.org/packages/Seurat/versions/4.0.3/topics/RunPCA,
[Accessed:02/12/2021]). This achieved a linear dimensional reduction on the scScaled
object. The resulting dataset was assigned to an object named “scPCA”.
scPCA <- RunPCA(scScaled, features = VariableFeatures(object =
scScaled))
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*
be

In order to determine the number of principal components (PCs) which should
selected

for

further

analysis,

I

used

(https://rdrr.io/cran/Seurat/man/ElbowPlot.html,

the

“ElbowPlot”

function

[Accessed:02.12.2012]).

This

function ranks principle components based on the percentage of variance explained by
each one. The Elbow Plot (data not shown) showed that the variance started to plateau
after the 15th principal component (the elbow). Therefore, the majority of true signal
was captured in the first 15 PCs and this would be used for further analysis.
ElbowPlot(scPCA)

*

The first 15 PCs were then used to cluster the cells which had similar genetic

expression, using the “FindNeighbors” function
(https://www.rdocumentation.org/packages/Seurat/versions/3.1.4/topics/FindNeighb
ors, [Accessed:03/12/21]) and the “FindClusters” function
(https://www.rdocumentation.org/packages/Seurat/versions/4.0.5/topics/FindClusters
, [Accessed:03/12/21]). The resulting dataset was then assigned to an object named
“scClusters”.
scNeighbors <- FindNeighbors(scPCA, dims = 1:15)
scClusters <- FindClusters(scNeighbors, resolution = 0.5)

*

In order to visualise the differentially expressed cells, high dimensional data

such as single cell RNA datasets have to be dimensionally reduced a second time by
projecting the data to a lower dimensional space. To achieve this, Uniform Manifold
Approximation and Projection (UMAP) dimensional reduction technique was used
(188). The umap-learn python package
(https://satijalab.org/seurat/reference/runumap, [Accessed:03/12/21]) was installed
and the “umap” library (https://cran.rproject.org/web/packages/umap/vignettes/umap.html, [Accessed 02/12/21]) was
loaded. The UMAP dimensional reduction on the “scClusters” dataset was performed.
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The resulting dimensionally reduced dataset was then assigned to an object named
“scUMAP” and was plotted for visualisation.
library(umap)
scUMAP <- RunUMAP(scClusters, dims = 1:15)
DimPlot(scUMAP, reduction = "umap", label = TRUE)

*

During single cell capture, it is possible that some GEM droplets contained cell

doublets or multiplets (containing more than two cells). These cells which may have
exhibited an aberrantly elevated number of RNA and genes had to be removed from the
dataset.

The

“DoubletFinder”

package

(https://github.com/chris-mcginnis-

ucsf/DoubletFinder, [Accessed:02/12/21]) was used to estimate the number of doublets
or multiplets. This package was developed by Mc Ginnis et al. and the details for the
underlying principles and mathematics can be found in their paper (189). Dr Robert
Andrews wrote and run a code so the package could be used from the “scUMAP” object.
Results indicated that there were 101 doublets in C2d20 sample, which represented only
3.8% of the cells (Figure 4.3, D). These doublets were excluded from the dataset and a
new scUMAP object which did not contain any doublets was created and was saved
under the name “c2d20.rds” to use it for comparison analysis with the Close et al.
dataset.
c2d20 <- scUMAP
c2d20 <- saveRDS(c2d20,"c2d20.rds")

*

I then wanted to identify the different cell clusters by identifying those genes

that were differentially expressed in one cluster compared to the sum of all the others.
To do so, I firstly renamed the object “scUMAP” as I wanted the “c2d20” object to be
the object without cell identification so it could be compared to other objects prior to
cell identification. Then I used the function “FindAllMarkers’
(https://www.rdocumentation.org/packages/Seurat/versions/4.0.5/topics/FindAllMark
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ers, [Accessed:03/12/2021]) to find the top 50 markers for every cluster compared to
all remaining cells and to report only the positive ones ( i.e. the genes that had been
turned on). The resulting object table “scMarkers” was saved to the Desktop.
scMarkers <- FindAllMarkers(scUMAP, only.pos = TRUE, min.pct =
0.25, logfc.threshold = 0.25)
scMarkers %>% group_by(cluster) %>% top_n(n = 50, wt = avg_logFC)
write.csv(scMarkers, "~/Desktop/scMarkers.csv")

*

After looking at the top 50 upregulated genes in each cluster, it was not possible

to identify one cluster from the others based on different cell type markers. It would be
beneficial to have a platform or a bioinformatics tool which would compare the
regulated genes in my dataset to all available datasets of progenitor neuronal cells
(without assuming any prior knowledge of cell types markers). However, to my
knowledge, there is no such platform available which could identify different types of
progenitor and mature neuronal cells. The latest version of Seurat (version 4.0.4) has
functionality that attempts to assign cell type to each cluster using a database of gene
expression profiles from known immune cells cell types. This tool could not be used with
my dataset, since progenitor neuronal cells did not feature in this database.
Given the absence of suitable automatic platforms to identify the cells in the dataset, I
had to use a manual approach to identify the percentage of cells expressing known cell
markers in the dataset. The “PrctCellExpringGene” function was used to assess how
many times given genes were featured in each cluster of the dataset. For instance, the
command line below was used to determine the number of cells expressing NKX2.1,
COUPTF2 (NR2F2) and PV (PVALB) in each cluster. The resulting object table “count” was
saved in the Desktop.
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*

After determining the percentage of cell markers expressed in each cluster, I

wanted to know the percentage of cell markers expressed in the entire culture. The
command line below was the one that I used to produce Table 4.9 and Table 4.10. This
command was repeated for each gene and is given below for NKX2.1.
sum(GetAssayData(object = scUMAP, slot = "data")["NKX2-1",]
>0)/nrow(scUMAP@meta.data)

*

Then, I wanted to be able to visualise the expression of these genes so that the

intensity of the expression could also be observed and assigned to specific cell clusters.
To do so, the function “FeaturePlot” was used
(https://www.rdocumentation.org/packages/Seurat/versions/4.0.5/topics/FeaturePlot
, [Accessed:03/12/21) to produce a scatterplot visualisation of cells after UMAP with
the colour representing the average expression level of the gene featured. The
command line below was the one that I used to produce Figure4.4 (“PVALB” is PV and
“NR2F2” is COUPTF2).
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FeaturePlot(scUMAP, features = c("FOXG1","SOX2", "SIX3", "NKX2-1",
“NR2F2","PAX6","PVALB","SST"))

*

After looking at the percentage of known cell markers (Section 4.3.4), the cell

clusters were renamed using the “RenameIndents” function. A new scatterplot
visualisation of cells after UMAP analysis and cell identification was obtained (Figure
4.6).
scUMAP <- RenameIdents(scUMAP, `0` = "MGEp", `1` = "MGEp", `2` =
"MGEp", `3` = "MGEp(prol)", `4` = "MGEp(dif)", `5` = "MGEp", `6` =
"MGEp(dif)", `7` = "CGEp/dMGEp", `8` = "NI", `9` = "MGEp(prol)",
`10` = "MGEp(prol)", `11` = "MGEp", `12` = "MGEp(dif)")
DimPlot(scUMAP, label = TRUE)

4.2.5.2 Single cell RNA analysis of cells derived from the Close et al.
differentiation protocol at day 26
The same Seurat script as the one used for single cell analysis of C2d20 was utilised to
analyse D26 from the Close et al. study (119) with some exceptions which are highlighted
below.
*

The GSE93593 dataset of the Close et al. paper was saved in the “input” folder in

the working directory and was loaded. Given that this dataset was in the form of a table
and that the row name (which was the first column) was not recognise d automatically.
The first column which contained the genes ID was used as a heading for the row. Then
it was deleted so the data frame would only contain numbers that correspond to gene
expression.
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raw.data <- read.table(file = "../input/GSE93593_counts.csv",
sep=",", header=T
rownames(raw.data) <- raw.data[,1]
raw.data[,1] <- NULL

*

The full GSE93593 dataset was filtered so that only the progenitor cells at day

26 (D26) of neuronal differentiation were kept.
raw.data <- dplyr::select(raw.data, starts_with("D26"))

*

It should be noted that the number of mitochondrial genes could not be found in

the Close et al. dataset, suggesting that the mitochondrial genes were filtered out from
the GSE93593 dataset or were formatted differently. Therefore, the QC was performed
using the same parameters as in C2d20, except that the mitochondrial genes did not
have to be filtered. The cells whose number of genes was fewer than 500 or greater than
8000 per cell were filtered out and only the cells with a number of transcripts between
500 and 50000 mRNA molecules were kept.
scFiltered <- subset(scRaw, subset = nFeature_RNA > 500 &
nFeature_RNA < 8000 & nCount_RNA <50000 & nCount_RNA >500)

*

The rest of the analysis for D26 dataset was performed following the same

method described for C2d20 in the previous section until a “scUMAP” object, which did
not contain any doublets was created and was saved under the name “D26.rds” to be
used for comparison analysis with my dataset.
D26 <- scUMAP
D26 <- saveRDS(D26,"D26.rds")
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4.2.5.3 Single cell RNA sequencing analysis comparison of sample D26 and
C2d20
After performing QC and clustering analysis of C2d20 and D26 in parallel, these sets of
data were analysed simultaneously. This comparison analysis was done using the
Seurat tutorial for integrating two datasets
(https://satijalab.org/seurat/v3.1/immune_alignment.html, [Accessed:03/12/2021]).
The full script along with the explanation of the command line codes are given below.
*

Two extra R libraries were needed in order to perform the comparison analysis.

Namely, the “ggplot2”
(https://www.rdocumentation.org/packages/ggplot2/versions/3.3.5,
[Accessed:03/12/2021]) which is used for data visualisation and the “cowplot”(
https://cran.r-project.org/web/packages/cowplot/vignettes/introduction.html,
[Accessed:03/12/21]) which is an addition to “ggplot2” and is used for the alignment
and annotation of complex figures and functions.
library(ggplot2)
library(cowplot)

*

Then the “c2d20.rds” and “D26.rds” datasets were loaded

D26 <- readRDS("D26.rds")
c2d20 <- readRDS("c2d20.rds")

*

I then created a list of Seurat objects, that contain the “c2d20” and “D26”

objects. I called this list “cAll,list”.
D26$cAll <- "D26"
c2d20$cAll <- "c2d20"
cAll.list <- list(D26, c2d20)
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*

I used the function “FindIntegrationAnchors”

(https://satijalab.org/seurat/reference/findintegrationanchors,
[Accessed:20/12/2021]) to identify anchors between the objects of the “cAll.list”,
whilst keeping the dimensionality of the dataset. Then, the resulting anchors
“cAll.anchors” was used to integrate the objects ( “D26” and “c2d20”) using the
“IntegrateData” function
(https://www.rdocumentation.org/packages/Seurat/versions/4.0.5/topics/IntegrateDa
ta, [Accessed:03/12/21]).
The resulting Seurat object was named “cAll.integrated”. This object contained a
new Assay, with an integrated expression matrix for all cells, which allowed them to be
analysed together. However, the original assays ( for “c2d20” and “D26”) were still
stored in the object in the “RNA” assay, so it was possible to switch back and forth
between the combined assay and the original assays. The integrated assay was
specified as a default assay.

cAll.anchors <- FindIntegrationAnchors(object.list = cAll.list,
dims = 1:15)
cAll.integrated <- IntegrateData(anchorset = cAll.anchors, dims =
1:15)
DefaultAssay(cAll.integrated) <- "integrated"

*

Then, I used the standard workflow for visualization and clustering (i.e. the one

I used for the analysis of C2d20 dataset, to analyse the new integrated matrix by
scaling it, running PCA , determining the number of principle components (i.e. 15) ,
clustering the cells and visualising the results with UMAP.
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cAll.scaled <- ScaleData(cAll.integrated, verbose = FALSE)
cAll.PCA <- RunPCA(cAll.scaled, npcs = 20, verbose = FALSE)
ElbowPlot(scAll.PCA)
scNeighbors <- FindNeighbors(scAll.PCA, dims = 1:15)
scClusters <- FindClusters(scNeighbors, resolution = 0.5)
scUMAP <- RunUMAP(scClusters, reduction = "pca", dims = 1:15)

*

I then produced UMAP plots that show the cell from the C2d20 dataset and the

one from the D26 dataset and a combination of both.
umap1 <- DimPlot(scUMAP, reduction = "umap", group.by = "cAll")
umap1
umap2 <- DimPlot(scUMAP, reduction = "umap")
umap2
plot_grid(umap1, umap2)
DimPlot(scUMAP, reduction = "umap", split.by = "cAll")

*

In order to compare the expression of given genes between c2d20 and D26, I

used the function “FeaturePlot” which was described previously. The command line
below was the one that I used to produce Figure 4.10 (“PVALB” is PV, “GAD1” is GAD67
and “RBFOX3” is NeuN), where the expression of the given genes was visualised in
parallel in c2d20 and in D26.
FeaturePlot(scUMAP, features = c("RBFOX3", "GAD1","PVALB","SST"),
split.by = "cAll", max.cutoff = 3, cols = c("grey", "red"))
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4.2.5.4 Single cell analysis of cells with high PV expression obtained with C2
at day20
To identify potential regulatory genes involved in the development of PV expressing INs,
I tried to detect upstream regulators that would promote or inhibit the formation of cells
expressing PV. In order to do so, I wanted to identify genes that were differentially
expressed in clusters 6 and 12 (i.e. the clusters of cells which most express PV) compared
to other clusters of MGE progenitor cells. This identification was performed by using the
Seurat (Version 3.1) in R (version 3.6.3) used previously. The same R script was used until
the object “scUMAP” was identified, then the following command line code.
The “FindMarkers” function performed a differential expression analysis between two
specific groups of cells. The 2 groups of cells that I wanted to compare were clusters with
high PV expression (“indent.1” which corresponds to cluster 6 and cluster 12) and all
other cells (“indent.2” which correspond to all the other clusters except cluster 8, which
was not identified).

MarkersPVclusters <- FindMarkers(scUMAP, ident.1 = c(6, 12),
ident.2 = c(0, 1, 2, 3, 4, 5, 7, 9, 10,11), min.pct = 0.25)
write.csv(MarkersPVclusters, "~/Desktop/ MarkersPVclusters.csv")

As a default, Seurat performs differential expression based on the non-parametric
Wilcoxon rank sum test. The output was saved under the name “MarkersPVclusters” in
the Desktop. This was given in the form of a comma-separated file (Table 4.11).
These differentially expressed genes which can be upregulated or downregulated
(adjusted p-value < 0.05), were analysed further using the QIAGEN® Ingenuity® Pathway
Analysis (IPA) program. A core suite of enrichment analyses was performed using default
parameters (PROM-15284-001_Service Report_IPA_1119_WW.pdf) to identify eventual
upstream regulators which would be present in the cluster of cells expressing PV the
most. The IPA upstream regulator analysis uses information of known transcription
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regulators and their target genes stored in the Ingenuity® Knowledge database and
compares it to the differentially expressed genes in the dataset, which need to be
analysed.
(http://pages.ingenuity.com/rs/ingenuity/images/0812%20upstream_regulator_analys
is_whitepaper.pdf, [Accessed: 10/11/2021]). This analysis searches whether targets of
each transcriptional regulators in the Ingenuity database, are present in the user’s
dataset. Then, it analyses the changes in the gene expression of target genes present in
the user’s dataset. In other words, upstream regulator analysis identifies genes acting
on multiple genes in the uploaded gene list, using the core gene interaction database
and the magnitude and direction of the gene expression change in the given sample. The
output is given for the most significant upstream regulators (Table 4.12 and Table 4.13).

4.3 Results
4.3.1 Primary results for single cell RNA sequencing of cells derived
from hESCs (line H9) using C1 and C2 at day 20 and day 50
Many cDNA libraries do not look as expected, except for sample C2d20. They have a
number of smaller fragments, indicating degraded cDNA. Ideally, a high-quality library
should present a single symmetric peak with a maximum length between 250bp and
350bp. Sample C2d20 (Figure 4.1, C) presents one single peak at the expected length.
Additional peaks were observed in samples C1d50, C2ad50, C2bd50 (Figure 4.1, D, E and
F). This may be due to an abundant transcript which would account for a large proportion
of total cellular transcripts. However, the manufacturer’s recommendation stipulates
that the presence of this gene has no negative effect on library’s data quality.
(https://kb.10xgenomics.com/hc/en-us/articles/217233386-What-are-the-additionalpeaks-in-my-post-cDNA-amplification-QC-, [Accessed: 10.11/2021] ).
A small tail in the larger size end was observed in C2d20 and C2ad50 and C2bd50
samples. This indicates the presence of longer RNA fragments which have not been
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removed entirely in the SPRI (Solid Phase Reversible Immobilisation beads) cleaning
process (190).
However, during sequencing, the clustering process (where single-molecule DNA are
bridge amplified to form clonal clusters prior to sequencing) is heavily biased towards
the smaller fragments, as the size gets bigger, the clustering efficiency drops off,
therefore the presence of these larger fragments would not influence the scRNA-seq
results(191). The final cDNA library product of sample C1d20* confirmed that the cDNA
yield was low (Figure 4.1, A and Table 4.2). This had improved after the second attempt
(sample C1d20) of making that library (Table 4.2) but the peak was above the optimum
range of 250bp-350bp (Figure 4.1, B). Peaks of shorter fragments (<100 bp), such as
those found in the C1d20* and C1d50 samples, may correspond to carryover gel bead
oligos or primer dimers. This has led to a low fraction of reads mapped to the
transcriptome (Table 4.5). This low fraction of read may have been due to a high volume
of ambient RNA coming from damaged or dead cells in the sample. The alignment
software, Cell Ranger, is able to align the reads from ambient RNA sequences to the
transcriptome, but the reads are not associated with a valid cell-containing GEM, causing
a low fraction of reads mapped to cells (Table 4.6) (https://kb.10xgenomics.com/hc/enus/articles/360003919491-How-to-interpret-the-Fraction-Reads-in-Cells-metric?source=search, [Accessed: 12/11/2021] ).
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Figure 4.1
Final cDNA library product of sample (A) C1d20*, (B) C1d20, (C) C2d20,
(D) C1d50, (E) C2ad50 and (F) C2bd50. Results were supplied by Dr Rachel Raybould.
This is further illustrated by the over-represented sequences content table from the
fastQC report, which shows that lots of template switching oligo (TSO) sequence (5’AAGCAGTGGTATCAACGCAGAGTACATGGG -3’) are present at the beginning of Read 2
(Table 4.4). The TSO adds a common 5' sequence to full length cDNA that is used for
downstream cDNA amplification.
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Table 4.4
Example of the error message received from the fastQC report
performed before trimming of template switch oligo (TSO). The fastQC. report indicates
that the TSO (AAGCAGTGGTATCAACGCAGAGTACATGGG) was overexpressed. The
example is given for sample C2ad50.
The utilisation of the TSO is explained in Figure 4.2, A&B. It is normal to have a small
proportion of single cell 3’ libraries that contain the TSO at the beginning of Read 2, but
having a large proportion is problematic, as this means that Read 2 was reading into the
TSO instead of the cDNA insert (Figure 4.2, A&B). This may be due either to cDNA
degradation or under-fragmentation during library construction, which would cause the
TSO to be insufficiently removed from the cDNA construct during library preparation. It
is also possible that the transcripts were degraded as a result of apoptotic pathway
(https://kb.10xgenomics.com/hc/en-us/articles/360002533912-Why-do-somesequence-reads-contain-the-TSO-oligo-at-the-beginning-of-Read-2
, [Accessed: 12/11/2021]). Given that the cells were delivered promptly to the DRI with
a high viability (Table 4.1) and that this viability was double-verified upon arrival prior to
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the single cell 3’ libraries preparation the Muse Cell Analyser (Merck), it is therefore likely
that degradation of the transcripts and damage to cells occurred during the library
preparation process.

Figure 4.2
Utilisation of the template switch oligo (TSO) A: cDNA constructs during
cDNA amplification. In the single cell 3’ assay, the TSO is supplied in the reverse
transcription primers. The TSO adds a common 5' sequence to full length cDNA that is
used for downstream cDNA amplification. B. Switch of TSO for Read 2 oligos. Following
cDNA amplification. the TSO is switched to Read 2 during the Adaptor ligation step
before sequencing occur. If the cDNA insert is too short, the TSO will not be removed
entirely
and
Read2
will
start
reading
into
the
TSO
sequence
(https://kb.10xgenomics.com/hc/en-us/articles/360001493051-What-is-a-templateswitch-oligo-TSO-, [Accessed: 10/11/2021] )
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4.3.2 Sequencing and mapping quality check of cells derived from
hESCs (line H9) using C1 and C2 at day 20 and day 50
In an effort to increase the percentage of reads uniquely mapped to the transcriptome,
sequencing reads were trimmed to exclude the libraries’ adaptors using TrimGalore
(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and aligned to the
GRCh38 genome using the 10x Cell Ranger raw data processing pipeline (183). A
comparison of the percentage of reads uniquely mapped to the transcriptome and
assigned to cells before and after trimming is given (Table 4.5 and Table 4.6).

Samples

Percentage reads uniquely mapped to the transcriptome
Before trimming

After trimming

C1d20

54.3

58.8

C2d20

40.4

44.3

C1d50

20.7

32.5

C2ad50

20.8

32.9

C2bd50

12.3

26.1

Table 4.5
Table showing the percentage of reads uniquely mapped to the
transcriptome, before and after trimming of the libraries’ adaptors, in samples C1d20,
C2d20, C1d50, C2ad50 and C2bd50. The best sample C2d20 is highlighted in bold.
Results indicate that the percentage of reads uniquely mapped to the transcriptome
(Table 4.5) and the percentage of reads assigned to the cells (Table 4.6) increased after
trimming of libraries’ adaptors.
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Samples

Percentage of reads assigned to the cells
Before trimming

After trimming

C1d20

59.2

60.1

C2d20

86

86.5

C1d50

56.5

56.2

C2ad50

53.5

52.5

C2bd50

54.2

49.8

Table 4.6
Table showing the percentage of reads assigned to the cells, before and
after trimming of the libraries’ adaptors, in samples C1d20, C2d20, C1d50, C2ad50 and
C2bd50. The best sample C2d20 is highlighted in bold
However, in spite of these improvements, C2d20 was the only condition which passed
both the 30% cut-off of reads uniquely mapped to the transcriptome and the 70% cutoff of reads assigned to the cell (Table 4.7).
Percentage reads uniquely

Percentage of reads

mapped to the transcriptome

assigned to the cells

C1d20

58.8

60.1

C2d20

44.3

86.5

C1d50

32.5

56.2l

C2ad50

32.9

52.5l

C2bd50

26.1

49.8

Samples

Table 4.7
Percentage of reads uniquely mapped to the transcriptome and
assigned to the cells after trimming of the libraries’ adaptors in samples C1d20, C2d20,
C1d50, C2ad50 and C2bd50. The best sample C2d20 is highlighted in bold.
Additionally, a larger number of genes and transcripts were detected in C2d20
compared to other conditions (Table 4.8).
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Samples

no of cells

no of genes per cell

no of transcripts per cell

C1d20

4623

672

1150

C2d20

2951

4325

14620

C1d50

4343

1341

2359

C2d50

5060

1186

2044

C2bd50

3106

870

1373

Table 4.8
Number of reads, genes and transcripts per cell after trimming of the
libraries’ adaptors in samples: C1d20, C2d20, C1d50, C2ad50 and C2bd50. The best
sample C2d20 is highlighted in bold.

Therefore, only C2d20 will be used for downstream analysis.

4.3.3 Quality check and pre-processing of cells derived from hESCs
(line H9) using C2 at day 20
The first step in Seurat scRNA-seq analysis was to perform a QC on the 2951 cells
obtained in C2d20 to detect and discard low quality cells and filter them out of the
dataset (192). More information on the command lines used are given in the previous
sections. One of the reasons which could fail the QC is the presence of empty GEMs
droplets which contain very few genes and transcripts. On the other hand, cell doublets
or multiplets (GEMs containing more than two cells) may exhibit an aberrantly elevated
number of RNA and genes. Additionally, high numbers of mitochondrial transcripts are
indicators of dying cells or cell stress (193), so the cells which have a high number of
mitochondrial genes were also removed. QC involved inspection of data using violin
plots and discarding cells according to three metrics: number of genes, mRNA number
and percentage of mitochondrial genes (Figure 4.3, A).
I removed the outliers present in the violin plots and filtered out cells which had a
number of genes less than 500 and above 8000 genes per cell. I also kept the cells with
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a number of transcripts between 500 and 50000 mRNA molecules. This was decided by
looking at outliers in the violin plots (Figure 4.3, A). I then removed the cells which
contained a high percentage of mitochondrial genes (>15%). This percentage threshold
was determined by inspection violin plots (Figure 4.3, A) and also by considering the fact
that the number of mitochondrial genes varies depending on the type of cells and their
activities. For example, 30% of total mRNA in the heart is mitochondrial due to high
energy needs of cardiomyocytes, compared with 5% or less in tissues with low energy
demands such as lymphocytes and 15% of mitochondrial genes is not too high for
neuronal cells (194).
After removing the low-quality cells, 2590 cells were obtained (Figure 4.3, B). The
dataset was then normalised by multiplying each feature expression measurements for
each cell by a scale factor (10000 by default) and log-transforming the results. The
dataset was then scaled to shift the expression of each gene, so that the variance across
cells was 1 and the mean expression across cells was 0. Scaling as necessary so that
highly-expressed genes did not dominate downstream analysis. Then, PCA was
performed on the scaled data and the first 15 PCs were used. I decided to use 15 PCs
after Elbow plot analysis was performed, as was discussed in section 4.2.5.1. Then, the
non-linear dimensional reduction techniques, known UMAP was performed (section
4.2.5.1) and a UMAP plot was produced (Figure 4.3, C).
An additional clean up step was performed (section 4.2.5.1) to remove cell doublets. Cell
transcriptomes classified as doublets were identified and excluded from further analysis
using the DoubletFinder R package (189). It must be noted that the percentage of
doublets present was very low (only 3.8%) (Figure 4.3, D). The remaining 2489 cells were
used for downstream analysis.
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Figure 4.3
Quality check, pre- processing and dimension reduction for C2d20
single cell RNA sample. A: Violin Plots showing the number of genes per cell, the number
of RNA per cell and the percentage of mitochondrial genes per cell. B: Pre-possessing QC
and normalisation workflow. C: Scatterplot visualization of cells after principalcomponent analysis and Uniform Manifold Approximation and Projection (UMAP)
coloured by Seurat clustering. D: Uniform Manifold Approximation and
Projection (UMAP) coloured to show single cell and doublets.
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4.3.4 Cluster and differentially expressed genes analysis
The gene expression analysis of cell type markers indicates that the population of cells
at day 20 represents a homogeneous culture of MGE-like IN progenitors as the ICC
results indicated that more than 80% of progenitor cells at day 20 expressed NKX2.1 at
the protein level (Figure 3.13 and Figure 3.14). Visualisation and clustering analysis
(Figure 4.4 and Table 4.9) showed that more than 90% of cells expressed FOXG1, SOX2
and SIX homeobox 3 (SIX3) which have been shown to be expressed by early proliferating
progenitors in MGE ventricular zone (56). Only one cell cluster did not express NKX2.1
and could not be assigned to any cell type. Cluster 7 expressed NKX2.1 along with the
dorsal MGE and CGE marker COUPTF2 (151) and so this cluster may represent either
CGE-like IN progenitors or dorsal MGE-like IN progenitors.
These cells represent a very small percentage of the total cell population as less than 9%
of cells express COUPTF2 and less than 4% of cells expressed PAX6. However, more than
90% of cells expressed the MGE transcription factor NKX2.1 (Table 4.9).
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Figure 4.4
Scatterplot visualisation of cells after principal-component analysis
and Uniform Manifold Approximation and Projection (UMAP). Showing cell
expressing FOXG1, SOX2, SIX3, NKX2-1, COUPTF2, PAX6, SST and PV. The colour
represents the average expression level of the gene in question.
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Genes Markers

% of cells expressing genes markers

FOXG1

93

SOX2

96

SIX3

92

NKX2.1

91

COUPTF2

9

PAX6

4

PV

10

SST
2
Table 4.9
Percentage of cells expressing FOXG1, SOX2, SIX3, NKX2.1, COUPTF2,
PAX6, SST and PV.
I then wanted to look at other transcription factors involved in MGE IN differentiation,
such as ASCL1 and the DLX family. The scatterplot visualisation indicates that DLX1, 2, 5
& 6 co-localise, except for cluster 8 which is not identified. However, there were many
more cells which expressed ASCL1 than those expressing DLX1, 2, 5 & 6 (Figure 4.5). The
expression of NKX2.1 is supposed to be upstream from the DLX family and the expression
of ASCL1 and DLX1 and DLX2 is supposed to be upstream from DLX5 and DLX6 (195).
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Figure 4.5
Scatterplot visualisation of cells after principal-component analysis
and Uniform Manifold Approximation and Projection (UMAP) showing cell expressing
MKI67, NKX2-1, ASCL1, DLX1, DLX2, DLX5, DLX6 and NEUN. The colour represents the
average expression level of the gene in question.

Therefore, it is possible that the cells present in the culture represent cells at different
stages of their maturation. Clusters of cells expressing DLX1, 2, 5 & 6 could represent
MGE-like IN progenitors which have started differentiating into mature MGE-like INs.
Indeed, the DLX family has been shown to be necessary for the birth of cortical INs in the
MGE(69). DLX5 and DLX6, which are downstream from DLX2 and DLX1, are needed for
the subsequent migration and specification of mature MGE INs especially those
expressing PV (70). This is supplemented by the fact that the expression of PV and DLX1,
2, 5 & 6 co-localise (Figure 4.1 and Figure 4.5) and DLX5 &6 have been shown to promote
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PV expression (70, 195). Additionally, the cluster of cells expressing the marker of
proliferation MKI67 represent proliferating MGE-like IN progenitor.

Figure 4.6
Scatterplot visualisation of cells after principal-component analysis and
Uniform Manifold Approximation and Projection (UMAP) coloured by Seurat
clustering and annotated by major cell types. (prol)MGEp: proliferative Medial
Ganglionic Eminence progenitor like cells. MGEp: Medial Ganglionic Eminence
progenitor like cells. (dor)MGE/CGEp: dorsal Medial Ganglionic Eminence progenitor
like cells Or Caudal Ganglionic Eminence progenitor like cells. (diff)MGEp: differenciating
Medial Ganglionic Eminence progenitor like cells. NI: Not Identified cells.
Putative cell type identities were assigned to each cluster based on main regulators of
IN development (Figure 4.6). The cluster 8 which did not express the MGE progenitor
marker NKX2.1 and could not be identified was named NI (Not Identified) and was
excluded from further analysis. Cluster 7, which expressed NKX2.1 at lower level and
expressed the CGE progenitor marker COUPTF2 and the dorsal marker PAX6, was
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assigned to be CGE progenitors or dorsal MGE progenitors (CGEp/dMGEp). The other
cell clusters were assigned to MGE IN progenitors at different stages of maturation.
Clusters 3 and 10, which strongly expressed the proliferative marker MKI67, were
assigned to be proliferative MGE progenitors; (prol)MGEp. Clusters 0,1,2,5,6 &11 which
represented the majority of the cells, were MGE-like progenitors which were not
proliferating and had not yet expressed ASCL1 and DLX1, 2, 5 & 6, they were called MGE
progenitor; MGEp. Clusters 4, 6 & 12, which contained cells that expressed ASCL1, DLX1,
2, 5 & 6 and the mature marker NEUN were deemed to be differentiating MGE
progenitors; (diff)MGEp.
Therefore, apart for the NI cluster and the (dor)MGE/CGEp (which could also resemble
CGE-like progenitor cells), all the other cells were identified as being MGE-like progenitor
cells. The analysis of genes that were differentially expressed in the other clusters
indicated that these cells could be at different transitional stages in their path to
becoming mature MGE-like INs.

4.3.5 Comparing the relative gene expression of PV and SST
between day 20 and day 50 using C2 and the control condition C1
Interestingly, 10% of cells expressed the MGE IN subtype marker PV (Table 4.9). It was
surprising to see that PV was expressed as early as day 20 in my scRNA-seq data (Figure
4.4) whereas SST was barely expressed (2%) (Figure 4.4 and Table 4.9). Therefore, I
wanted to check if PV expression was also detected in the samples that I used to measure
the relative gene expression by bulk qRT PCR at day 20. I also wanted to compare the
effect of C2 and C1 on PV and SST expression at progenitor (day 20) and mature stage
(day50). Given that the percentage of cells expressing PV was not assessed with C1 at
day 20, I decided to look at the relative gene expression measured by bulk qRT PCR
analysis. I looked at the expression of PV and SST in the six biological repeats of the two
rounds of differentiation for hESCs (line H9) at d20 and d50, using C1 and C2.
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Figure 4.7
Fold change in PV (left) and SST (right) expression in cultured neurons
extracted at day 20 and day 50 of neuronal differentiation from hESCs (line H9)
Expression ratios have been standardised to GAPDH and C1orf43 and calibrated to fold
change in C1 at day 20. The heights of the columns represent the mean and the bars
represent the standard error of the biological repeats of the two rounds of
differentiation for hESCs (line H9). Two-way anova analysis was performed to show the
general effect of conditions (F (1, 18) = 25.75, P<0.0001) and the effect of time (F (1, 18)
= 0.0006726, P=0.9796) on the expression of PV. The same analysis was performed to
show the general effect of conditions (F (1, 19) = 1.95, P=0.1780) and the effect of time
(F (1, 19) = 6.983, P=0.0161) on the expression of SST. Tukey’s multiple comparisons test
was carried out to check the differences between each condition for the expression of
PV and SST. ** indicates a P-value <0.01 and * indicates a P-value <0.05
Two-way Analysis of variance (AN0VA) indicated that the time of culture had an effect
on the expression of SST, whereas the culture condition had an effect on the expression
of PV. Indeed, the Tukey’s multiple comparisons test showed that the relative gene
expression of PV was also significantly increased in C2d20 sample compared to the
control conditions C1d20 and C1d50. However, the expression of SST was not detected
in day 20 samples (Figure 4.7). This agrees with the scRNA-seq data which showed
almost no expression of SST (Figure 4.4 and Table 4.9). It also confirmed that at both
days 20 and 50, the selected condition C2 had a significant effect in promoting the
expression of PV compared to the control condition C1. Two-way AN0VA was also
performed to show the effect of the interaction between culture conditions and time on
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the gene expression of PV (F (1, 18) = 1.403, P=0.2517) and SST (F (1, 19) = 2.133,
P=0.1605). The results indicate that the interaction of culture condition and time in
culture had no significant effect on the expression of both PV and SST. Since there were
no significant interactions between culture condition and time, it confirms the observed
effect of culture conditions on PV expression and the effect of time on the expression
SST.

4.3.6 Comparing C2 at day 20 to the Close et al. differentiation
protocol at day 26
My protocol was then compared to the Close et al. neuronal differentiation protocol
(119). My scRNA-seq dataset (C2d20) and the Close et al. scRNA-seq dataset for the
progenitor cells obtained at day 26 (D26) were analysed together using the same
parameters, with some exceptions highlighted in the method section (Section 4.2.5.2).
The scatterplot visualisation of cells after principal-component analysis and UMAP
analysis indicate that cells coming from both samples share a pattern of gene expression
as both UMAP plots are superimposed (Figure 4.8). This indicates that both protocols
generate similar types of cells This is logical, as both protocols aim to generate inhibitory
neurons.
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Figure 4.8
Scatterplot visualisation of cells after principal-component analysis and
Uniform Manifold Approximation and Projection (UMAP) for C2d20 and D26 samples.
UMAP plots for C2d20 and D26 samples. Cells from samples C2d20 and D26 are shown
next to each other on the left. Cells from sample C2d20 are superimposed on cells from
sample D26 on the right.
The cells in my culture that most resembled the cells in D26 appear to be the those which
belonged to the (diff)MGEp clusters. This was expected since the cells from D26 were at
a more advanced stage of neuronal differentiation because they had been left to
differentiate for six days more than the cells in C2d20. Indeed, even if the neuronal
differentiation conditions were not the same in both protocols, six extra days of neuronal
differentiation in vitro is significant.
Additionally, the fact that (diff)MGEp clusters were shown to resemble cells at a more
mature stage of neuronal differentiation confirms that these cells were correctly
identified as being MGE-like IN progenitors at a more advanced neuro-differential stage
than the MGEp and (prol)MGEp cells. This is supplemented by the fact that there are
almost no cells in the D26 dataset which resembled the MGEp cluster (Figure 4.8),
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indicating that the cells from C2d20 were indeed progenitor cells which were not yet
committed to differentiate as opposed to the cells from D26. Some cells in the
(prol)MGEp clusters were also shown to resemble some clusters of cells in the D26
dataset. These clusters in the D26 dataset may represent proliferating cells at an earlier
stage of differentiation than other cells in the D26 dataset.

Genes Markers

% of cells expressing
genes markers for
C2d20

% of cells expressing
genes markers for
D26

FOXG1

93

35

SOX2

96

63

SIX3
NKX2.1

92
91

51
76

COUPTF2

9

42

PAX6

4

35

NEUN

8

2

GAD67

8

51

PV

10

0

SST

1

7

Table 4.10
Percentage of cells expressing FOXG1, SOX2, SIX3, NKX2.1, COUPTF2,
PAX6, NEUN, GAD67, PV and SST in C2D20 and D26 samples.
The gene expression analysis of MGE and CGE cell type markers (Table 4.10 and Figure
4.9) indicates that the Close et al. cells represents a heterogeneous culture of MGE-like
and CGE-like IN progenitors and more mature cells which expressed GAD. More than
42% of D26 cells expressed the CGE progenitor marker COUPTF2 and more than 35%
expressed the dorsal marker PAX6. This is significantly higher than the percentage of CGE
markers in my culture, which indicates that the cells from D26 more closely resemble
those from the CGE or dorsal MGE than the MGE.
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Figure 4.9
Comparing C2d20 with D26 by testing progenitor markers of MGE
interneurons. Scatterplot visualization of cells after principal-component analysis and
Uniform Manifold Approximation and Projection (UMAP). Cells from sample C2d20 are
shown to be superimposed on cells from sample D26 on the left. UMAP showing cell
expressing FOXG1, SOX2, SIX3, NKX2.1, COUPTF2 and PAX6.
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On the other hand, there are many more MGE-like IN progenitor cells co-expressing
NKX2.1, SOX2 and SIX3 in C2d20 than they are in D26 (Figure 4.9).

Figure 4.10 Comparing C2d20 with D26 by testing mature markers of MGE
interneurons. Scatterplot visualization of cells after principal-component analysis and
Uniform Manifold Approximation and Projection (UMAP). Cells from sample C2d20 are
shown to be superimposed on cells from sample D26 on the left. UMAP showing cell
expressing NEUN, GAD67, PV and SST.
Half of the cells from D26 expressed GAD67, as opposed to only 8% of cells in sample
C2d20. This indicates that the cells in sample D26 were at a more advanced stage in their
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neuronal differentiation towards mature GABAergic inhibitory neurons (Figure 4.10 and
Table 4.10) However, despite being at a more advanced stage in neuronal
differentiation, the cells from D26 did not express the mature MGE subtype markers PV
and NEUN (Figure 4.10 and Table 4.10). Taken together, these results suggest that my
differentiation protocol produced progenitor cells which resembled those derived from
the MGE more closely than those produced by the Close et al.
Additionally, Close et al. reported that the expression of disease associated genes such
as the CNTNAP2 (119) was promoted in mature SST expressing INs. My single cell analysis
by sc qRT PCR and FISH showed that the selected differentiation protocol C2 gave rise to
more than 90% of mature neurons expressing SST at day 50. Therefore, I wanted to check
if CNTNAP2 was also promoted in my culture at progenitor stage. The results indicate
that CNTNAP2 was expressed in my culture at day 20. However, more cells (63%)
expressed CNTNAP2 in D26 compared to 23% in C2d20. The expression was however
stronger (61%) in the cluster of cells identified as (dor)MGE/CGEp. This is consistent with
the Close et al. model of INs which contained a large proportion of these cells.
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4.3.7 Some upregulated genes and upstream regulators involved
in cluster of cells highly expressing PV
I then analysed the genes that are differentially expressed in the clusters of cells that
strongly expressed PV compare to other clusters (section 4.2.5.4).
Name of
p_val
avg_logFC
pct.1
pct.2
p_val_adj
Genes
ASCL1
3.26E-123
1.76496153
0.961
0.186
6.86E-119
INSM1
1.92E-88
0.801207063
0.767
0.122
4.04E-84
GADD45G 1.09E-69
0.949496263
0.837
0.22
2.30E-65
DLL1
9.92E-68
1.142627131
0.969
0.398
2.09E-63
SOX3
8.41E-62
1.436046427
0.899
0.408
1.77E-57
CDKN1C
2.02E-58
1.583494527
1
0.886
4.26E-54
TFDP2
3.53E-44
0.677182143
1
0.924
7.44E-40
MIAT
1.01E-39
0.707791894
1
0.824
2.13E-35
FEZF2
7.34E-38
0.764015089
0.674
0.247
1.55E-33
SOX21
1.64E-37
0.716302281
0.891
0.51
3.46E-33
DLL3
4.89E-37
0.702567888
0.814
0.431
1.03E-32
TPM1
2.84E-36
-1.143847026 0.899
0.961
5.99E-32
CAMK1D 1.88E-34
0.625608842
0.822
0.442
3.97E-30
PV
1.32E-32
0.499702112
0.341
0.064
2.78E-28
HES6
1.80E-32
1.028155311
0.922
0.667
3.78E-28
Table 4.11
Table showing the top of the data frame obtained with the
“FindMarkers” function. Only the first 15 genes that are most significantly differentiated
are reported here. The results data frame has the following six columns: “Name of
genes”, “p_val”(the p value unadjusted), “avg_logFC” (the log fold-change of the average
expression between the two groups), “pct.1”(the percentage of cells where the feature
is detected in cluster 6 and 12), “pct.2”(the percentage of cells where the feature is
detected in clusters 0, 1, 2, 3, 4, 5, 7, 9, 10 and 11), “p_val_adj” (the adjusted p-value,
based on Bonferroni correction using all features in the dataset).
This data table (Table 4.11) gives the list of the differentially expressed genes between
cells with the greatest expression of PV (i.e. cluster 6 and 12) and the rest of the MGE
progenitor cells. “pct.1” and “pct.2” values indicate that 34.1% of cells expressed PV in
cluster 6 and 12 compare to only 6.4% of cells in clusters 0, 1, 2, 3, 4, 5, 7, 9, 10 and 11.
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This shows cells in clusters 6 and 12 are not all expressing PV but are enriched in cells
expressing PV.
The “FindMarkers” function found a list of 957 differentially expressed genes in total.
Amongst these 957 differentially expressed genes, 435 genes had an adjusted p-value <
0.05. It must be noted that the version of Seurat (Version 3.1) that I used for my analysis
calculates the “avg_logFC” using natural log and not log of base 2. Therefore, positive
values indicate that the feature is more highly expressed in the first group (cluster 6 and
12). Amongst the first 15 genes that were most significantly differentiated, 14 genes
(which had a positive “avg_logFC”) were upregulated and one gene (namely TPM1 with
a negative “avg_logFC” value) was downregulated. The results indicate that ASCL1 and
INSM Transcriptional Repressor 1 (INSM1) were the first upregulated genes, which
highlights their role in MGE developing INs and PV IN regulation (Table 4.11).
Interestingly, PV is the fourteenth most significant upregulated gene, (Table 4.11) which
confirms that clusters 6 and 12 have a significantly higher expression of PV compared to
other clusters.
I used the ingenuity pathway analysis (IPA) program to evaluate the presence of
upstream regulators which have an effect on these cells. Results indicate that BDNF was
predicted to be an activated upstream regulator (Table 4.12). Whereas, beta-estradiol
and homodimer of the Platelet-derived growth factor B-chain (PDGF-BB) were predicted
to be inhibited upstream regulators (Table 4.12).
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BDNF

Predicted
Activation
State
Activated

beta-estradiol

Inhibited

-2.024

1.15E-23

PDGF BB

Inhibited

-2.36

2.14E-16

Upstream
Regulator

Activation
z-score

p-value of
overlap

2.174

1.41E-16

Table 4.12
. Table showing the upstream regulators; BDNF, beta-estradiol and
PDGF-BB and their Predicted Activation State and Activation Z-score with their
associated p-value of overlap.
The results table has the following columns:
•
•

Name of Upstream regulators
Predicted activation state: The predicted activation state of the upstream
regulator based on the activation z-score.
• Activation z-score: The activation z-score predicts the activation state of the
upstream regulator, using the gene expression patterns of the genes downstream
from an upstream regulator. An absolute z-score ≥2 is considered significant.
• P-value of overlap: The p-value of overlap indicates the statistical significance of
the overlap of the analysis-ready genes and genes that are downstream of from
the upstream regulator.
The prediction of the upstream regulators is considered significant as their absolute zscores are ≥2. (Table 4.12) There were thousands of predicted upstream regulators but
they failed to reach significance. It highlights potential important roles for BDNF, PDGFBB and beta-estradiol. The expression log ratio was not given in the table because these
two genes were not expressed in my dataset, but were predicted to have a significant
upstream effect on the target genes in my dataset (Table 4.13).
Additionally, since the activation Z-scores for BDNF was positive, its predicted activation
states was activated. Furthermore, given that the activation Z-scores for PDGF-BB and
beta-estradiol were negative, their predicted activation states were inhibited (Table
4.12). In other words, to observe the expression of the target molecules in my dataset
(Table 4.13), BDNF had to be activated and PDGF-BB and beta-estradiol had to be
inhibited.
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Upstream
Regulator
BDNF

betaestradiol

PDGF BB

Target Molecules in Dataset
ANXA2, APP, ATP1A3, BMP2, CCN1, CRMP1, DPYSL3, DUSP4, EGR1, EGR2, EGR3,
EPB41L2, FLNA, FOS, FOSB, GLUL, JUN, KLC1, LAMC1, NAB2, NELL2, PCNA,
PVALB, SERPINH1, SFRP1, SFRP2, SPARC, SPRY2, SYP, TAGLN, THBS1, TUBA1A,
TUBB3, VIM
ACKR3, ACTB, ACTN4, AMOTL2, ANXA2, APP, ASCL1, BTG1, CCN1, CCN2, CD24,
CDK6, CDKN1C, CHGB, CITED2, CKB, CKS1B, CNN2, COL11A1, COL5A2, DLL1,
DUSP4, EGR1, EGR3, FLNA, FOS, GADD45B, GADD45G, HELLS, HES1, HES6,
HMGA2, ID3, IER2, IER3, IFITM3, JUN, KLF6, LIMA1, LTBP1, NELL2, NKX21,
PCNA, PVALB, RCN2, RGS16, RGS2, SAT1, SCG5, SDC2, SFRP1, SFRP2,
SLC2A1, SLC6A8, SLIT2, SMOC1, SMS, SOX11, SOX4, SOX9, SPARC, SPRY1,
SPRY2, TLE5, TOP2A, TPM1, VCAN, VCL, VIM, ZBTB18, ZFP36L1
ACKR3, ASCL1, CALD1, CCN1, CCN2, EGR1, EGR3, FLNA, FOS, FRZB, HES1, ID3,
IER2, IER3, JUN, KLF6, PCNA, PIM1, RGS2, SAT1, TAGLN, TNFRSF12A, VCAN,
ZFP36L1

Table 4.13
. Table showing the upstream regulators; BDNF, beta-estradiol and
PDGF-BB and their target Molecules in the C2d20 dataset.
The results table has the following columns:
•

Name of Upstream regulators

•

Target molecules in dataset: The genes in the dataset with changed expression
that are downstream targets of the upstream regulator.
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4.4 Discussion
To determine the RNA expression profile of progenitors and neurons generated in my
culture condition, cells were derived from the hESCs line H9, using the C2 and the control
condition C1. ScRNA-seq was performed on derived cells at day 20 and mature neurons
at day 50. The dataset for C1d20, C1d50 and C2d50 did not pass the QC and so the only
condition which was further analysed was C2d20.
After looking at the average expression of known markers, it was possible to see that all
the cell clusters expressed at high proportion of MGE IN progenitor markers. Indeed,
ScRNA-seq results indicate that more than 90% of cells expressed NKX2.1, indicating that
most of the progenitor cells may resemble those from the MGE. More than 90% of cells
expressed FOXG1 SOX2 and SIX3, which is expressed by early proliferating progenitors in
MGE ventricular zone (56). Amongst those a very small percentage of cells express the
dorsal MGE and CGE markers COUPTF2 and less than 4% of cells expressed the dorsal
marker PAX6.
It must be highlighted that the culture conditions I initially tested only differ in the first
20 days, suggesting that the cells were already fated to become certain subtypes of INs
at this stage. This was confirmed by the presence of MGE-like progenitors which started
to differentiate. This differentiating MGE progenitors expressed TFs such as DLX5&6
which have been shown to be downstream of TFs such as ASCL1 and DLX1&2, which are
themselves downstream from progenitors expressing NKX2.1 but not the DLX family
(195). Surprisingly, 10% of cells already expressed the mature MGE marker PV at day 20
but less than 2% expressed the other mature MGE marker SST. The relative gene
expression of PV and SST also confirmed the presence of PV at day 20, whereas SST was
only expressed later at day 50. Interestingly, this expression of mature IN markers has
been rarely reported in progenitor cells. One study in mice showed that that cortical IN
precursors expressed mature subtype interneuron markers such as SST and NPY as early
as E13.5. However, PV expression was not reported at such an early stage (196). Another
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very large scRNA-seq study of the human embryonic brain, however showed the
existence of early expressing PV interneurons (126). PV expressing cells that I obtained
in my culture therefore, could be similar to the ones found in the human embryonic
brain.

C2 was successfully compared to the Close et al. neuronal differentiation protocol (119).
The comparative RNA seq analysis indicates that C2 is more efficient at producing cells
expressing MGE IN progenitor markers than the Close et al. differentiation protocol.
Notably, Close et al. found that there were no PV expressing INs present at any time
point (day 24, 54, 100 and 125) in their culture. Based on previous studies, they
postulated that extrinsic stimulation from excitatory neurons as well as a longer period
of maturation were required for PV to be expressed. Therefore, the fact that I could see
a significant number of PV expressing cells in my culture as early as day 20, and that my
sc qRT PCR and FISH data also demonstrated that PV expressing cells were present in my
culture at day 50 supports the view that my protocol produces MGE-like progenitors and
that a percentage of them could differentiate to become PV INs.
Disease associated genes which were reported by Close et al. to be promoted in SST
expressing mature INs, were also present in my culture at day 20 (119). Mutations in
CNTNAP2 have been associated with epilepsy and autism and have been shown to
disrupt IN migration which resulted in a decrease of INs in the striatum, hippocampus
and the cortex (184). The presence of a disease associated gene in my culture at the
progenitor stage, when the cells are still differentiating into MGE INs, would suggest that
they might be implicated in neurodevelopment processes, which if not controlled
properly, could lead to IN dysfunction, as is observed in neurodevelopment and
psychiatric disorders.
I have also identified markers that are up regulated in clusters highly expressing PV
(Table 4.11). ASCL1 was the most significantly upregulated gene and its role in the
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development of the MGE cortical INs has been discussed in section 1.2.2. PV itself was
amongst the top upregulated genes in my dataset. INSM Transcriptional Repressor 1
(INSM1) was the second most upregulated gene and it has been shown, along with DLX2
and DLX5, to be highly expressed in the SVZ of the GEs of human foetal brain at Gestation
week 9 (GW9) and GW11 (197). This highlights INSM1 potential role in the development
of the SVZ. This is further supplemented by another study (198) which showed that
INSM1 promotes progenitor delamination of progenitor cells from the VZ which is a
prerequisite to form the SVZ. Additionally, DLX2 and DLX5 have been shown to be coexpressed with INSM1 (197) and are required for the birth and migration of MGE INs,
especially those expressing PV (69, 70). The fact that these genes, implicated in the
development of the MGE in vivo and the development of PV INs, were highly expressed
in diff(MGEp) cluster (Figure 4.6, Figure4.5 and Table 4.11) is significant and further
highlights the possibility that these cells can be MGE-like progenitor cells differentiating
into PV INs.
Additionally, when looking at possible upstream regulators in clusters of cells expressing
PV, PDGF-BB and beta-estradiol were identified. A study showed that an increased
survival of inhibitory neurons, which has been associated with an increased GAD
synthesis, has been observed after the addition of PDGF-BB to a culture of rat cerebellum
primary cells. (199). Beta estradiol has been shown to promote the increase in PV levels
in PV heterozygous mice and this has been shown to attenuate behavioural deficit
associated with autism core symptoms(200). Given that these two genes appear to
promote the expression of PV and PV INs survival, it was surprising to see that their
activation states were predicted to be inhibited in the clusters of cells that most express
PV. It can be hypothesised that these upstream regulators which promote cell survival
in mature INs could be inhibited when the cells are at the progenitor stage and only act
upon mature PV INs. Interestingly, BDNF was identified as potential activated upstream
regulators of cells highly expressing PV. Indeed, BDNF has been shown to control
maturation of INs in the cortex and the hippocampus (201, 202).
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The scRNA-seq analysis results indicate that my neuronal differentiation protocol
produced a high population of MGE-like IN progenitors at day 20. The efficiency of the
protocol was validated by comparing the expression profile of these IN progenitors to
those obtained with the Close et al protocol. Results indicate that the cells generated
using my selected neuronal differentiation protocol contained a higher proportion of
cells expressing MGE IN progenitor markers than the Close et al. differentiation protocol.
However, a direct “head to head” experimental comparison (with later time points)
would be needed to confirm if my protocol generated mature cells that more closely
resemble INs derived from the MGE. Interestingly, when looking at the upregulated
genes and predicted upstream regulators of the cells in the clusters which most
expressed PV, processes involved in generation, maturation and survival of PV INs were
identified. This highlights the possibility that some cell clusters at day 20 may already be
primed to differentiate into mature PV expressing INs, but pseudotime analysis with
mature cells at day 50 would be required to validate these results.
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5. General Discussion
5.1 Summary of results and implications
The dysfunction in MGE derived INs has been linked to many neuropsychiatric disorders
(10, 12-14, 127). The WNT and SHH signalling pathways have been shown to play an
important role in the development of the MGE and subsequently in the birth and
differentiation of MGE derived INs (40). The purpose of this thesis was to attempt to
replicate the MGE environment in vitro, by WNT inhibition and SHH activation in order
to produce MGE-like INs from hPSCs. To achieve this, the optimal condition of SHH and
WNT was determined by testing various concentrations of SHH and XAV939 (WNT
inhibitor).
The first chapter of results aimed to evaluate the effect of twelve conditions of SHH and
XAV939 on the relative gene expressions of MGE progenitors and mature IN markers.
Initial bulk qRT PCR results indicated that the expression of the MGE IN subtype marker
PV, appeared to be favoured in C2 with 1μM of XAV939 and 200ng/ml of SHH. In order
to verify if these initial results were replicable, four of the initial twelve conditions were
selected and further tested in three other cell lines; the hESCs (line H7 and H9) and
hiPSCs (line IBJ4). Additionally, to select the best cell line for further experiments, the
loci of the CNVs of the three cell lines were established. The relative gene expression
analysis measured by bulk qRT PCR of MGE markers of progenitor and mature INs
indicated that C2 was still the best condition to promote the expression of PV in hESCs
(lines H7 and H9) and the expression of SST and GAD67 in hESCs (line H9), indicating that
the cells produced could be GABAergic INs expressing PV or SST. The hESC line H9
showed the most significant results, with the least number of non-pathogenic genomic
CNVs, thus this cell line was selected for further experiments.
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However, bulk qRT PCR only gives the relative gene expression, the increase in relative
gene expression of a given gene does not necessarily correspond to an increase in the
number of cells expressing this gene. Therefore, single cell analysis was pursued to verify
whether C2 would generate an enriched population of MGE-like INs. This was done in
the second chapter of results, where single cell analysis by sc qRT PCR and FISH using the
RNAscope Fluorescent Multiplex Assay was used on differentiated mature neurons
generated with the four culture conditions selected previously. The aim was to verify at
single cell level, the efficiency of the selected protocol C2 by comparing the single cell
expression of MGE markers. The protein expression of MGE progenitor and mature MGE
markers was also tested with ICC.
The results showed that SST mRNA was expressed in the majority of cells and PV mRNA
was expressed in 10% of cells. The result of the ICC of the cells cultured in C2 condition
indicated that 80% of cells expressed the MGE progenitor marker NKX2.1. The protein
expression of MGE IN subtypes; PV and SST was also higher in C2 compared to other
conditions, but the numbers of cells expressing SST and PV proteins was low, with only
2% of cells expressing PV and 6% expressing SST. Nonetheless, the fact that the PV
protein started to be expressed in the culture and that a greater number of cells
expressed the PV transcript is very significant since these cells were obtained exclusively
in vitro after only 50 days of neuronal differentiation using C2. Indeed, similar results
could only be achieved after longer periods of neuronal differentiation or after the
progenitor cells were transplanted into rodent hosts (102, 111, 115).
Thereafter, the cell produced using the selected C2 was analysed further. I first wanted
to establish if the cells produced using C2 were electrophysiologically functional. The
progenitor cells which were derived using C2 at day 20 were cultured alongside rat
primary astrocytes and single cell patch clamping was performed at day 50. Results
showed that the cells generated were functional as they fired action potentials
spontaneously and upon current injection. Additionally, these cells showed spontaneous
synaptic activity and had a resting membrane potential of around -45mV. These results
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were similar to immature neurons derived from hPSCs obtained in other protocols in
vitro (172).
Then in the final part of the second chapter of results, C2 was also successfully applied
to a cellular model of psychiatric disorders, namely the CACNA1C KO. The relative gene
expression of SST was the same in the control line and the KO line. However, a decrease
in the relative gene expression of PV was observed in the CACNA1C KO line. Interestingly,
similar observations were made in a study of the dentate gyrus of rats with a
heterozygous CACNA1C deletion, which also showed a decreased expression of PV but
not of SST (174). It should however be noted that my results were preliminary due to a
lack of sufficient biological repeats and the lack of single cell analysis.
The purpose of my final chapter of results was to validate the selected differentiation
protocol C2 by scRNA-seq analysis. The aim was to compare the full transcriptomes of
the progenitors with those of mature neurons which were generated using the selected
condition and the control condition which contained no additional SHH.
Unfortunately, scRNA-seq data did not pass the QC for the control condition and for
more mature cells at day 50. As a result, the comparison of the expression profile of cells
generated with C2 and those generated with the control condition at day 20 was not
performed. Subsequently, the regulatory and developmental pathways, which are
promoted in the selected condition compared to the control condition, could not have
been identified. Additionally, comparing the single cell dataset of progenitor cells to
mature cells, could not be performed and as a result cellular pathways involved in the
MGE INs developments could not be revealed.
Nonetheless, the data obtained for progenitor cells using my protocol was analysed
further and the results confirmed that it produced a high population of progenitor cells
(>90%) which expressed known MGE progenitor markers such as NKX2.1 and other
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markers such as SOX2 and SIX3 which are also known to be expressed by MGE IN
progenitors. Interestingly, 10% of these progenitor cells already expressed the mature
IN marker PV. This early PV expression was reported in vivo in the Polioudakis single cell
data of developing human cortex during mid-gestation stage (GW17-GW18) (126).
From the results of scRNA-seq, it was apparent that the differences seen in gene
expression were not as a result of different types of progenitor cells but rather the
spectrum of cell developmental status present at that time. Indeed, identifying cells is
challenging when cells are in continuous biological processes, such as embryonic
development as the differences in gene expression could represent the same cell type
which exists in different states (203). In my culture, for instance, some clusters represent
progenitor cells, in which the expression of DLX1 and DLX2 has been promoted whilst
other cell clusters preferentially express DLX5 and DLX6. These four genes are expressed
in MGE progenitor cells where they promote IN differentiation and tangential migration
to the cortex (204). However, they do not act simultaneously as DLX5 and DLX6 are
expressed downstream from DLX1 and DLX2 and their sequential expression has been
shown to characterise distinct stages of basal forebrain differentiation (205).
Interestingly, one study found that the number of PV INs was reduced following the loss
of Dlx5 and Dlx6 (195). This agrees with my scRNA-seq data which showed that the
clusters of cells expressing PV have an upregulated expression of DLX5 and DLX6
compared to other clusters.
The expression profile of these progenitor cells was successfully compared to the
expression profile of progenitor cells which were generated using Close et al. in vitro
model of human INs at day 26 of neuronal differentiation (119). The scRNA-seq
comparative expression analysis data of MGE progenitor markers indicated that my
protocol produced progenitor cells which resembled those derived from the MGE more
closely. Whereas, the Close et al. differentiation protocol appeared to generate cells
expressing more CGE/dorsal MGE progenitor markers at day 26. In my scRNA-seq
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dataset, only one cluster (out of twelve) was shown to express more CGE/dorsal MGE
progenitor markers. Interestingly, the disease associated gene CNTNAP2 (119) was
shown to be expressed at the same proportion in CGE/dorsal MGE clusters of both my
dataset and the Close et al. dataset. The expression of CNTNAP2 was shown to be
promoted in more mature SST expressing INs in the Close et al. dataset. This suggests
that the cluster of cells that express CGE/dorsal MGE progenitor markers in my culture
could represent some of the SST INs progenitor cells.
When investigating further the upregulated genes in the clusters of cells that highly
express PV, ASCL1 was the most significantly upregulated gene. This TF is involved in
specification and differentiation of progenitor cell types and is expressed along DLX1&2
and is downstream from NKX2.1 (195). The second most significantly upregulated gene
was INSM1 which has been shown to be co-expressed with DLX2 and DLX5 and
expressed in the human SVZ at GW9 and GW11 (197) where it promotes progenitor
delamination (198). These results, coupled with the fact that the clusters of cells highly
expressing PV have an upregulated expression of DLX5 and DLX6, indicate that these
clusters could represent cells that have initiated their neuronal differentiation into more
mature MGE-like PV INs.
I also looked at the genes that are differentially expressed in the cluster of cells
expressing PV to predict upstream regulators using the IPA software. Beta-estradiol,
which has been shown to promote PV expression in PV heterozygous mice (200) and.
PDGF-BB, which has been shown to increase the survival of GABAergic INs (199), have
been identified. However, these upstream regulators which would promote the
expression of PV and the survival GABAergic INs, were predicted to be in an inhibited in
my culture. This suggests that they could be inhibited when the cells are at progenitor
stage and exert their effect exclusively on more mature GABAergic INs. More
significantly, BDNF which has been shown to control the maturation of INs in the cortex
and the hippocampus (201, 202) was identified as the strongest activated upstream
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regulator. The fact that BDNF acts on maturation rather than survival could explain why
this potential upstream regulator would be activated at progenitor stage while the
others regulators which were shown to be activated on mature INs expressing GABA,
would be inhibited at progenitor stage.
Another interesting point was the fact that the different culture conditions that were
tested differed up to day 20, therefore it was suggested that the cells were already fated
to become MGE INs at the progenitor stage. However, it is only after obtaining the full
expression profile of the mature INs that pseudo time trajectory analysis could be
performed, in order to confirm that the cluster of cells that strongly expressed PV at day
20 would eventually differentiate into mature INs expressing PV at day 50. Interestingly,
a very recent scRNA-seq study which sequenced 56412 cells in the developing human
GEs found that INs were specified within the GEs, long before these cells reach the
developing cortex confirming the early specification of INs (52).

5.2 Difficulties and limitations
The first limitation was the choice of different analytical techniques. For instance, in the
validation of the initial bulk qRT PCR results, the single cell expression of LHX6, SST and
PV was verified using two different single cell techniques; FISH and sc qRT PCR. Although
both techniques confirmed that C2 would give an enriched population of cells expressing
these three MGE mature markers, discrepancies between the FISH and sc qRT PCR
results were noticed and that the sc qRT PCR experiment did not evaluate the percentage
of cells expressing MGE markers in the entire cell culture, but rather the percentage of
cells with 10-17μm diameter expressing those markers. Therefore, using FISH was more
accurate when looking at specific cell enrichment in the entire cell population.
However, when using a very sensitive technique such as FISH with the RNAscope
Fluorescent Multiplex Assay, one caveat is that the cells had to be cultured at a lower
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cell density so that the expression signal could be visualised clearly and then be
quantified. Indeed, the fact that the cell density was different in different experiments
presented another limitation. Results indicated that a greater proportion of MGE like
cells was detected by sc qRT PCR analysis compared to FISH analysis. It was hypothesised
that this difference was also due to the fact that the cells were cultured at a higher
density in the sc qRT PCR experiment and therefore they were able to differentiate more
homogeneously, as these cells were exposed uniformly to the culture medium and the
patterning factors. More importantly, cells in higher density receives signals and
supporting factors released from neighbouring cells so they survive better and develop
faster. Furthermore, it has been reported that MGE INs maturation requires stimulation
from the environment by co-culturing them with excitatory cells for instance (206).
Therefore, the fact that the cells were cultured on their own, except when they were
cultured with rat primary astrocytes for the patch clamping experiment, represents
another possible limitation.
The same observation could be made with regards to protein expression that was
examined by ICC. Indeed, when the cells were cultured at a higher density at day 20, the
culture was more homogeneous with 80% of cells expressing the MGE progenitor marker
NKX2.1. However, when the cells were cultured at a lower density and imaged at day 50,
a much lower percentage of cells were found to express the mature MGE subtype
markers SST (6%) and PV (2%) although this may not be the sole reason. The fact that
the cells were not left long enough in the culture to differentiate into fully mature MEG
INs explains the lack of PV and SST proteins expression in the majority of cells. Indeed,
an insufficient period of maturation could also explain the modest electrophysiological
properties of the cells produced at day 50 which displayed immature properties,
although it is a common problem and feature of hPSC-derived neurons.
Additionally, it has been reported that it is insufficient to rely solely on mRNA and protein
expression profile to characterise IN subtypes (207). In this review, Fitzgerald et al.
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discussed a more rigorous designation of IN subtypes which should take into account the
electrophysiology properties and the morphologies of the cells. Fitzgerald et al.
highlighted that PV could be immunodetected in morphologically immature cells which
do not reflect functional fast-spiking cortical INs being multipolar, aspiny, fast-spiking
and possessing complex dendritic arborisations. Regrettably, the morphology of the cells
generated with the selected condition C2 could not be analysed and the cells which were
used for patch clamping analysis were not characterised or examined to determine if
they were SST or PV expressing INs.
Another limitation was that there were not enough samples to obtain sufficient
biological repeats to yield significant results in the CACNA1C bulk qRT PCT experiment.
Even if the experiment was repeated and the results were validated, these results would
have to be taken with caution as it was only the relative gene expression of PV and SST
which were measured. Therefore, the observed decreased expression of PV does not
necessary correlate to a decreased number of PV expressing cells, and so single cell
analysis such as FISH or ICC is needed to validate the results. Moreover, other MGE
markers must also be tested to convincingly analyse the effect of the CACNA1C deletion
on the MGE INs transcriptomics.
Regrettably, the full transcriptomic profile of mature neurons generated with the
selected condition C2 could not be obtained using scRNA-seq analysis as the single cell
data did not pass QC. FASTQC analysis indicated that it was probably due to cell and RNA
degradation during the single cell library preparation. As a result of this, no scRNA-seq
was obtained for mature INs and a limited number of markers were tested in the bulk
qRT PCR, FISH and sc qRT PCR. Thus, different subtypes of INs could not be fully
characterised. Indeed, recent scRNA-seq studies showed that there are different types
of SST and PV expressing INs and some MGE markers are also co-expressed with CGE
markers (9) so it is possible that some of the cells in the culture could also be CGE-like
INs although they should not outnumber MGE-like cells, given that a small percentage
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of CGE markers compare to MGE markers were expressed in my culture. Additionally,
given the absence of scRNA seq data at day 50, the developmental trajectories analysis
could not be done by analysing the single cell transcriptomic profile of progenitor and
mature neurons. Thus, although gene differential analysis of different cell clusters
present at day 20 was performed, it was not possible to verify if the cells expressing PV
at day 20 would ultimately become mature PV INs.
Nonetheless, the scRNA-seq data of C2d20 were very promising as it identified
upregulated genes in clusters of cells highly expressing PV which have been shown to be
involved in PV INs, differentiation and survival. However, it is important to note that the
identified upstream regulators and upregulated genes were inferred from one sample
(i.e. one well of cultured cells at day 20) thus the results have to be interpreted with
caution and the experiment, along with scRNA-seq analysis of the mature INs, would
have to be repeated for the results to be validated.

5.3 Future Studies and Directions
At day 50, the results indicated that the percentage of cells expressing SST and PV
proteins was low and that the cells showed electrophysiological properties that were
similar to immature neurons. This signifies that the cells were still too immature to be
fully functional and therefore express the protein. Indeed, it has been shown that they
require stimulation from their environment (206). Therefore, to stimulate the
maturation of MGE-like INs in order to obtain functional MGE INs which express the SST
and PV proteins, many studies co-cultured their cells with others. For instance, coculturing developing cells with mouse glial cells or glial cells in conjunction with mouse
neurons has been proven to accelerate the maturation of the cells (111, 115). Therefore,
in future experiments, cells could be co-cultured with mature neurons and glia so as to
promote faster generation of MGE-like INs. Functional neurons may also be produced
from the transplantation of MGE-like progenitors into neonatal brains, which will
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improve the maturation process of MGE-like INs, as a result of the support provided by
the various cell types within the brain.
Another point to address is the fact that the MGE gives rise to both cortical and striatal
INs and that there is a lot of overlapping in the expression of their specific markers.
Cortical INs lose NKX2.1 expression by the time they have migrated and have become
post-mitotic and express LHX6. However, striatal INs were shown to maintain expression
of NKX2.1 along with LHX6 at the post mitotic stage (7). Therefore, further studies could
measure the percentage of cells expressing NKX2.1 at day 50 and verify if the cells
expressing LHX6 also express NKX2.1. This would give a good indication on the possible
striatal or cortical characters of the cells. However, examining the gene expression of
certain markers is not sufficient (207). Therefore, to conclusively verify the cells abilities
to become cortical or striatal INs, transplantation of the cells as progenitors, directly into
the cortex or striatum of rodents could be performed. Further analysis could then be
undertaken in term of their electrophysiological and morphological properties to
determine the mature characteristics of specific IN subtypes. Single cell patch clamping
analysis could be followed by immuno-staining for PV and SST markers to establish the
functionality of specific MGE-like INs subtypes, rather than the general neuronal
population generated.
Regarding the application of my protocol to the CACNA1C WT and KO lines, the same
experiment would have to be repeated with enough biological repeats in order to yield
significance. In order to reveal altered biological pathways in the KO line and the effect
that they have on specific INs, the effect of CACNA1C hypofunction could be further
investigated using scRNA-seq analysis by comparing the transcriptome of MGE-like cells
generated from CACNA1C WT to those of the KO lines.
Given that one of the strongest findings in SZ is its link to PV INs dysfunction (15, 16) the
ability to produce a homogeneous population of PV INs would be invaluable with regard
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to studying the effect of their dysfunction in a given disease model. However, the
selected condition did not permit discrimination between different MGE IN subtypes, as
it promoted both PV and SST INs. Therefore, in order to produce an enriched population
of PV expressing INs, specific markers that are exclusively expressed in progenitor cells
committed to become PV INs must be identified. With this intent, pseudo time analysis
of mature and progenitor datasets must be performed to conclusively identify which
cells in the progenitor pool are fated to become mature PV expressing INs. Then the
expression profile of these may be compared to the rest of the cells, to allow the
identification of markers that are exclusively expressed in PV progenitors. These markers
must be expressed in the plasma membrane so that they can be FACS isolated at day 20
before being cultured in vitro.
Additionally, obtaining the full transcriptomic profile of cells generated at day 50 using
my differentiation protocol is a prerequisite to infer irrefutably that the developmental
and regulatory pathways involved in the differentiation of MGE INs. Additionally, being
able to identify the transcriptomes of different MGE INs subtypes could have enabled
the discovery of specific cell markers as well as upstream regulators involved in their
development.
Furthermore, it would be interesting to verify whether PDGF-BB and beta estradiol are
identified as activate upstream regulator in clusters of cells highly expressing PV at day
50 while their activation state was predicted as “inhibited” at day 20. This would confirm
their roles in promoting expression and survival of more mature PV INs. Additionally,
BDNF was identified as activated upstream regulator and BDNF was added after day 30
in my differentiation protocol. It would therefore be interesting to verify if adding BDNF
at progenitor stages before day 20 would further promote the production of PV INs.
Future work may also attempt to confirm if the selected protocol generates MGE INs
resembling those found in vivo. To do so, the gene expression profile of the MGE-like
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progenitor INs in my culture could be compared to the expression profile of the
progenitor INs found in humans. For instance, I could compare my scRNA-seq dataset to
that of Polioudakis et al. which involved scRNA-seq of cells in the developing human
cortex (126). Interestingly, they identified cell subtypes which were not previously
reported in humans. Amongst these were early INs expressing PV during mid-gestation
(GW17-GW18) (126). A previous scRNA-seq study of 2300 cells from the human
developing cortex did not detect any PV expressing cells. It was hypothesised that these
cells did not develop until GW26 (208). Polioudakis et al. emphasised the fact that they
were able to identify these rare PV expressing cells thanks to a larger dataset (40,000
cells) (126). This further highlights the significance of my data, since my protocol
produced 10% of cell expressing PV as early as day 20 of neuronal differentiation.
Furthermore, this expression was detected in my dataset of 2489 cells therefore without
requiring large dataset such as in the Polioudakis et al. data(126). It would therefore be
interesting to compare the expression profile of my cells to the early PV expressing cells
in the Polioudakis et al. dataset in order to verify if the cells generated with my protocol
resembled those found in human during mid-gestation (GW17-GW18).
Another important point is to bear in mind that studying the full transcriptome of MGElike INs permits the characterisation of upstream regulators and upregulated biological
pathways in specific populations of INs at the transcriptomic level. However, in order to
link single-cell gene expression profiles with single-cell functions, one could look at the
protein expression with the single cell transcriptomic. With this intent, one could use
scRNA-seq in conjunction with index sorting to record surface protein marker expression
data for all the individual cells sorted, and retrospectively assign them to the cells (209).
However, this index sorting method involves cytometry and so the use of antibodies
conjugated to fluorophores for the labelling of cells which would not be compatible with
droplet-based single cell RNA approaches, such as Chromium 10X which was used in this
thesis. Instead, RNA Expression and Protein sequencing (REAP-seq) which utilises
antibodies which are conjugated with DNA barcodes directly, could be used as an
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alternative method (210). Indeed, verifying that the transcription factors that were
upregulated in the scRNA-seq dataset are also expressed at the protein level will be vital
for ascertaining the functionality of lineage specific transcription factors. Additionally,
given that the expression of PV and SST do not overlap at the protein level, but may do
so at the mRNA level (9, 118), utilising PV and SST antibodies will ensure that the cells
are attributed to the correct mature MGE IN subtype.

5.4 Concluding remarks
In conclusion, the neuronal differentiation protocol presented in this thesis could be
used to successfully differentiated hPSCs to progenitors and mature MGE-like INs. This
protocol was also applied to the CACNA1C KO cell line model. Preliminary results suggest
an effect of the CACNA1C mutation on MGE INs but further experiments are required
before these results can be validated. ScRNA-seq analysis of progenitor cells indicated
that the cells generated were MGE-like IN progenitors and that my differentiation
protocol was more effective at generating cells that expressed MGE IN progenitor
markers than the Close et al. differentiation protocol (119). However, determining the
scRNA-seq profile of the cells at day 50 is still required to confirm these results and to
fully characterise different subtypes of MGE INs. This will allow lineage trajectory
analysis to be performed, in order to conclusively reveal the cellular pathways involved
in the specification of mature MGE INs.
Nonetheless, the concordant results of the analysis of mature cells at day 50 by bulk qRT
PCR, sc qRT PCR and FISH, combined with the ICC and scRNA-seq analysis of the
progenitor cells at day 20, cumulatively validate the selected neuronal differentiation
protocol. This will provide a useful tool to study and model neuropsychiatric disorders
that involve MGE derived INs.
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