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Abstract
Cortical interneurons (CINs) are generated from proliferative subcortical regions and
migrate into the cortex during embryogenesis. The identity of CINs is specified through
transcriptional programs initiated at the time when these cells are born and executed
throughout development and maturation. The Medial and Caudal ganglionic eminences
(MGE and CGE) give rise to the majority of CINs. The MGE produces the two major
subtypes of CINs that express SST and PV, respectively.
Previous work in the Kessaris lab had identified two non-DNA-binding transcriptional
cofactor-encoding genes, Mtg8 and Mtg16, as being enriched in a subset of developing
MGE-derived CINs. Here, I report that MTG8 and MTG16 have distinct expression
patterns in the developing CINs and in their absence, mutant mice show deficits in CIN
development. Particularly, MTG8 has important role in the correct specification and
consequent survival of SST CINs. Also, ectopic expression of MTG8 interferes with PV
IN specification.
Interestingly, MTG8 is also expressed in projection neurons and mouse embryos
lacking MTG8 also show absence of the Anterior Commissure (AC), one of the major
commissures in the forebrain. I show that MTG8 expression is a novel factor required
for the development of the anterior and posterior limbs of the AC.
Recent data suggested that hippocampal SST INs, unlike their cortical counterparts,
have a dual origin in the MGE and CGE. Using mouse genetic fate-mapping tools, I
present evidence that supports a single origin of all hippocampal SST INs and argue that
the subset of SST cells that were thought to be derived from CGE are likely to originate
within the dorsal part of the MGE.
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Impact statement
Brain computation is derived by excitatory (E) activity of principal neurons, and the
inhibitory (I) signal from inhibitory interneurons (INs). Changes in E/I balance have
been linked to a variety of neurological diseases such as epilepsy, schizophrenia,
autism and learning disabilities. INs are a heterogeneous population of the cells with
distinctive morphology, electrophysiological activity and connectivity patterns. During
embryogenesis INs originate in subcortical proliferative regions called ganglionic
eminences (GE) and migrate into the cortex and hippocampus. The Medial and Caudal
GEs (MGE and CGE) give rise to nonoverlapping subtypes of INs. The MGE gives rise
to two main classes of INs: the Somatostatin (SST)- and Parvalbumin (PV)-expressing
INs. SST and PV INs have different inhibitory effects on the neuronal circuit and play
distinctive roles during cognitive tasks and behaviours.
Previous studies in our group aiming to understand the molecular differences between
MGE and CGE derived INs, found that the members of Myeloid translocation genes
(Mtgs), namely Mtg8 and Mtg16, are enriched in MGE-derived cortical INs (CINs).
Human mutations in Mtg8 have been associated with intellectual disability suggesting a
role in brain development. I found that MTGs, particularly MTG8, are important for the
specification and consequent survival of SST CINs with no effect on the PV-expressing
cells. Interestingly, over-expression of MTG8 was disruptive to the development of PV
cells, indicating the differential role of MTG8 in specification of SST vs PV subtype. The
regulatory effects of Mtg8 on the development of CINs may be relevant to the human
intellectual disability phenotype.
The embryonic origin of CINs dictates their fates. A proposed dual MGE-CGE origin for
SST INs of the CA1 region of the hippocampus (Chittajallu et al., 2013) is in contrast
to previous findings of a single embryonic origin for this IN subtype. I revisited this
observation and showed that all hippocampal SST INs originate in the MGE. Any
potential attempts to generate hippocampal SST INs from stem cells need only consider
the MGE specification pathway. Differential expression of 5-HT3R is likely to be a late
diversification of MGE SST INs.
IN cell-based therapy has been proposed to have potential benefits in dealing with
neurological impairments involving the E/I imbalance in mouse model. Utilising the
known factors required for directing the differentiation of INs to a particular subtypes was
successful to produce functional CINs from human and mouse stem cells. Despite recent
advances in our understanding about molecular programmes involved in specification
of INs, generating a large and pure population of a specific subtype of INs remains
challenging. My study shows novel roles of the regulatory proteins, MTG8 and MTG16,
in the development of SST and PV INs. Also, this study elucidates the embryonic origin
of hippocampal SST INs. My research advances our knowledge on the embryonic origin
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and the factors involved in specification of IN subtypes thus helping to produce specific
subtypes of inhibitory INs in vitro for potential cell-based therapies.
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Chapter I: Introduction

1.1 Introduction
Ramon Cajal first described the presence of morphologically diverse “short axon cells”
with local projections, alongside the long projecting pyramidal neurons in the cortex.
Later, calling these short axon cells “butterflies of the soul”, he expressed that they are
likely to be responsible for complex brain functions (Ramon y Cajal 1891, 1911).
Today we know that the mammalian neocortex contains two types of neurons: excitatory
Pyramidal Neurons (PYNs) with long range projections, and Inhibitory Inter-Neurons
(INs) that project locally (hence the term “short-axon cells”). PYNs account for ~85%90% of the cortical neurons and are the main information processing units in the
neuronal network. They use mainly glutamate to induce action potential in postsynaptic
neurons. INs represent ~10%-15% of neurons in the cortex and they control every aspect
of PYN excitation in discrete spatial and temporal patterns. INs use Gamma-Amino
Butyric Acid (GABA) as their main inhibitory neurotransmitter (Figure 1-1 A). The
computational performance of the brain depends on excitatory and inhibitory synaptic
events and normal cortical function requires a balance between these two components
(Reviewed in : Fishell and Rudy, 2011; Marín, 2012a).
Cortical INs (CINs) are heterogeneous cell populations that are well-adapted to perform
dynamic responses to different stimuli. They target different axonal and somato-dendritic
compartments of PYNs and have distinctive electrophysiological activity patterns.
Also, different subtypes of CINs have unique laminar and regional distribution within
the cortex. Additionally, they differentially express protein markers and have diverse
morphologies (Reviewed in Bartolini et al 2013).
Three germinal regions in the embryonic ventral telencephalon generate cortical and
hippocampal GABAergic INs: the Medial Ganglionic Eminence (MGE), the Caudal
Ganglionic Eminence (CGE) and the Preoptic Area (POA) (Figure 1-1B). The Lateral
Ganglionic Eminence (LGE) gives rise to GABergic INs destined for the olfactory bulb.
Each of these three regions generates different types of INs with different molecular and
physiological properties (Figure 1-1C). Also, each subtype is differentially distributed
within the different cortical layers and has distinct connectivity patterns to PYNs and
other INs (Figure 1-1D-E) (Reviewed in: Batista-Brito and Fishell, 2009; Kessaris et al.,
2014; Wonders and Anderson, 2006).
Two large groups of CINs originate in the MGE:
(1) Intrinsic burst-spiking or non-fast spiking, Somatostatin (SST)-expressing INs that
may also express Neuropeptide Y (NPY) and/or Reelin (RLN). They include Martinotti
cells, which are characterised by axons terminating in Layer I of the cortex.
(2) Fast spiking Parvalbumin (PV) -expressing INs. These are located in layers II-VI
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of the cortex but are more abundant in middle layers. They include Basket Cells (BCs)
and Chandelier cells (ChCs) (Butt et al., 2005; Fogarty et al., 2007; Lee et al., 2010; Xu,
2004).

Later-born CGE-derived CINs are:
(1) Rapidly adapting INs, which express Vasoactive Intestinal Peptide (VIP) and/or Reelin
(RLN) and are mostly located in superficial layers, including layer I.
(2) Burst-spiking or regular-spiking, Calretenin (CR)-expressing INs located in upper
layers but, like most other INs, are excluded from layer I (Butt et al., 2005; Miyoshi et
al., 2010).

POA-derived CINs:
These represent around 10% of all CINs and share neurochemical and electrophysiological
properties with MGE and CGE-derived populations (Gelman et al., 2011, 2009). They
include subtypes expressing RLN, SST and PV.
INs are essential not only for normal cortical function, but also for shaping the
developing cortical circuits. Hence, abnormalities in CIN development result in
abnormal information processing in the cortical network and have been linked to various
behavioral and neurological disorders (Reviewed in : Marín, 2012; Staley, 2015).

In the introduction, I will review the literature on the journey of CINs from their birth
within ventral telencephalon to their final position in the cortex and the molecules that
influence these steps. I will then talk about the significance of INs in neuronal circuit
assembly and maturation, as well as their roles in the mature network. Finally, I will
review the implication of IN defects in disease. The focus of my thesis is on SST and PV
subtypes, hence throughout the introduction I will primarily discuss these cells.
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Figure 1-1. CINs origins and diversity
A) Cortical INs use GABA as their inhibitory neurotransmitter B) GABAergic INs originate within the GEs in the telencephalon. MGE- and CGE- and POA-derived GABAergic INs mainly migrate to the neocortex and hippocampus. MGE and CGE also give
rise to GABAergic INs for other brain areas such as the amygdala, the striatum (STR)
and the piriform cortex. LGE is the main origin of olfactory GABAergic INs. C) There
are four major classes of INs each originating from different GEs. These markers overlap with variety of other neuronal markers. Parvalbumin (PV) and Somatostatin (SST)
INS are derived from MGE. SST INs can also express Reelin (RLN) and Calretinin
(CR). Vasoactive Intestinal Peptide (VIP) and only RLN expressing cells originate from
CGE and may express CR and Cholecystokinin (CCK). POA gives rise to small population of PV, SST and RLN INs. D) CIN subclasses each have distinct morphology and
laminar distribution. E) CIN subtypes have specific axonal synaptic pattern and target
different cellular compartments of PYNs. Also some target other INs. For example,
PV and CCK basket cells synapse on the soma and basal dendrites of PYNs. PV chandelier cells target axon-initial-segment. SST Martinotti cells contact apical dendrites.
Neurogliaform cells, densely innervate dendrites of PYNs. Other SST and CR and VIP
cells target PYN dendrites. Bipolar VIP and SST subtypes target and inhibit other INs.
Adapted and modified from Marín, 2012; Bartolini et al 2013; Kessaris et al., 2014.
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1.1.1

CINs: from ventral telencephalon to the cortex

1.1.1.1 Molecular control of patterning and neurogenesis within the ventral
telencephalon
CINs and PYNs are generated from two different places in the embryonic telencephalon. In
rodents, cortical PYNs are generated locally from progenitor cells that reside in the dorsal
telencephalon and use radial glial cell processes to radially migrate and disperse within
the cortex (Rakic, 1990). INs originate from precursor cells in the ventral telencephalon
within GEs and migrate tangentially into the cortex and other brain areas (Anderson et al.,
1997). GEs have discrete physical boundaries: the MGE arises earlier during development
in the ventral diencephalic-telencephalic junction and is followed later by the LGE in the
dorsal part (Smart, 1976). The CGE emerges later as a caudal extension of the MGE-LGE
fusion near the lateral ventricle (Anderson et al., 2001). The MGE-derived INs begin
to emerge at around E11.5, two days earlier than their CGE counterparts (Reviewed in
Laclef and Métin, 2017).
Morphogens and Transcription Factors (TFs) work together to drive the dorso-ventral
(pallial-subpallial) patterning of the telencephalon (Figure 1-2) (Reviewed in Schuurmans
and Guillemot, 2002; Hoch et al., 2009). Expression of Wnt3a (Wingless-type MMTV
integration site family member 3a) and Bmp4 (Bone morphogenetic protein 4) in the
dorsal part and Shh (Sonic hedgehog) in the ventral part of the telencephalon; initiate
the axial patterning. The interplay between SHH and FGF (Fibroblast Growth Factor)
signalling, guarantees the ventral identity. Together they antagonise the repressing effects
of GLI (Glioma-Associated Oncogene Family Zinc Finger) family TFs, especially GLI3,
to set the dorso-ventral boundaries (Reviewed in Rash and Grove, 2007; Ulloa and
Briscoe, 2007).
FOXG1 (Fork-head G1 Factor1) is the indirect downstream effector of SHH that represses
the expression of Wnt and Bmp4 in the ventral telencephalon and induces the expression of
Fgf family members within the GEs (Fgf8 in the MGE (Martynoga et al., 2005) and Fgf15
in the CGE (Borello et al., 2008)). SHH and FGF8 directly induce the expression of the
master regulator of the MGE, Nkx2-1 (Shinya et al., 2001; Gulacsi and Anderson, 2006;
Gutin, 2006). NKX2-1 (NK2 Homeobox-1) is also required for continuous expression of
Shh in INs (Sussel et al., 1999).
Apart from FGF and SHH that regulate the cell cycle state in GEs (Blaess, 2006;
Lukaszewicz et al., 2002), other molecules have been implicated in the control of
proliferation of progenitors in ventral telencephalon. For example, RAC1 (Ras-related
C3 botulinum toxin substrate 1) has an important role in regulation of cell-division in the
pallium and the sub-pallium (Leone et al., 2010). In the MGE, Rac1 deletion in progenitors
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results in reduced expression of Ccnd2 (CyclinD2) and induction of cell cycle arrest in
progenitors (Vidaki et al., 2012). Reduction of CCND2 in the SVZ (Sub Venticular Zone)
of the MGE results in decreased numbers of PV but not SST INs (Glickstein et al., 2007,
2009). RAC1 also has a modulatory effect on expression of RB (Retinoblastoma) gene
family. RB proteins have important roles in the regulation of E2F (E2 Fator) expression.
E2F TFs are involved in cell cycle control and DNA synthesis and their deletion impairs
the self-renewal capacity of neuronal precursor (Ruzhynsky et al., 2007).
Among other early-acting TFs, GSX (GS Homeobox 1) plays an important role in
repressing the expression of dorsal telencephalon genes such as Pax6 (Paired Box 6)
and inducing expression of Ascl1 (Achaete-Scute Family bHLH Transcription Factor 1)
in the GEs (Wang et al., 2009). The basic helix loop helix (bHLH) protein ASCL1, has
an important role in neurogenesis and specification of neuronal lineages in the central
nervous system (CNS). In the telencephalon, Ascl1 is highly expressed in subcortical
germinal zones during embryonic neurogenesis. In its absence, progenitor cells within
the SVZ of the MGE have reduced proliferation and increased cell death (Casarosa et al.,
1999). In addition, Ascl1 regulates the expression of Dlx1 and Dlx2 (Distal-less homeobox
1 and 2), two genes that are essential for CIN development (Poitras et al., 2007).
DLX1/2, are TFs that are expressed in proliferative zone of subpalliam, and act as the panGABAergic regulators. Dlx genes are amongst the homeodomain TF super-family similar
to the drosophila distal-less gene. They are important in survival and differentiation of
inhibitory INs in the forebrain (Anderson, Eisenstat, et al., 1997; Anderson, Qiu, et al.,
1997). Dlx2 and its paralog Dlx1 are largely co-expressed in the subpallial VZ (Venticular
Zone) and SVZ. Dlx1/2 mutants have persistent defects in IN formation, maturation
and survival. DLX1 and 2 together orchestrate the balance between neurogenesis and
oligodendrogenesis from common precursor cells in the subpallial zone (Petryniak et al.,
2007). OLIG1 and OLIG2 (Oligodendrocyte TF 1 and 2) directly suppress the expression
of Dlx1/2 and promote oligodendrogenesis from common multipotent progenitors in the
GEs. Olig1 knock-out (KO) mice have increased numbers of PV and CR INs (Silbereis
et al., 2014). In the MGE and POA, DLX1/2 downregulate the expression of Olig2 to
maintain the balance between oligodendrogenesis and neurogenesis (Petryniak et al.,
2007). Together these genes control the size of the IN population.
Other bHLH factors such as Npas1 and Naps3 (Neuronal PAS domain protein 1 and
3) control proliferation of CINs progenitors in the GEs. Npas1-/- mice have increased
numbers of SST, VIP/NPY and RLN expressing INs in the cortex, while PV CIN numbers
are not affected. NPAS1 controls the proliferation of IN progenitors by modulating
the MAP kinase activity and decreasing the expression of Arx in MGE and CGE VZ/
SVZ progenitors by directly binding to sub-pallial Arx (Aristaless Related Homeobox)
regulatory element. In a complementary phenotype to Naps1 mutant, deletion of Naps3-
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resulted in decreased proliferation and decreased MAPK signalling in GE progenitors.
Also the numbers of SST and VIP CINs were reduced in Npas3 KO mice (Stanco et al.,
2014).

/-

Figure 1-2. Genetic crosstalk in developing telencephalon
Genetic pathways are involved in the specification of CINs. The morphogens
repress the expression of dorsal telencephalic gene (Purple box) in subpallium.
Pan GABAergic genes (Grey box) are expressed in GEs and promote the neurogenesis over oligogenesis (Blue box). These TFs and their downstream effectors
are involved in specification, migration and maturation of INs. Some of these
TFs are active only in MGE lineage (Red box) and repress the expression of
CGE specific genes (Green box) in MGE. Adapted from Martynoga et al., 2012;
Miyoshi et al., 2013; Peyre et al., 2015; Marcio Oliveira., 2015 (unpublished).
1.1.1.2 MGE neurogenesis and early subtype specification of INs
Progenitors within the GEs give rise to non-overlapping diverse classes of INs. This
heterogeneity within the IN population is established by differential expression of genes at
different stage of IN development which determine IN cell fates (Figure 1-3 B) (Reviewed
in Kessaris et al., 2014; Laclef and Métin, 2017).
Recent single cell transcriptomic analysis revealed that mitotic progenitor cells within the
MGE and CGE have only few differentially expressed genes. Nkx2-1 and Lmo1 (LIM
Domain Only 1) are enriched in the MGE mitotic progenitors and Coup-TF I, Coup-TF
II (COUP Transcription Factor 1 and 2) and Pax6 have high expression level in the CGE
dividing progenitors. Later on, a greater diversity emerges among young postmitotic INs
(Mayer et al., 2018) and mature INs (Tasic et al., 2016) (Figure 1-3 C).
SHH induces and maintains the expression of NKX2.1 (NK2 Homeobox 1) in the MGE
(Flandin et al., 2010; Gulacsi and Anderson, 2006). Nkx2-1 is expressed very early during
brain development in the basal telencephalon and is restricted to the MGE as well as parts
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of the septum, anterior entopeduncular area (AEP) and POA (Sussel et al., 1999). NKX2-1
is a homeobox TF that defines the identity of all neurons originating in the MGE. Dividing
cells within the VZ and SVZ of the MGE as well as postmitotic cells in MGE mantle zone
express Nkx2-1 (Sussel et al., 1999; Xu et al., 2005). Nkx2-1 expressing progenitors in
the MGE give rise to cortical, hippocampal and striatal INs, oligodendrocytes as well as
projection neurons of the globus pallidus (Kessaris et al., 2006; Marin et al., 2000; Sussel
et al., 1999; Xu et al., 2005). In the absence of Nkx2-1 all the neurons known to originate
from the MGE fail to be specified (Sussel et al., 1999). Instead, the MGE acquires LGE/
CGE phenotype and produces CGE-like neurons (Butt et al., 2005).
Subtype specification of MGE-drived CINs is regulated in a spatial and temporal manner
by expression of different TFs within MGE region. For instance, CouptfII is expressed
mainly in the caudal part of MGE where in its absence early loss of SST CINs was
observed. CouptfII promotes SST progenitor cell division at the expense of PV IN
progenitor proliferation. COUPTFI and II also can directly bind to Sox6 (Sex determining
region Y-Box 6, which is imporant for IN specification and migration ) regulatory elements
and drive its expression in the MGE and POA (Hu, Vogt, Lindtner, et al., 2017a).
SHH has a dorso-ventral gradient of expression within the MGE where its highest
concentration is in the dorsal MGE (dMGE). It has been proposed that the level of SHH
plays a role in SST vs PV neurogenesis. High levels of SHH favour the generation of SST
INs at the expense of PV in the dMGE (Wonders et al., 2008; Xu et al., 2010).
Microarray analysis revealed that different TFs are expressed in different regions of MGE.
Expression of Nkx6-2 (NK6 Homeobox 2) and its downstream targets such as Gli2 and
Hhip1 (hedgehog-interacting protein 1) are enriched in dorsal MGE. Transcriptionally
enriched genes in ventral MGE include FoxJ1 (Forkhead Box J1), Sulfatase 1, Sulfatase
2 and Brevican (Wonders et al., 2008), as well as Zic1 and Zic3 (Zinc finger of the
cerebellum 1 and 2) (Inoue et al., 2007) and Lhx8 (LIM Homeobox 8) (Flames et al.,
2007). Dorsal progenitors within MGE preferentially give rise to SST INs and ventral
mitotic progenitors mostly produce PV cells (Wonders et al., 2008). Also, the dMGE
preferentially generates SST Martinotti cells (Fogarty et al., 2007),
SST cells are mainly generated earlier during embryogenesis from apical progenitor cells
while PV cells are generated later from basal progenitors dividing within the SVZ of
the MGE (Butt et al., 2005; Flames et al., 2007; Inan et al., 2012; Wonders et al., 2008)
(Figure 1-4). Interestingly, it is possible to change the IN fate by shifting the location of
progenitors within the neurogenic zone (Petros et al., 2015), further confirming the spatial
segregation of neurogenesis within the MGE for different IN subtypes.
Also, ChCs are born around E17 in the ventral germinal zone and reach the cortex at
around birth (Taniguchi et al., 2013). Also, the different transcriptional profile of early
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and late IN progenitors within GEs, revealed the temporal molecular segregation of these
cells (Ma et al.,2018).

1.1.1.3 Post mitotic identity of MGE-drived INs
The LIM homeodomain (LIM HD) transcription factor-encoding gene Lhx6 (LIM
Homeobox 6 ) is a direct transcriptional target of NKX2-1 in the MGE (Du et al., 2008;
Sussel et al., 1999). Lhx6 expression can be detected outside the neuroepithelium of the
MGE in all MGE-derived INs throughout embryonic and adult stages (Liodis et al., 2007;
Zhao et al., 2008). NKX2-1 and LHX6 together determine the MGE-derived IN fate.
NKX2-1 binds to a conserved sequence in the Lhx6 promoter region and directly induces
its expression. Lhx6 expression rescues IN fate defects in Nkx2-1 null MGE-derived
cells (Du et al., 2008). Recent chip-sequencing analysis showed that NKX2-1 modulatory
effect is highly dependent on the histone modification state of the target loci and NKX2-1
can both activate and repress gene expression. Also, NKX2-1 itself can influence these
epigenetic modifications. The presence of acetylated histon , H3k27, on gene regulatory
elements was decreased in Nkx2-1 KO cells. Two thirds of the regulatory elements
with LHX6 binding sites were common between LHX6 and NKX2-1. Interestingly, by
expression of Lhx6, some of these common binding loci that were repressed by NKX2-1,
could be activated in SVZ postmitotic cells (Sandberg et al., 2016).
The majority of cholinergic and GABAergic striatal INs come from common Lhx6expressing precursors in the MGE. Other LIM HD TFs play crucial roles in balancing the
generation of these two population of INs. Lhx8 is important for specification of cholinergic
INs in striatum (Fragkouli et al., 2005, 2009; Mori et al., 2004; Zhao et al., 2003). Striatal
cholinergic INs are produced by the co-expression of the LIM HD proteins, LHX8 and
ISL1(ISL LIM Homeobox 1), in the MGE (Fragkouli et al., 2009). In the absence of
Lhx8, striatal cholinergic INs switch their fate to GABAergic INs (Fragkouli et al., 2009).
Lhx6 and Lhx8 encode highly homologous proteins and have very similar expression
patterns in MGE-derived postmitotic cells. Lhx8 expression in Lhx6 null cells is partially
redundant with LHX6 (Flandin et al., 2011a). Specially, Lhx8 expression in MGE-derived
INs lacking LHX6, rescued the reduction of SST INs. Also, Lhx8 expression in theses
mutants restored the expression of Sox6 in migratory INs (Vogt et al., 2014). Lhx6 and
Lhx8 directly bind to a Shh enhancer and induce the neuronal expression of Shh. SHH
secretion by postmitotic neurons induces the expression of Nkx6-2, GliI and Nkx2-1 that
are essential for generation of later born SST and PV expressing INs in the dorsal MGE
(Flandin et al., 2011b).
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Figure 1-3. TF expression during development and maturation of CINs
A-B) Schematic of the coronal sections of mouse telencephalon at the level of GEs at E13.5.
The neuroepithelium of different GEs and POA express unique combination of TFs. C)
CINs are generated within the ventricular zone (VZ) and migrate through the subventricular zone (SVZ)/mantle to reach the cortical plate where they acquire their laminar position and eventually mature. TFs that participate in CIN development at different stages
are shown. ‘?’ indicates unclear or unknown expression. * indicates expression in some
but not all cells. dMGE: dorsal MGE. Adapted and modified from Kessaris et al, 2014.
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LHX6 guarantees the MGE fate in postmitotic neurons. It supresses the expression of
Sp8 (Specificity Protein 8) (Vogt et al., 2014), the LGE/CGE-derived IN marker (Ma
et al., 2012). The electrophysiological activity and cortical lamination of Lhx6 mutant
CINs resemble the properties of CGE-derived INs. Lhx6-/- INs specially resembled the
neurogliaform cell characteristics and the numbers of Sp8-expressing INs was increased
in the cortex of these Lhx6 mutants (Vogt et al., 2014). Interestingly, mice exhibiting
reduced (~40%) expression of Lhx6 (these mice carry a hypomorphic allele and a loss-offunction allele for Lhx6) display only some aspects of the null phenotype: they show 50%
reduction of SST, but have normal numbers of PV INs in the cortex (Neves et al., 2013).
This suggests that LHX6 acts in a dose-dependent manner to specify distinct IN fates.
SOX6 works downstream of LHX6 in the developing telencephalon (Zhao et al., 2008).
Sox6 expression is stronger in postmitotic migratory INs than in proliferative progenitors
(Batista-Brito et al., 2009). SOX6 is important for induction of postmitotic identity of
INs. It downregulates the expression of the progenitors genes, NGN2 (Neuroginin-2) and
ASCL1, thus segregates the pre- and post-mitotic transcriptional program in the MGE.
SOX6 deletion in CINs leads to abnormal maturation of INs in the cortex, where the PVand SST-expressing populations are decreased and NPY numbers become elevated (Azim
et al., 2009).

1.1.1.4 CIN navigation through the subpallium
MGE-derived postmitotic INs need to navigate their way from the sub-pallium to the
pallium. To reach the cortex, MGE-derived INs need to avoid the POA and transverse
the striatum. They use environmental chemorepellent and chemoattractant cues for
navigation. TFs have also been implicated in the modulation of IN navigation (Reviewed
in Guo and Anton, 2014).
ephrin-B3 expression in the POA coupled with its receptor in MGE-derived INs causes
the repulsive response in migrating INs; as a result they avoid entering the POA region
and take the dorsal migratory root to the dorsal telencephalon which is mediated by
Ephrin-A4 forward signalling (Zimmer et al., 2011).
Semaphorin signalling plays a central role in CINs pathfinding. SEMA3a (Semaphorin
3a), the chemorepellent ligand of NRP2 (Nuropilin2), is expressed in the striatum.
NRP2 is downregulated by NKX2-1 in striatal INs. Nkx2-1 is differentially expressed in
postmitotic cortical and striatal migratory INs, where its expression is downregulated in
cortical destined populations. As a result of a persistent expression of Nrp2 in migratory
CINs, these cells avoid invading the striatum and take the migratory route towards the
cortex (Nóbrega-Pereira et al., 2008).
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DLX1/2 regulate the expression of ZEB2 (Zinc Finger E-Box Binding Homeobox 2),
the TF that acts as a repressor of Nkx2-1expression and facilitates the migration of CINs
to the cortex. Moreover, ZEB2 appears to regulate the expression of Mafb, Mafc (MAF
BZIP Transcription Factor B and C) and Cxcr7 (C-X-C Motif Chemokine Receptor 7),
the important regulators of CIN migration (McKinsey et al., 2013).
NRG1 (Neurogilin-1) is present in the LGE and makes a chemoattractant corridor
for migrating MGE-derived INs to the cortex. INs express ERBB4 (Erb-B2 Receptor
Tyrosine Kinase 4) the receptor tyrosine protein kinase that binds to NRG1. NRG1 is also
expressed in the cortex and strongly attracts migratory INs (Flames et al., 2004). LHX6
promotes ERBB4 expression in INs (Zhou et al., 2008).
DLX1/2 also induce the expression of Arx in INs (Colasante et al., 2008). In their absence,
Arx expression is reduced in the developing forebrain including in the GEs (Cobos et al.,
2005). Arx is expressed in postmitotic INs migrating to cortex and striatum and in radially
migrating INs. In the absence of ARX, INs have reduced motility and significant decrease
of migration to the cortex. Also abnormal accumulation of CINs in the cortical plate (CP)
was observed when expression of Arx was inactivated in radially migrating INs using
RNAi (Colombo et al., 2007; Friocourt et al., 2008).

1.1.1.5 Tangential and radial migration of MGE-drived CINs and their maturation
When INs reach the cortex, they disperse tangentially before shifting to radial migration
and integrating into different cortical layers. It is thought that tangential migration allows
CINs to disperse within the cortex and hippocampus and avoid early invasion of the CP.
Three defined tangential streams have been identified in the cortex: the early-generated
INs migrate mainly through the Marginal Zone (MZ) and the deeper subventricular/
Intermediate Zone (SVZ/IZ) route (Figure 1-4) (Lavdas et al., 1999, Reviewed in Guo and
Anton, 2014). It has not been established whether distinct subtypes of INs take different
migratory streams, but early-born MGE- and CGE-derived INs (E12.5) are more likely to
take the MZ route (Pla et al., 2006). Later on, as the CP emerges, some INs take a third
migratory path located in subplate (Reviewed in Guo and Anton, 2014). Cadherin8 and
Sema5a are important for CINs that take the IZ migratory path. Also, expression of Dab1
(Disabled Homolog 1) is enriched in CINs migrating through the MZ path (Antypa et al.,
2011).
The earlier-born PYNs reside in deeper cortical layers and later-born neurons migrate
radially to reach the superficial layers. Similarly, MGE-derived INs primarily populate
the deeper neocortical layers due to the presence of molecular cues that are provided by
local PYNs (Pla et al., 2006, Lodato et al., 2011). Migration of PYNs towards the MZ
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is guided by the increasing concentration of RLN, a well-known regulator of neuronal
migration (Reviewed in Sekine et al., 2014; Hirota and Nakajima, 2017). Although the
laminar location of CINs is affected in the absence of RLN signalling, INs do not cellautonomously need RLN for their normal position within the cortical layers (Pla et al.,
2006).

Figure 1-4. CIN production in MGE and their tangential migration to the
cortex
Apical progenitors mostly give rise to SST INs and basal progenitors produce
PV INs. Also, progenitors in dorsal MGE preferentially give rise to SST INs
and ventrally located progenitors mostly make PV INs. After leaving the MGE,
INs destined for neocortex avoid entering striatum and then they enter one of the
three migratory roots: 1) Marginal Zone (MZ). 2) Subplate (SP). 3) Intermediate Zone (IZ). It has been reported that migratory INs within cortex can change
their local orientational movement within the streams (double headed arrow).
VZ: Ventricular Zone. Adapted from Guo and Anton, 2014; Petros et al., 2015.

The laminar positions of early-born MGE-derived INs are mainly affected by intrinsic
factors. Heterochronically transplanted E12.5 MGE cells into E15.5 MGE are positioned
in deeper cortical layers. Interestingly, a similar experiment showed that some of the later
born MGE-derived CINs can adapt to their new environment and integrate into deeper
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cortical layers instead of the normal superficial location (Pla et al., 2006). The laminar
distribution of CGE-derived INs is not affected by their birthdate: 75% of them occupy
superficial layers while the other 25% occupy the deeper layers (Miyoshi et al., 2010).
1.1.1.5.1 Genetic pathways regulating migration and maturation of MGE-drived
CINs
DLX1/2 also control the expression of DLX5 and DLX6 (Distal-less homeobox 5 and 6),
two related TFs that contribute to CIN migration. DLX5/6 regulate migration of CINs;
deletion of these two genes results in decrease in numbers and migrating distance of CINs
in the superficial migratory stream. Also expression of Cxcr4, which has important role in
radial migration of CINs was lost in the absence of Dlx5/6 in deep migrating INs (Wang
et al., 2010).
Several downstream targets of LHX6 have been identified to date and include genes
involved in CIN migration such as CXCR4, CXCR7, Sox6, ErbBB4 and Satb1 (Close et al.,
2012; Liodis et al., 2007; Vogt et al., 2014; Zhao et al., 2008). CXCR4 and CXCR7 are the
CXCL12 (C-X-C Motif Chemokine Ligand 12) chemokine receptors that are expressed
by migrating CINs. CXCL12 is expressed in the MZ and IZ of the cortex and to a lesser
extent in the sub-plate. CXCL12 has an important role in restricting the migrating INs to
the confined roots; CXCL12 signalling controls the migratory IN switch from tangential
to radial mode and increases the IN leading process branching which slows down the
tangential migration rate. As a result, INs can sense and respond to the directional cues
within cortex that enables them to invade the CP (Lopez-Bendito et al., 2008; Lysko et
al., 2011; Wang et al., 2011). CXCR7 is directly linked to MAPK (Mitogen-Activated
Protein Kinase) and CXCR4 can activate the PI3K/AKT(Phosphoinositide 3-kinase/
AKT Serine-Threonine Kinase, a well-known cell motility regulatory pathway that is
involved in cytoskeleton rearrangement (Xiao et al., 2010). Also, CXCR7 acts to titrate
the extracellular concentration and gradient of CXCL12, by internalizing the chemokine
and avoiding over-powering CXCR4 signalling. Cxcr4 and Cxcr7 deletion does not affect
tangential migration, but the laminar positioning of the CINs were defective. Cxcr4 null
CINs deletion results in abnormal accumulation of the INs in the CP caused by early
termination of tangential migration and premature invasion of the CP. Thus, both receptors
are essential for controlling the IN tangential and radial migration. Interestingly, cortical
PYNs also express Cxcr7 and may have regulatory effects on the local concentration of
CXCL12 and on the timing of IN cortical invasion (Wang et al., 2011). The CXCR7 level
is important for PV cell specification as imbalance in its expression reduces the numbers
of PV INs in the cortex (Vogt et al., 2014).
MGE-derived CINs lacking Sox6 expression have defects in switching from tangential
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to radial migration in the cortex and are mostly located in the MZ and VZ layers in the
developing cortex. In Sox6 KO mice, the laminar positions of PV and SST CINs were
abnormal, and they were present mostly in layers II, III, and IV instead of being spread out
throughout the cortex. It seems that Sox6 deletion in late-born MGE-derived CINs which
are mostly located in deeper layers of cortex, causes preferential differentiation into NPY
INs instead of PV or SST. Hence, Sox6 is essential for MGE-derived IN lamination and
physiological maturation of cortical INs (Azim et al., 2009).
Expression of the Satb1 (Special AT-rich DNA Binding Protein 1) is derived by LHX6 in
CINs that are already present in neocortex. SATB1 mainly promotes SST INs maturation.
Over expression of Satb1 resulted in a significant up-regulation of Kcc2, a K+/Clexchanger, which is a marker of SST, PV and NPY cells. KCC2 (Potassium (K) Chloride
(C) Cotransporter 2) plays an important role in laminar positioning of INs in the cortex. It
also downregulates the expression of the genes that are involved in tangential migration.
Premature transplanted MGE-derived cells with ectopic expression of Satb1 fail to
migrate into the recipient mouse cortex. Thus, correct temporal expression of Satb1 is
important for maturation of CINs (Close et al., 2012; Denaxa et al., 2012).
LHX6 also regulates the expression of Mafb in INs (Flandin et al., 2010; Zhao et al., 2008).
Mafb is mainly expressed in MZ migratory INs and is important for axonal development
of layer I targeting INs, especially the SST Martinotti cells (Lim L et al., 2018).
Moreover, CXCL12 signalling destabilizes the microtubules which results in the
less branched IN neurites, thus it negatively regulates the fine tuning of CINs neurite
branching, (Kappeler et al., 2006; Lysko et al., 2014).
ERBB4 is preferentially expressed by PV INs embryonically and also in adulthood (Yau
et al., 2003). ERBB4 has crucial role in integration of PV INs into the cortical circuit and
synaptogenesis of these cells into PYNs in response to NRG1. PV cells lacking ERBB4
receives less synaptic input from PYNs thus the circuit is over-excitable in these mutants
(Fazzari et al., 2010).
DLX1/2 regulate the migration of CINs by controlling their axon and neurite outgrowth
(Cobos et al., 2007). DLX1/2 repress the expression of PAK3 kinase, the neurite growth
activator, during IN migration (Le et al., 2007). In addition, DLX5/6 are essential for
neurite branching of PV expressing INs (Wang et al., 2010). Interestingly, DLX1 appeared
to be excluded from postnatal PV cells and subset of SST cells, indicating a different role
of this protein in matured INs (Cobos et al., 2005).
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1.1.1.5.2 Effect of neurotrnasmitters on migration and maturation of MGE-derived
CINs
During migration, cortical plate cells and INs can produce and secrete GABA (Behar
et al., 2001; Manent, 2005). GABAA ionotropic Receptors (GABARs) are permeable to
Cl- and bicarbonate. Low intracellular Cl- concentration leads to hyperpolarization of
mature neurons, upon GABAR activation. During embryogenesis and early adulthood,
GABA signalling in postmitotic neurons results in depolarization due to high cellular Clconcentration (Ben‐Ari et al., 1989). As a consequence, intracellular Ca2+ concentration
increases and influences cell mobility (Leinekugel et al., 1995). GABABR perturbation
results in accumulation of CINs in the IZ migratory stream rather than MZ. Also, it
has been shown that dopamine plays a role in migratory stream choice preferences.
Dopamine-D1 receptor deletion significantly decreases the numbers of IZ migratory INs;
by contrast, Dopamine-D2 receptor loss promotes INs to take the IZ migratory route to
the cortex (Crandall et al., 2007; López-Bendito et al., 2003).
GABA also affects the distribution of INs in the cortex. Using GABABR antagonist in
rat cortical slices resulted in accumulation of MGE-derived INs in lower cortical layers
(López-Bendito et al., 2003). Also, changes in the electrophysiological properties of INs
affect their laminar distribution within the cortex. The final laminar position of CINs
is dependent on increased electrical activity in the specific cortical layer. During early
postnatal development, increase in neuronal activity induces expression of KCC2 in
maturing INs. Expression of KCC2 lowers the intracellular Cl- concentration, hence
GABA hyperpolarizes the INs. Subsequently, intracellular Ca2+ transient decreases and as
a result, INs terminate their migration (Bortone and Polleux, 2009; Inamura et al., 2012;
Miyoshi and Fishell, 2011). Early-generated MGE-derived INs upregulate the KCC2
expression earlier than CGE counterparts and this may explain why MGE INs complete
their cortical laminar sorting earlier (Miyoshi and Fishell, 2011).

1.1.2

CINs in circuit assembly

Once the immature INs reach their final position in the cortex, they need to optimally
connect to their local circuit and complete their maturation process. Within this postnatal
maturation time, about half of the CINs die to reach the optimal number (Southwell et al.,
2012). The early maturation of INs and their synaptic connectivity help to gate and shape
the flow of information in their local circuit. Impairment in this process has significant
effect on brain functionality and is thought to be the cause of a variety of neurological
diseases.
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1.1.2.1 Reaching the optimal number
CINs are generated in excess during embryogenesis and later during maturation of the
circuit, the optimal number of the CINs is determined. Whether the life and death decision
is influenced by IN competition for neurotropic factors or is dependent on intrinsic factors
and/or other environmental cues, is still debated. In mice, about 45% of the CINs are
eliminated within two weeks after birth. Moreover, based on in vivo transplantation
studies, IN cell death is age-dependant. E13.5 cortically transplanted INs reach maximum
cell death about 15 days post transplantation, which is the same cellular age as the peak
of endogenous apoptosis (Southwell et al., 2012, Reviewed in Bartolini et al., 2013).
Lack of TrkB (Thyrosine kinase B) receptor, the main neurotrophin receptor expressed
by neurons in the CNS, did not affect the abundance of IN apoptosis. Interestingly, early
postnatal decrease in the MGE-derived CIN population is concurrent with an increase in
CGE-derived CIN numbers. Enhanced neuronal activity can protect INs from apoptosis,
hence the electrophysiological activity can control the IN cell number within the circuit.
INs adjust their number in response to the activity of their microenvironment in a cellautonomous manner, thus in the presence of fewer MGE-derived CINs, CGE-derived
CINs that are more electrophysiologically active can survive, albeit resulting in an overall
abnormal distribution within the cortex (Denaxa et al., 2018). Moreover, increase in PYN
activity during the first postnatal week prevents IN cell death. Pyramidal cells control
IN programmed cell-death most likely through activity-dependent inhibition of PTEN.
PTEN (Phosphatase and tensin homolog) regulates the activity of the serine-threonine
kinase, AKT, which is a critical mediator of neuronal survival in CNS (Wong et al 2018).
1.1.2.2 Maturation of GABAergic inhibitory synapses
Although the complete maturation of IN inhibitory synapses happens postnatally, the first
GABAergic synapses appear embryonically. For example in rat GABAergic synapses
exist in the marginal zone and the subplate of neocortex around E16 (König et al., 1975).
Early inhibitory synapse formation is independent of neurotransmission or synaptic input.
However, maturation of synapses depends on IN GABA release and BDNF (Brain Derived
Neurotrophic Factor) secretion from PYNs (Verhage et al., 2000, Chattopadhyaya et al.,
2007).
GABA can be produced by two glutamate decarboxylases enzymes GAD67 and GAD65.
GAD67 is expressed by Gad1 gene which produces the majority of GABA and is expressed
very early during development. GAD67 has a very short half-life which limits the cellular
and vesicular GABA production (Asada et al., 1996, 1997). GAD65 is expressed by Gad2
gene which is mainly active later during development and is localised around presynaptic
terminals (Pinal and Tobin 1998).
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GABA plays a crucial role in the maturation of synapses. Neuronal activity can modulate
IN GABA level via the regulation of expression of Gad1 and Gad2. Increased IN
electrophysiological activity and GABA level accelerate IN maturation. Selective Gad1
deletion in PV BCs results in reduction of arborization and finer axon branching. GABA
synthesis also regulates the extent of targeting synapses of BCs. This innervation appears
to be dosage sensitive: Gad1+/- mice generate inhibitory synapses, but with abnormal
morphology and fewer GAD67 puncta near synaptic terminal (Chattopadhyaya et al.,
2007). Gad2-/- mice have defects in cortical synaptic plasticity due to defects in maintaining
stable inhibitory peri-somatic synapses (Hensch et al., 1998), but the innervation of BCs
appeared to be normal in slice cultures (Chattopadhyaya et al., 2007).
During embryogenesis GABA is excitatory. In mouse, during the first postnatal week,
through expression of KCC2 (export Cl-) and downregulation of NKCC1 (Sodium
(Na) Potassium (K) Chloride (C) cotransporter, import Cl-), GABA signalling becomes
inhibitory. As a consequence, the sharp firing pattern of PYNs decreases and each stimulus
is assigned to a small set of neurons (Rochefort et al., 2009; Reviewed in Ben-Ari, 2002;
Marín, 2016).
In addition, complete neurite maturation and innervation of INs happens postnatally (Le
Magueresse et al., 2011). For instance, BCs continue to grow their axons and dendrites until
P21, and they propagate their innervation to greater number of PYNs. The membrane and
electrophysiological properties of these cells tend to change during postnatal maturation.
Ion channel density also increases by this time (Doischer et al., 2008). Matured INs tend
to generate more robust, faster and more synchronised inhibitory synaptic outputs in the
circuit (Reviewed in Le Magueresse and Monyer, 2013).
Although, the subcellular targets and electrophysiological properties of different
classes of INs appear to be cell autonomous (Di Cristo et al., 2004), Le Magueresse
et al., 2011; Reviewed in Le Magueresse and Monyer, 2013), neuronal activity can
selectively influence development of CINs. For example, a subset of CGE-derived INs
with suppressed excitability, exhibit abnormal axon arborization (De Marco García et
al., 2011). Also, neuronal activity is important for synaptic maturation and maintenance.
Blocking experience-driven input activity alters the electrophysiological properties of
the circuit. For instance, it has been shown that whisker trimming reduces the maturation
of PV INs. After whisker trimming the total number of inhibitory synaptic buttons in
corresponding deprived barrel cortices was significantly decreased. Also, PV INs in the
deprived cortex receive less stimulation, express less Gad2, and have less inhibitory
synaptic input into the local circuit (Jiao et al., 2006).
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1.1.2.3 INs and early maturation of the neuronal network
INs and GABA signaling play key roles in the maturation and patterning of the neuronal
network during postnatal development.
Different IN subtypes integrate into the circuit at different time points and contribute
differently to circuit maturation. The early-born hippocampal INs with their longrange connectivity are responsible for the initiation of early hippocampal network
synchronisation (Bonifazi et al., 2009; Picardo et al., 2011). Neonatal maturation of
the cortical and hippocampal circuit depends on this synchronized spontaneous activity
that is driven by dopaminergic or GABAergic synaptic signaling. As mentioned before,
in immature neurons GABA is an excitatory signal. To pattern the neuronal activity,
excitatory GABA signalling in hippocampus results in the generation of spontaneous
giant depolarizing potentials (GDPs) (Ben-Ari et al., 1989; Tyzio et al., 2007). Longranged projecting SST INs are involved in this early synchronisation of the hippocampus
network (Bonifazi et al., 2009; Picardo et al., 2011). On the other hand, early cortical
network oscillations are mediated by activation of the glutamatergic receptors AMPA
(α-Amino-3-hydroxy-5-Methyl-4-isoxazole Propionic Acid) and NMDA (N-methyl-Daspartate). This network patterning is then followed by GABA signaling which drives
GDPs in the cortex (Corlew et al., 2004). These early activities in the neuronal circuit are
essential to establish a coherent activity in the network which then allows generation of
more diversified activity in the adult network (Ben Ari, 2015).

1.1.2.4 Modes of inhibition and IN connectivity pattern
When the circuit is mature, the excitatory and inhibitory synapses balance each other
to guarantee normal brain functionality. Excitation and inhibition influence each other
through their complex synaptic connectivity. Local inhibitory INs that are exited by PYNs,
send their negative feedback onto the same circuit. Furthermore, afferent synaptic input
from different brain nuclei, different cortical layers or other cortical regions, can modulate
PYN and IN activity. Based on timing, nature and strength of these afferent synaptic
inputs on each of excitatory and inhibitory cell types, these signals can differently shape
the outcome of the stimulation. In addition, interconnectivity between inhibitory INs
further regulates cortical inhibition. The overall sum of these two opposing conductances
in space and time determines the output of the network (Reviewed in Isaacson and
Scanziani, 2011).
INs coordinate the neuronal network and control the flow of information into the circuit
by precisely gating the synaptic input. They modulate the circuit by four modes of
inhibition (Figure 1-5): 1) Feed forward inhibition reduces PYN excitability by competing
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with dendrite excitation via dendritic targeted inhibitory synapses. Also, in this type of
inhibition, the INs that target PYN soma or axon initial segments modify pattern and
the timing of neuronal responses and reduce and limit the output spikes. 2) In feedback
inhibition, INs are recruited in a loop where the IN that has already received the input
from excited PYN, inhibits the further discharge of the same PYNs. 3) In lateral inhibition
the excited PYN blocks the flow of action potential in the circuit by recruiting INs. These
INs reduce the excitability and activity of other PYNs. 4) INs can also inhibit each other
and as a result of this dis-inhibition the targeted INs will not fire (Reviewed in Roux and
Buzsáki, 2015).

Figure 1-5. Different modes of IN inhibition
Schematic of different forms of inhibitory microcircuits in the cortex. Black cell:
Pyramidal Neuron (PYN). Red and green cell: Inhibitory Inter-Neuron (IN) Adapted from Muller and Remy, 2014.

The complexity of inhibitory signals, dynamically gate the information flow which is
essential for proper computation in the brain. PYN axons have an almost linear trajectory
which potentially enables the PYNs to make synapses with all columnar excitatory
neurons. The specificity and plasticity of the synapses in PYNs is derived from forming
or retracting synapses through growth and shrinking of the spines. On the other hand,
INs have a local complex axon arborisation which is directional towards their specific
cellular synaptic target. Given the heterogeneity of INs and their target specificity, INs
are well adapted to bring complexity to the flow of information and provide substrate for
specificity in the brain (Stepanyants et al., 2004).
The majority of GABAergic INs in the brain innervate their local circuit. However, some
inhibitory neurons connect different structures and reciprocally ascend their axon to a
different part of the brain and have a significant role in coordination of synchrony of
network activity in distant brain regions. These long-range inhibitory cells have been
found in hippocampus, septum and entorhinal cortex and other brain nuclei (Reviewed in
Caputi et al., 2013).
INs can inhibit the effect of the incoming synaptic signal on the PYNs. They also affect
the generation of action potential based on the cellular compartment that they target. INs
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that target distal dendrites, such as SST Martinotti cells affect dendritic excitability by
controlling Ca2+ and Na+ spikes and by modulating membrane conductance to Cl- channel.
Hence, they edit the signal integration on the dendritic. INs that target the cell body and
proximal dendrites, such as PV BCs, can adjust the gain of integrated synaptic signal and
the generation of output signal. They also synchronize the neuronal network by targeting
multiple PYNs. INs that target the axon initial segments (AIS), such as PV ChCs, can
influence action potential and also override dendrite integration (Figure 1-1 E) (Isaacson
and Scanziani, 2011; Kepecs and Fishell, 2014; Marín, 2012a).
My focus in the thesis is on development of PV and SST expressing INs, thus in the
following section, I further describe the role of SST and PV INs in brain function.

1.1.3

SST and PV expressing INs in cortical assembly

1.1.3.1 General aspects of SST and PV IN connectivity
SST expressing INs are located in almost all cortical layers. They densely target dendrites of
PYNs and provide feedback inhibition onto the circuit (Fino and Yuste, 2011). In addition,
some SST INs disinhibit the local fast-spiking INs (Xu et al., 2013). Also, Martinotti cells
are the most abundant SST cells in the cortex. Their cell body is in Layers II/III (these
co-express Calretinin) and Layer IV of the cortex, but they transcend their axon to Layer
1 and target apical dendrites of PYNs. They control dendritic integration of synaptic input
on PYNs. Layer IV SST cells have different electrophysiological properties compared
to Martinotti cells. They fire at higher frequencies and have lower membrane resistance.
These SST cells mainly innervate local thalamo-recipient PYNs as well as layer IV PV
cells that target these excitatory neurons. They modulate PYN output by their strong
inhibitory input on PV cells (Ma et al., 2006; Xu et al., 2013). Most SST INs contribute to
the local inhibitory network and provide lateral and feedback inhibition while few project
their axonal to other part of the brain. Hippocampal long-range projecting SST neurons
are involved in early maturation and synchrony of the hippocampal network (Bonifazi et
al., 2009; Picardo et al., 2011).
PV expressing INs have either BC or ChC phenotype. BCs reside in layers I-III and
innervate PYN somata and the proximal dendrites. ChCs reside in layers II-IV and have
extensive axonal arborizations and innervate the AIS of PYNs. As PV cells target the perisomatic area and AIS, where all of the excitatory potential are integrated and also Na+
spikes are generated, they can influence the excitatory post synaptic potential dynamics
and timing.
SST and PV INs can adjust their connectivity to the PYNs based on PYN activity (Xue

44

Chapter I: Introduction

et al., 2014).

1.1.3.2 Role of SST and PV proteins in IN development and function
SST protein is important for the electrical activity of the circuit and is expressed in INs
in early stages of development (Reviewed in Liguz-Lecznar et al., 2016). SST is a very
small neuropeptide with 14AA length that can inhibit the Growth hormone secretion from
hypophysis gland. Also, it has regulatory effect on other biological substances such as
Insulin, Glucagon, Gastrin, Secretin, Cholecystokinin. SST is abundantly expressed in
the CNS and acts as a co-transmitter of GABAergic INs to modulate the fine tuning of
neuronal signalling (Papadopoulos et al., 1993). It has been shown that neuronal activity
modulates SST expression and protein release in INs. Glutamate can affect SST release via
activation of NMDA and AMPA receptors (Fontana et al., 1996). SST can also affect the
synaptic excitability and signal transmission. It has been shown that SST can hyperpolarize
hippocampal PYNs in vitro and inhibits the glutamate vesicle release (Grilli et al., 2004).
Also SST increases the dendritic spine density of hippocampal PYNs in culture (Hou
and Yu, 2013). Some of the SST receptors are coupled with voltage gated channels; thus,
acute application of SST results in hyperpolarization of the neurons in hippocampal
slices (Boehm and Betz, 1997; Schweitzer et al., 1998). Therefore, expression of SST is
important for electrical activity of the circuit.
Expression of PV is important for the electrical activity of PV INs. PV is a small (1012 kDa) Ca2+ binding protein that acts as a buffer protein to modulate intracellular Ca2+
transient. It is expressed in muscle, brain, kidney, testis, and adipose tissue. PV helps to
maintain the Ca2+ concentration at low level in the synaptic terminal during burst which is
crucial for repetitive firing pattern of PV expressing INs (Caillard et al., 2000).
PV and SST INs are differently recruited by the network and have particular modulatory
roles in specific behaviours and tasks. For example, PV and SST INs have different roles
in controlling space-coding networks in entorhinal cortex. Disruption of PV activity
changes the spatial and speed tuning of the grid and speed cells. Whereas, SST INs
silencing did not have any effect on synchronisation of these cells. Interestingly, spatial
tuning in aperiodic cells was disrupted by reducing the activity of SST INs (Miao et al.,
2017).

1.1.3.3 SST and PV INs: role during early maturation of the circuit
During postnatal development of brain there is a critical period when cortical circuities
are effectively plastic and sensory input can shape and alter the neuronal connectivity.
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These sensory inputs are diverse, ranging from visual and auditory stimuli to complex
cognitive experiences such as acquiring language and social behaviour. Disruption of
normal maturation of the circuit in this time window results in irreversible changes that
are the bases of many neurological and behavioural disorders such and schizophrenia and
autism. During this period activity-dependent maturation of the network is initiated and
influenced by maturation and synaptic transmission of INs (Reviewed in Hensch, 2005;
Marín, 2016).
Initiation and duration of critical period correlates with maturation of INs. It is believed
that PV cells are the main player during this period as they provide very strong inhibition
onto PYNs and their maturation decreases the strength of the PYNs response to the
sensory input. Large BCs PV cells make synapses onto the α1 subunit of the GABAARs
on the PYN soma (Klausberger et al., 2002). GABAAR is the receptor that has been
implicated in neuronal plasticity during critical period (Reviewed in Fagiolini, 2004).
Mature PV neurons as well as the soma and proximal dendrites of PV-targeted PYNs are
enwrapped in a proteoglycan mesh which is called perineuronal net. This structure limits
the synaptic plasticity of PYNs and its disruption has been associated with Alzheimer
disease and epilepsy (Reviewed in Lorenzo Bozzelli et al., 2018). It has been shown that
PYN plasticity and also their sensitivity to the signals can be restored by digestion of the
perineuronal net (Balmer et al., 2009; Pizzorusso et al., 2002).
The concept of critical period has been well studied during visual cortex maturation. Closure
of one eye during this period, permanently disrupts the processing of visual information.
Ocular dominance (OD) happens when in early postnatal weeks the binocular responsive
neurons in visual cortex decide the orientation dominance of one eye over the other. This
process is important for accurate and precise vision and is controlled by inhibitory INs
(Reviewed in Tropea et al., 2009; Heimel et al., 2011). Thalamocortical axons innervate
cortical layer IV and carry the visual sensory information. During first postnatal week,
SST INs residing in this deeper cortical layer, receive strong talamo-cortical input. They
heavily innervate PYNs within the same layer. These synapses appear to be essential
for maturation of innervated PV INs and to establish a thalamic feed-forward inhibition
which is crucial for the process of OD (Tuncdemir et al., 2016). Short term monocular
deprivation during maturation of visual cortex results in reduction of PV INs innervation,
neurite branching and disrupts the visual cortex maturation (Chattopadhyaya, 2004;
Chattopadhyaya et al., 2007).
It has been shown that the critical period plasticity in the visual cortex can be induced by
transplantation of IN precursor to the visual cortex. Transplantation of PV and SST cells
into the adult visual cortex can induce and open ocular dominant plasticity after closure of
critical period (Southwell et al., 2010). Both PV and SST cells contribute to reopening of
experience-dependent plasticity where transplantation of either PV or SST cells induces
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plasticity. This particular study shows that PV is not the sole player in OD plasticity (Tang
et al., 2014).
Many observations promote the idea that neuronal circuit connectivity can be reorganised
in response to new experience. The neuronal plasticity remains to some extent in
adulthood. SST INs mediate sensory experience-dependent synaptic plasticity during
later stages in life. They can gate the incoming information as they innervate PYN distal
dendrites, where the sensory inputs from different nuclei or cortices converge. PV INs
also can induce plasticity and can modulate the synaptic output of the PYNs as they
directly target AIS (Reviewed in Hübener and Bonhoeffer, 2014). Synaptic plasticity is
essential for processing high order cognitive tasks such as regulation of motor behaviour,
consciousness, emotion, learning, and memory. Rhythmic oscillation and excitation is
essential for these cognitive processes. Synchronised action of PV and SST cells is critical
for generation of transient lock of oscillation and excitation in the network (Reviewed in
Uhlhaas and Singer, 2012). This synchrony is further derived by dis-inhibition which is
particularly important for learning and memory formation (Reviewed in Letzkus et al.,
2015).

1.1.4

INs in health and disease

Defects in IN development and function can lead to disruption of Inhibitory network
and eventually cause E/I imbalance in brain. Such impairment has been implicated in
epilepsy, behavioural diseases and intellectual disabilities (Reviewd in : Marín, 2012; Staley,
2015). Reduced inhibition due to reduction in IN numbers or the activity of INs can cause
seizures. For example, defective migration of INs due to mutation in the Arx gene leads to
reduction of GABA-mediated inhibition and induces seizure (Friocourt et al., 2008). Also
reduced numbers of INs in mice lacking the expression of DLX1/2, TFs that are important
for production and survival of CINs, causes epileptic attacks in such animals (Cobos,
Broccoli, et al., 2005). In addition, PV BCs are rapidly recruited to the excitatory network
and generate fast and stable inhibitory output. Reduced excitability of PV BCs INs due to
lower densities of Nav1 (Neuron Navigator 1), sodium channel, has been associated with
severe epileptic seizures in childhood (Cheah et al., 2012).
Patients with schizophrenia (SCZ) have inhibitory network dysfunction mainly in prefrontal
cortex. Reduced numbers of INs and impairment in their synaptic input onto PYNs can
cause symptoms of this disorder. One of the prominent impairments in schizophrenic
individuals involves working memory. PV INs have a central role in working memory
formation as they give rise to oscillatory activity in the gamma-frequency range (30–80
Hz) which has been associated with working memory and attention (Reviewed in Inan,
Welagen and Anderson, 2012). Reduced expression of GAD67 and NMDA receptors
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has been observed in PV INs in schizophrenic patients (Belforte et al., 2010; Guidotti et
al., 2000; Korotkova et al., 2010; Thompson et al., 2009). Mutations in Erbb4, that has
important role in IN migration and maturation (See section 1.1.1.4), has been associated
with SCZ (Law et al., 2007; Silberberg et al., 2006). Also alteration in expression level of
NRG1, and LHX6 which have been implicated in IN development (See section 1.1.1.21.1.1.4) has been connected to SCZ in mouse models and human patients (Chong et al.,
2008; Yau et al., 2003, Volk et al., 2014).
Behavioural abnormalities in autistic patients is directly linked to abnormal sensory
information processing. Reduced GABAergic inhibitory input and hyper-excitability in
the brain of autistics, supports the idea that excitation/ inhibition imbalance is the main
impairment in autism spectrum disorders (ASD) (Cellot and Cherubini, 2014; Rubenstein
and Merzenich, 2003). Also, genes that are implicated in IN development, such as Arx
and Dlx family, have been associated with ASD (Chaste et al., 2007; Liu et al., 2009,
Reviewed in Kessaris et al., 2012). Reduction in the numbers of PV INs also increases the
risk of ASD (Gogolla, LeBlanc, et al., 2009). Pten expression in IN precursors controls
the SST/PV ratio (Vogt et al., 2015) and mutations in this gene have been observed
among individuals with ASD and mental retardation (McBride et al., 2010). Also, it
has been shown that reduction of GABA mediates the ASD symptoms (Voineagu et al.,
2011). Compelling evidence suggests that impairment in the onset and duration of the
critical period in the primary sensory cortex, hence the PV maturation and function, also
contributes to ASD phenotypes (Reviewed in LeBlanc and Fagiolini, 2011).
Network synchrony between different brain regions is important for cognitive tasks such
as memory encoding, learning, sensory-motor integration and perceptual awareness.
The inhibitory action of INs and their precise oscillatory rhythm coordinates the timing
of action potential firing in PYNs. PV and SST INs fire in a synchronised pattern; this
pattern is disrupted in ASD, epilepsy, SCZ, intellectual disability and even Alzheimer’s
disease. Specially impairment in PV ChCs has been implicated in this context (Reviewed
in Palop and Mucke, 2016).
Reduction in inhibitory activity of PV and SST INs has been observed in patients with
fragile X-syndrome. Such defects alter the synchronisation and the overall excitatory
output of the neuronal network which can explain the state-dependent network defects
associated with intellectual disability in these patients. In Rett syndrome (RTT), increase
in number of PV INs and defects in SST INs lead to stronger inhibition in the circuit and
is associated with hypoactivity of the PYNs in the cerebral cortex which cause cognitive
and motor dysfunction. (Reviewed in Takano 2015).
Genetic studies using animal models showed that defects in distinct subtypes of INs and
their inhibitory synaptic input to the PYNs can lead to specific neurological impairment
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(Reviewed in Marín, 2012). For instance, in RTT the defects in PV and SST IN subtypes
have non-overlapping neurological features. RTT is caused by mutation in MeCP2
(Methyl-CpG binding Protein 2). Mice with deletion in MeCP2 in PV INs exhibit motor,
sensory, memory, and social deficits, whereas those lacking MeCP2 in SST subtypes
develop seizures and repetitive behaviour (Ito-Ishida et al., 2015).
IN transplantation studies have shown that grafted INs are capable of making functional
synapses to the circuit and induce synaptic plasticity in mature animals (Southwell et
al., 2010; Tang et al., 2014). Thus, INs can be used potentially in cell-based-therapy
by means of modifying the neuronal network in neurological disorders and also after
injury to the brain (Reviewed in Spatazza, Mancia Leon and Alvarez-Buylla, 2017).
For example, MGE IN transplantation into the visual cortex of the adult mice suffering
from amblyopia, recovered the visual responses and acuity (Davis et al., 2015). Also, IN
transplantation to amygdala decreased the stress and anxiety levels in wild type mice
(Valente et al., 2013). Development of PV PNNs in amygdala protects the fear memory
from erasure by extinction, and coincides with the ability to form a contextualized fear in
the juvenile animals (Gogolla, Caroni, et al., 2009). These observations and the capacity
of INs to induce synaptic plasticity opens the possibility to use IN transplantation-based
therapy to modify fear memory resilience in patients with anxiety and posttraumaticstress
disorders (Reviewed in Spatazza, Mancia Leon and Alvarez-Buylla, 2017).
In order to cure these conditions, it is important to understand how each element of
the neuronal network has been developed and integrated in the circuit. Specifically, we
need to know how impaired GABAergic transmission affects the inhibitory input and
causes network imbalance. These alterations are caused by changes in the numbers of IN
subtypes or their maturation or their abnormal electrophysiological properties. For this,
we will need to study how cell-type specificity of INs arises from differential expression
of proteins that induce differentiation of one subtype vs the other.
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1.2 Project Aims
1.2.1 Identify the role of the Myeloid translocation genes in the development of MGEderived CINs
A comparative microarray analysis of embryonic MGE- and CGE-derived cortical INs
identified two non-DNA-binding transcriptional regulator-encoding genes, Mtg8 and
Mtg16 (Myeloid translocation gene 8 and 16), as being enriched in MGE-derived CINs
(Rubin and Kessaris, unpublished). Previous work in the Kessaris lab confirmed the
expression of MTG factors in the developing telencephalon and in MGE-derived INs. In
addition, mutant mouse embryos lacking one Mtg8 or Mtg8/Mtg16 genes were found to
have normal numbers of Lhx6-expressing CINs, but severe reduction in Sst-expressing
INs. The severity of this defect was confounded in double mutants lacking both Mtg8
and Mtg16, suggesting that the two may be acting in a dose-depended manner (Oliveira,
unpublished). The dose-dependent phenotype observed in Mtg mutant embryos, namely
the loss of Sst expression in migrating MGE-derived CINs, is reminiscent of the Lhx6
hypomorphic mice (Neves et al., 2013), raising the intriguing possibility that the MTG
transcriptional co-factors may interact biochemically or genetically with LHX6 to regulate
specification and/or development of MGE-derived CINs.
Mice lacking Mtg8 die at birth due to gut development defects. This precluded analysis of
PV INs which constitute the second major branch of the MGE CIN lineage. The primary
aim of my thesis was to identify the role of the MTG factors in CIN development and
their relationship to LHX6, a master regulator of MGE-derived CIN development. The
aims of my project in this regard were as follows:
a. Determine the expression of Mtg8 and Mtg16 at the mRNA and protein levels
b.
c.
d.
e.
f.

during CIN development and in the adult.
Determine lineage-specific expression and/or CIN subtype-specific expression of
MTGs.
Identify CIN defects in the absence of MTG8, MTG16 or both, in vitro and in
vivo.
Determine the effects of overexpression of Mtg8 in CIN development.
Assess the possible genetic interactions between Mtg genes and Lhx6 using
compound mutants.
Examine expression of LHX6 gene targets in Mtg8 and Mtg16 mutants to identify
molecular defects.

1.2.2 Identify Anterior Commissure defects in embryos lacking Mtg8
Mtg8 is also expressed in cortical and commissural projecting pyramidal neurons.
Mouse embryos lacking MTG8 showed absence of one of the major commissures in
the forebrain, the anterior commissure. I explored this phenotype further to analyse the
anterior commissure development in embryos lacking Mtg8. I therefore aimed to:
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a. Analyse the anterior commissure and other possible axon tract defects in embryos
lacking Mtg8.
b. Identify telencephalic defects in MTG8 null animals that may cause defects in
anterior commissure formation.

1.1.5

1.2.3 Identify the embryonic origin of somatostatin INs in CA1 region of
hippocampus

The Kessaris lab had previously used mice expressing Cre under control of Lhx6 to
label all MGE-derived INs in the cortex and hippocampus (Fogarty et al., 2007). They
showed that, among others, all SST-expressing INs in the hippocampus can be labelled
in these mice and concluded an MGE origin for this population, similar to their cortical
counterparts (Fogarty et al., 2007). This finding is in contrast to recent reports of a dual
MGE-CGE origin for hippocampal CA1 SST O-LM cells (Chittajallu et al., 2013). I,
therefore, made use of further transgenic tools to re-address this question. My aim in this
regard was to:
a. Determine whether hippocampal SST OLM cells have a single or dual origin in
the MGE and CGE.
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2.1 Animals
2.1.2 Mice
These previously described transgenic lines have been used in my project: Lhx6-Cre
(Fogarty et al., 2007), Nkx2-1-Cre (Kessaris et al., 2006), Dlx-1-Venusfl (Rubin et al.,
2010), Sst-Cre (Taniguchi et al., 2011), Pv-Cre (Hippenmeyer et al., 2005), Nestin-Cre
(Tronche et al., 1999), Nkx6-2-iCre (Fogarty et al., 2007), Shh-Cre (Harfe et al., 2004).
Also, the following Cre-dependent reporter lines that express fluorescent proteins under
the control of the Rosa26 promoter have been used in my project: Rosa26R-YFP expresses
Yellow fluorescent protein (YFP) (Srinivas et al., 2001), Rosa26R-GFP that expressed
enhanced Green fluorescent protein (EGFP) (Mao et al., 2001) and Rosa26R-tdTomato
reporter mice that expressed tandem dimer tomato (TdTom) (Madisen et al., 2010).
Germline mutant lines Mtg8-LacZ-KI and Mtg16-KO were used in this study.
In Mtg8-LacZ-KI, the lacZ coding sequence was inserted in-frame at the 3’ end
of exon 2 of Mtg8. As a result, the WT functional MTG8 protein was disrupted
(Figure 2-1 A) (Calabi et al., 2001). I refer to the mice baring Mtg8-LacZ-KI
alleles, as Mtg8-/-. In Mtg16 KO animals (Mtg16-/-), exon 8 of Mtg16 was removed
and a premature stop codon was introduced to the sequence which is thought to
result in non-sense mediated mRNA decay (Chyla et al., 2008) (Figure 2-1 B).
Mice carrying a germline deletion in Lhx6 and Nkx2-1, were generated by germline
recombination of a floxed allele in Lhx6fl (Denaxa et al., 2018) and Nkx2-1fl
(Kusakabe et al., 2006) using Sox10-Cre (Matsuoka et al., 2005) (Figure 2-1 C-D).
All animals used in this study were maintained on a mixed C57BL6/CBA
background at the Wolfson Institute for Biomedical Research, University
College London in accordance with United Kingdom legislation (ASPA 1986).

2.1.2 Genotyping
Genotypes of transgenic embryos expressing fluorescence reporter under control
of Cre recombinase were directly visualized using UV light. The direct genotyping
was performed for the following lines: Dlx-1-Venusfl and Lhx6-Cre;R26R-YFP.
Additionally, Lhx6-Cre;R26R-YFP neonates could also be genotyped under UV as the
transgene is active in the jaw and fingertips and fluorescence is visible in these areas.
Other transgenic animals were genotyped by extracting DNA from tissue biopsies.
Polymerase chain reaction (PCR) was then performed on extracted genomic DNA.
After that, the PCR products were visualised using QIAxcel Advanced System (Qiagen).
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2.1.2.1 Extraction of genomic DNA
Mouse genomic DNA was extracted from small ear biopsies or from embryonic tail
obtained during dissection. The tissue was digested in 250µl DNA extraction buffer
(100mM Tris-HCl pH8.5, 5mM EDTA pH8.0, 200mM NaCl, 0.2% SDS) containing
0.48mg/ml Proteinase K (Melford Labs) overnight at 55°C. To precipitate out the protein
component, 100µl of 6M ammonium acetate was added, the mixture was vortexed and
left on ice for 15 minutes. The mixture was then centrifuged for 10min at 13,200rpm at
4°C. The supernatant was poured into a fresh tube, and 250µl of isopropanol was added.
After vortexing, the DNA was pelleted by centrifugation for 4min at 13,200rpm. The
supernatant was removed, the resulting pellet was washed with 100µl of 70% ethanol and
was vortexed further. The pellet was then centrifuged for 4min at 13,200rpm, the ethanol
was removed and the pellet was air-dried. The extracted DNA was then resuspended in
50µl MilliQ water and was incubated at 55°C for 15 min. The extract was stored at 4°C.

2.1.2.2 Polymerase Chain Reaction (PCR)
A standard PCR protocol was used for genotyping. 2µl DNA was added to a 27µl of PCR
reaction mixture. The PCR mixture contained 0.5µl Taq DNA polymerase (made inhouse),
2.5µl 10x PCR buffer (Promega), 1.5µl MgCl2 (25mM stock, Promega), 0.25µl dNTP mix
(stock containing 20mM each of dATP, dCTP, dGTPand dTTP, GE Healthcare), 0.2µl forward
primer (100µM stock, MWG), 0.2µl reverse primer (100µM stock, MWG) and 17.85µl
MilliQ water in a 0.2ml PCR plate. The reaction was carried out in a thermocycling PCR
machine with heated lid. The primer sequences and PCR programs used for each genotype
are given in Table 2.1 and the specifics of the primers targeting site are shown in Figure 2-1.

2.2 Tissue preparation
Embryos were fixed overnight in 4% (w/v) PFAin PBS. PFAfixed samples were cryoprotected
overnight by immersion in 20% (w/v) sucrose in PBS, then the samples were embedded
in Tissue-Tek OCT compound (R.A. Lamb Medical Supplies, Eastbourne, UK), frozen
on dry ice, and stored at -80°C. Also, some of other tissues were fixed with 1X MEMFA
(10X MEMFA stock: 1M MOPS, 20mM EGTA, 10mM MgSO4, 38% Formaldehyde.)
w/v in PBS. MEMFA fixed tissues then were transferred and kept in PBS at 4°C .
For preparation of postnatal brain tissue, animals were perfused transcardially with
4% (w/v) PFA. Then the brains were immersed in the same fixative at 4°C overnight.
Consequently, the fixed tissues were cryoprotected overnight by immersion in 20%
(w/v) sucrose in PBS or were transferred and kept in PBS at 4°C. Cryoprotected samples
were embedded and frozen as described before and stored at -80°C. Also, some of
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the adult mice were perfused transcardially with MEMFA and the brain tissues were
immersion in the same fixative for 1 hour. Samples were then stored in PBS at 4°C.

2.3 Analysis of tissue
2.3.1 Immunohistochemistry
2.3.1.1 Immunofluorescent labelling
Immunofluorescent labelling was performed on cells growing on coverslips (for tissue
cultured cells) or 20 µm sections of brains generated using a Cryostat (frozen brains
embedded in OCT) or 120 μm Vibratome-cut brain sections following 1-2 hours blocking
in the blocking buffer (10% heat-inactivated donkey serum, 0.1-3% Triton X-100 in
PBS) and O/N incubation with primary antibodies at 4°C. Primary antibodies used
in this study are summarized in table 2 and are as follows: Rat anti-SST (Millipore,
1:600), Rabbit anti-SST (Peninsula labs, 1:100), Mouse anti-PV (Chemicon, 1:1000),
chicken anti-GFP (Aves Labs,1:600), Rat anti-GFP (Nacalai Tesque, 1:1000), Goat
anti-MTG8 (Santa Cruz Biotechnology,1:200) and Chip-Grade Rabbit anti-MTG16
(Abcam,1:300), Rabbit anti-βGAL (MP Biomedical, 1:2000), Rabbit anti-KCC2
(Millipore, 1:1000), Goat anti-SATB1 (Santa-Cruz; 1:100), , Rabbit anti-SOX6 (Abcam,
1:500), Mouse anti-CALRETININ (Swant, 1:500), Rat anti L1 antibody (Chemicon,
1:200), Rabbit anti-NKX2-1 (Santa Cruz Biotechnology, 1:100), Rabbit anti-LHX6
(Gifted from Pachnis lab, 1:1000). Secondary antibodies that were used include 488,
594 or 647 Alexa-conjugated secondary antibodies (Life Technologies, 1:1000), all
incubated for 1 hour at room temperature. Hoechst 33258 (Sigma, 1:1000) was used
for detecting cell nuclei. At the end of the procedure, all specimens were washed two
times for 15min in PBS and mounted in fluorescence mounting medium (DAKO).
For experiments involving Tyramide amplifications procedure, tissue were first incubated
with 0.3% or 0.1% H2O2 solution. Then tissue was washed with PBS and blocked with
the blocking buffer. Next, sections were incubated with primary antibody O/N at 4°C. In
the following day, the sections were incubated with biotinylated secondary antibodies
(Jackson Immuno-Research Laboratories or Millipore, all at 1:200) for 1hour at room
temperature. Vector-Elite ABC kit (Vector Laboratories) and TSA® Fluorescein Detection
Kit were used to detect the protein expression following manufacturers’ protocol.
2.3.2 DAB staining
For DAB staining, primary antibodies were detected with biotinylated secondary
antibodies (Jackson ImmunoResearch Laboratories or Millipore, both at 1:200) and
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the Vector-Elite ABC kit (Vector Laboratories) following manufacturers’ protocols.
Haematoxylin (Vector laboratories, 3-5 minutes) was also used for detecting cell nuclei.
2.3.3 In situ hybridisation
2.3.3.1 RNA probe synthesis
RNA probes were synthesised from cDNA clones from the IMAGE and FANTOM
consortiums (Source BioScience). The following cDNA clones were used: Mtg16 (IMAGE
9056009), Mtg8 (FANTOM 6332428O11), Pv (IMAGE 4925213) and Sst (IMAGE 4218815),
Npy (IMAGE 968B04123D6), Neto1 (IMAGE 6590345), Mkx (FANTOM 9430023B20),
Dlgap2 (?) and Dpp10 (FANTOM 6430601K09). The Lhx6 cDNA was a gift from Prof
Vassilis Pachnis (Grigoriou et al., 1998). Also Celsr3 was gifted from Prof Fadel Tissir (Tissir
et al., 2005). Other antisense RNA probes had been previously generated in the lab by PCR
amplification and TOPO cloning or were obtained from the National Institute for Medical
Research (NIMR). These are the followings: EphrinA4, Nrp2, Mafb, Sema3f , PlexinA4.
Clones were linearized at the 5’ end of the insert, purified by phenol-chloroform extraction
and ethanol precipitation, were quantified and used for in vitro RNA transcription. 500ng
of each purified linear template was transcribed from the 3’ end using T7, T3 or SP6 RNA
polymerases (Promega) in the presence of digoxigenin (DIG)-labelled UTP (Roche). Probe
quality was confirmed by gel electrophoresis and probes were aliquoted and stored at -80oC.

2.3.3.1 In situ hybridization labelling
All solutions used for ISH hybridization were pre-treated with 0.1% DEPC (Sigma) and
autoclaved. ISH was performed on frozen embryonic tissue (E14.5) at 20 μm thickness,
sectioned using a Cryostat (Bright OTF5000, Leica) and collected directly onto Superfrost
Plus microscope slides (VWR International). DIG-labelled probes were diluted 1:1000 in
hybridization buffer (50% deionized formamide, 10%, dextran sulphate, 2 M NaCl, 50
mM EDTA, 50 mM NaH2PO4, 50 mM NaHPO4, 0.1 mg/ml yeast tRNA, 1x Denhardt’s
solution, 100 mM Tris-HCl pH 7.5). Sections were hybridized O/N at 65°C in a chamber
humidified with 50% formamide in saline-sodium citrate (SSC) buffer (150 mM NaCl,
15 mM sodium citrate). The next day, Sections were washed at 65°C with washing
buffer (50%,12 formamide, 1x SSC buffer, 0.1% Tween 20) followed by two washes at
room temperature with maleic acid buffer containing Tween 20 (MABT; 150 mM NaCl,
0.1% Tween 20, 100 mM maleic acid pH 7.5). Sections were blocked for 1 hour at room
temperature with blocking solution (2% blocking reagent (Roche), 20% heat-inactivated
sheep serum (Sigma) in MABT). Sections were incubated O/N at 4°C with anti-DIG
antibody conjugated with alkaline phosphatase (AP) (Roche) diluted 1:1500 in blocking
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solution. Samples were washed with MABT at room temperature following by two more
washes in pre-staining solution (100 mM NaCl, 0.1%, Tween 20, 100 mM Tris-HCl pH 9.5)
at room temperature. Chromogenic development (nitroblue tetrazolium (NBT)/5-bromo4-chloro-3-indolyl phosphate (BCIP)) was performed at 37°C in staining solution (100
mM NaCl, 50 mM MgCl2, 5% polyvinyl alcohol (PVA), 0.1%, Tween 20, 100 mM TrisHCl pH 9.5, NBT, BCIP). The reaction was stopped using water. Samples were dehydrated
in serial ethanol and xylene solutions, and mounted with DPX mounting medium (VWR).
2.3.4 DiI labelling
Brains from E18.5 embryos were dissected and fixed O/N in 4% PFA at 4°C and later
sunk into PBS. Fluorescent carbocyanide dye DiI crystals (Molecular Probes) were
placed in the olfactory bulbs or the posterior limb of AC. Samples were left in PBS
at 37°C for 4 weeks to allow diffusion of the dye. Samples were sectioned at 120 µm
thickness using a vibratome (Leica VT1000 S, Leica) and counter-stained with Hoechst
33258 (Sigma, 1:1000) to visualise nuclei. Images were taken using a Hamamatsu
digital camera attached to a fluorescent microscope (Zeiss Axioplan) under x5 objective.

2.4 Microscopy
Fixed specimens were imaged with light microscope (Zeiss Axioplan) using a Hamamatsu
digital camera and/or using a confocal laser scanning microscope (Leica TCS SPE)
or using Airyscan FAST microscope (Ziess, LSM880). Images were taken using x5,
x10 or x20 objectives. The standard excitation and emission filters for visualising
the 488, 594 or 647 Alexa-conjugated secondary antibodies and Hoescht 33258
were used. Confocal Z stacks were captured for each section with 2 μm increments.

2.5 Cell quantification and statistical analysis
For in vitro study, 40 non-overlapping fields of view were counted per coverslip,
quantifying the number of YFP+ve, PV+ve and SST+ve cells. For transplantation study, 240
cells were counted per injected cortex at matching anterior-posterior levels between
control and mutants. Data are presented as Mean±SD or Mean±SEM. For in vitro, the
second transplantation studies and the Mtg8 overexpression experiments, 2-tailed-Student
t-test, and for other experiments 1-way ANOVA tests were performed to determine the
statistically significance with P < 0.05. I used Šidák post-hoc test to perform multiple
comparisons between the sample groups.
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2.6 Cortical cell culture
Preparation of primary cortical cultures was performed as previously described (Xu et
al., 2004). Cultures were maintained at 37°C in 5% CO2 and ambient oxygen. Briefly, an
astrocyte feeder layer was prepared from P0-P2 CD1 pups as described in the following;
dames were decapitated, and the brains were placed in ice-cold HBSS (Gibco). After
dissection, the cortices were placed into DMEM medium (Gibco). Following trypsinisation
(0.025% trypsin, 37°C, 10 min), 1 U/ml DNase (Promega, Madison, WI) was also added
and cells were triturated using a P1000 pipette. Cells were re-suspended in DMEM, with
10% FBS, 1% Glutamax (Gibco), 1% Pen/Strep (Gibco). Cells were pelleted (1000xg, 5
minutes) and seeded on 10cm dishes (approximately 1brain per dish). After reaching 8090% confluency, cells were trypsined and seeded onto poly-D-lysine (10 g/ ml)-coated
coverslips in a 24-well plate. The medium was changed one day after into Neurobasal/
B27 medium (NB/B27, Gibco). Cortical donor cells were obtained from E16.5 embryos.
After harvesting from dams; they were placed into ice-cold HBSS. Cortices from YFP
positive embryos (identified under a dissecting fluorescent microscope) were dissected
and placed into NB/B27 medium and trypsinised as above. In parallel, limbs taken
from all embryos were used for beta-galactosidase staining as described in section 2.4.
This allowed us to distinguish WT embryos from Mtg8+/- and Mtg8-/-. The latter two
genotypes were distinguished by the intensity of LacZ staining and the time it took for
the staining to become visible. All genotypes were confirmed by PCR the following day.
Cortical cells of the same genotype were mixed, pelleted and plated onto feeder cells
(15x104 cells per well). The following day, half of the medium was replaced by NB/B27
medium containing 10 ng/ml of basic FGF (Promega), 50% of the media was changed
every 3-4 days for the remaining time of culture (this approach supports the initial
proliferation of astro-glia that imitates what occurs in the early postnatal neo-cortex).
When the course of differentiation was completed, the coverslips were removed and
fixed with 4% paraformaldehyde (PFA) for 10 minutes before immunohistochemistry.

2.7 Cell transplantation
Transplantation was conducted as described before (Wonders et al., 2008). Briefly,
E13.5 MGE from YFP positive embryos were dissected and placed in NB/B27 medium.
Cell dissociation was performed as described in the cell culture section above, with
the exception that trypsin was not used. After genotyping embryos by LacZ staining
(as described above), cells of same genotype were mixed and pelleted with low speed
centrifugation (1000g, 3-4 minutes). The media was removed (1-2 µl of media was
covering the pellet) and tubes were placed on ice. Glass needles for injection were
pulled using a Sutter micropipette puller and cut to approximately 100 µm diameter
under a dissecting microscope and sharp scissors. The needles were loaded onto a
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CellTram Vario manual microinjector and back-filled with mineral oil. Cells were gently
aspirated into the needle and the needle was placed on a stereotaxic frame. P0-P1 pups
were anaesthetized on ice for 2-4 minutes and immobilised onto the stereotaxic frame
using adhesive tape. Each pup received 4-8 injections of 70-100 nl cell suspension on
both hemispheres. Pups were then placed on a warm pad and after recovery returned
to the nest. Adult mice were perfused transcardially with 4% PFA in PBS before
overnight immersion in the same fixative. Brains were stored in PBS for 1-2 months.

2.8 Beta-galactosidase staining
Lacz staining was performed as previously described (Gierut et al., 2014) to detect the
Mtg8-KO Tissue. Briefly, the forelimbs of the embryos were placed in cold PBS, fixed for
15 minutes in LacZ fixative (1% formaldehyde, 0.2% glutaraldehyde, 2 mM, MgCl, 5 mM
EGTA) and washed in LacZ wash buffer (in 500 ml PBS: 1ml 1M MgCI2, 5 ml 1% Sodium
deoxycholate, 5 ml 2% Nonidet-P40) 3 times, for 5 minutes each time. Then the buffer was
replaced with lacZ staining solution (98 ml wash buffer, 0.21 g K-ferrOcyanide, 0.16 g
K-ferrlcyanide) containing 1mg/ml X-galactosidase (Sigma) and placed in 37°C. The staining
was visible in Mtg8 -/- specimens after 30min, while the Mtg8+/- genotype had a paler staining
which was clearly visible only after 60-75minutes. WT samples were remained unstained.

2.9 Lentivirus preparation and transduction
2.9.1 Lentivirus construct cloning
Some of the following cloning work had been done by a former PhD student Mr
Marcio Oliveira and with great help from our laboratory technician Mr Mathew
Grist. Briefly, MTG8 cDNA was obtained from FANTOM clone (6332428O11).
The 3702 bp Mtg8 cDNA was related to Mtg8 transcript variant 2 mRNA (NCBI
Reference Sequence: NM_001111026.2). The cDNA was cloned in pFLCI plasmid.
In the first step of cloning, the stop codon was deleted and the AscI restriction site at
the 5’ end and AccIII at the 3’ end was introduced to the cDNA sequence. The amplified
fragment was cloned into pCRII-TOPO (Addgene) by standard TA-cloning and was
fully verified by sequencing. Then the AscI-AccIII fragment was isolated and cloned
into the pBlue-Prox-2A-Venus (pBS-Prox-2A-Venus). Subsequently, the construct was
cloned into double-floxed cassette, gifted by Prof Oscar Marin, using AsclI and PacI.
This plasmid was digested with BamHI and PmeI and then, PmeI site was blunted. Next,
the insert was cloned into the lentiviral backbone plasmid FUtdTW (Addegne), using
BamhI and the blunted end. The plasmid sequence was further confirmed by sequencing.
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2.9.1.1 Restriction endonuclease digestion
All enzymes and buffers were from New England Biolabs. Digestion conditions were as
follows: 2-5µg of DNA, 4µl of 10X restriction buffer (depending on enzymes), 0.4µl of
10X bovine serum albumin (BSA) and 1U of enzyme in a total volume of 40µl. The DNA
was digested for overnight or for 2 hours at 37°C. Digested plasmid DNA was then analysed
by agarose gel electrophoresis and purified using QIAquick Gel Extraction Kit (Qiagen).

2.9.1.2 Ligation of DNA fragments
For the generation of viral construct, digested fragments were ligated into the required
vector. The insert and vector were used in a 3:1 molar ratio. In general, 50µg of vector
was used. The total amount of DNA in the ligation was always less than 400µg. Then
1µl T4 DNA ligase (NEB) and 1µl T4 DNA ligase buffer (NEB) were added to the insert
and vector DNA mix in final volume of 10µl. The ligation was then carried out overnight
at 16°C for fragments with sticky ends or 14°C or 12 °C for blunt-ended fragments.

2.9.1.3 Gel electrophoresis and DNA purification
All electrophoreses were performed in 1% TAE/agarose gel, which was prepared by
dissolving agarose powder (Sigma-Aldrich) in 1xTAE buffer (10x TAE stock: 400mM
Tris, 10mM EDTA, 3.5% glacial acetic acid) using a microwave oven. Then Ethidium
bromide at final concentration of 1:10,000 was added to the gel once it had cooled
sufficiently. Sedentary gel was placed into a tank containing 1xTAE buffer. Then the
DNA sample were mixed with loading buffer (10x loading buffer stock: 50% glycerol,
1mM EDTA pH8.0, and 0.125%w/v bromophenol blue or 0.125% w/v xylene cyanol,
which run at 300bp or 4kb, respectively, in MilliQ water) and placed in the wells. 5µl of
HyperLadder I (0.1-1kb, Bioline) was run alongside the sample as a size reference. The
gel was electrophoresed at 110 volt for 15-30 minutes. The insert bands were visualized on
a UV transilluminator and cut carefully from the gel. The DNA was then purified from the
gel using the peqGOLD gel Eextraction kit (PEQLAB) and eluted in 20µl of sterile water.
To confirm the fidelity, the constructs were sequenced using SourceBioscience Sanger
sequencing service.

2.9.1.4 Large-scale plasmid preparation
For large scale preparation of the plasmids, the homemade electro compatible bacteria
was used (Electrocompetent E. coli were prepared as described by (Dower et al.,
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1988)). 50µl aliquot of the electrocompetent cells was thawed on ice. Then, 2µl of the
prepared DNA construct was added to the bacteria and the mixture transferred into
a 0.2cm cuvette (Bio-Rad) on ice. The cells were then transformed with the plasmid
by electroporation carried out with a MicroPulser™ (Bio-Rad) using the Ec1 setting
(1.8kV, 1ms, 25µF, 200Ω). Subsequently, 500µl of warm LB (Lysogeny broth) was
added to the electroporated E-Coli and incubated at 37°C water bath to allow the
bacteria to recover. 50 µl of the mixture were then added to the LB agar 10cm dish
containing 100µg/ml of Ampicillin (Amp) to select for Bacteria containing the plasmid.
The mixture was subsequently incubated overnight at 37°C. Next day, 200ml of
Amp containing LB medium was inoculated with a single bacteria colony (that grew
overnight on the LB agar dish) and incubated overnight at 37°C in a shaking incubator.
To isolate the plasmid DNA from bacteria, 200 ml bacteria culture was pelleted, lysed
and processed using the Endofree Maxi-prep plasmid kit (QIAGEN) according to the
manufacturer’s protocol. The quality and concentration of the purified DNA were evaluated
according to the 260/280nm by NanoDrop Lite spectrophotometer (Thermo Scientific).

2.9.2 Lentivirus production and purification
The lentivirus preparation and labelling procedures were performed following Vogt et
al protocol (Vogt et al., 2015). Briefly, two 10 cm plates of HEK293T cells were used
as a packaging cell line. A day before transfection a confluent 10 cm dish was split to
4 dishes. Cells grow to 80% confluency in the presence of 10ml DMEM/10% FCS
(Gibco) in an incubator at 37oC with 5% CO2. The media was changed 1 hour prior
to transfection. The 4:1:1 ratio of the transgene plasmid (4.2 µg), gag/pol/rev plasmid
(psPAX2, Addgene, 1.2 µg) and vsvg plasmid (pMD2.G, Addgene, 1.2µg) was used to
transfect the cells. The required volume of each plasmid was mixed with 200 µl of OptiMEM® I (Gibco) and 21.6 µl FuGENE® 6 (Promega) and incubated for 15 minutes.
DNA mix was added to the cells dropwise and the dishes returned to incubator. The
media was changed the following day. Media containing virus particles were collected
48, 72 and 96 hours post transfection and filtered using 0.45 µm filter and stored at -80oc.
25 ml of filtered medium was added to each ultracentrifuge tube and 5ml of 20% sucrose
was gently added to the bottom. Subsequently, tubes were loaded into the ultracentrifuge
(Sorvall Discovery 90SE Centrifuge (SORVALL)) and centrifuged at 1000,000 xg for
2.5 hours at 4oc. The supernatants were then gently removed and 100 µl of PBS was
added to dissolve the palettes. The virus mixtures were aliquoted and stored at -80oc.
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2.9.3 Transduction of cells
MGE cells were obtained by dissecting the dorsal telencephalon as described before (See
section 2.7). After the last centrification step, 500 µl of NB/B27 medium was added to
each 1.5ml of Eppendorf tubes containing MGE cells. Next, Polybrene® was added to
the cell suspension at final concentration of 8 µg/ml to facilitate transduction. Finally,
20 µl of concentrated virus was added to each tube containing 2xMGE and the tubes
were incubated at 37oC for 45 minutes (4 embryos were used in this experiment). Tubes
were inverted every 10 minutes. After incubation tubes were centrifuged at 1000xg for
5 minutes. Then 1ml NB/B27 medium was added to the tubes and pellet was triturated
and centrifuged again to remove any remaining viruses. At the end, the media was
removed (1-2 µl of media was covering the pellet) and tubes were placed on ice and
cells were transplanted to P0-P1 pups as has been described before (See section 2.7).
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Target
Sequence

LacZ-KI

Mtg8Intron2-3

Mtg16Intron8Exon9

Transgenic
mice

Mtg8-LacZKI

Mtg8-Wt

Mtg16-KO

Mtg16Exon8-9

Mtg16-Wt

iCre

Lhx6-Cre
Nkx2-1-Cre
Nkx6-2-Cre

Lhx6-Intron
2-5

Lhx6-Exon4
-Intron 5

Lhx6-KO

Lhx6-Fl

Length
of the
product

Primers

F: CACCTGTGGATGTGAAGACG
R:CGCTCAGGTCAAATTCAGACG

F: CACCTGTGGATGTGAAGACG
R: TTTGCTCAAATCATGGTGGA

F:CTGGGTCTCGACAAGAAGAAGTG
R:GATGCAAGAACTAGGCAGGGTT

F: CTGGGTCTCGACAAGAAGAAGTG
R:GTCCATGATGCAGTTCAGAAG

F: TCTCCAACCTGCTGACTGTG
R: GGAGCATCTTCCAGGTGTG

F: CGCTGAGGATCTTCGATGAGG
R: CCCTTCTGTGTAAGACGTGC

F: CTCGAGTGCTCCGTGTGTC
R: GGAGGCCCAAAGTTAGAACC
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PCR program

500bp

94°C
94°C
60°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 38X Anneal
1 Min
Extent
10 Min
Extent

400bp

94°C
94°C
55°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 37X Anneal
1 Min
Extent
10 Min
Extent

282bp
1405bp

94°C
94°C
55°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 37X Anneal
1 Min
Extent
10 Min
Extent

740bp

94°C
94°C
55°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 37X Anneal
1 Min
Extent
10 Min
Extent

135bp

94°C
94°C
62°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 32X Anneal
15 Sec
Extent
10 Min
Extent

300bp

94°C
94°C
62°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 37X Anneal
1 Min
Extent
10 Min
Extent

819bp
950bp

94°C
94°C
62°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 36X Anneal
1 Min
Extent
10 Min
Extent
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Target
Sequence

Nkx2-1Intron2-3

Nkx2-1Intron3

Nkx2-1Intron2-3

Transgenic
mice

NKx2-1 KO

NKx2-1 Fl

Nkx2-1-Wt

Length
of the
product

Primers

F:ATGCTCAAGACTTCAGGGAGCTAAG
R: GACTCTCAAGCAAGTCCATCC

F: TGCCGTGTAAACACGAGGAC
R: GACTCTCAAGCAAGTCCATCC

F: TGCCGTGTAAACACGAGGAC
R: GAAGTGGCGAAAGCTACA GG

PCR program

269bp

95°C
94°C
60°C
72°C
72°C

5 Min
Denature
30 Sec
Denature
30 Sec 30X Anneal
1 Min
Extent
10 Min
Extent

220bp

94°C
94°C
58°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 37X Anneal
1 Min
Extent
10 Min
Extent

330bp

94°C
94°C
58°C
72°C
72°C

4 Min
Denature
30 Sec
Denature
45 Sec 37X Anneal
1 Min
Extent
10 Min
Extent

Table 2-1. Details of Primers and PCR programs used for genotyping
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Figure 2-1. Diagram shows wild types and targeted loci of transgenic alleles in
different transgenic mice used in this study
Arrows show the primers that have been used for genotyping. Red arrowheads show the
Loxp sites. Neo: Neomycin resistance sequence, Tk: Thymidine kinase sequence. Ex:
Exon. Adapted from Calabi et al., 2001; Chyla et al., 2008; Denaxa et al., 2018; Kusakabe
et al., 2006.
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Antigen

Antibody

Dilution

Condition
Fixative, Duration of fixation/IHC
process

SST

Rat anti-SST (Millipore)

1:600

Coverslips: PFA Fixed/ 15min/
Standard IHC

SST

Rabbit anti-SST
(Peninsula labs)

1:200

PFA Fixed/ O/N/ Standard IHC

PV

Mouse anti-PV
(Chemicon)

1:1000

Coverslips: PFA Fixed/ 15min/
Standard IHC
Tissue: PFA Fixed/ O/N/ Standard
IHC

GFP/YFP

Rat anti-GFP
(Nacalai Tesque)

1:1000

Tissue: PFA Fixed/ O/N/ Standard
IHC

GFP/YFP

Chicken anti-GFP
(Aves Labs)

1:600

Coverslips: PFA Fixed/ 15min/
Standard IHC
Tissue: PFA Fixed/ O/N/ Standard
IHC

MTG8

Goat anti-MTG8
(Santa Cruz Biotechnology)

1:200

MEMFA fixed/1hour/ Tyramide
amplifications

MTG16

Chip-Grade Rabbit anti-MTG16
(Abcam)

1:300

MEMFA fixed/1hour/ Tyramide
amplifications

β-GAL

Rabbit anti-βGAL
(MP Biomedical)

1:2000

PFA Fixed/ 45min/ Standard IHC

KCC2

Rabbit anti-KCC2 (Millipore)

1:1000

Coverslips: PFA Fixed/ 15min/
Standard IHC

SATB1

Goat anti-SATB1 (Santa-Cruz)

1:100

Coverslips: PFA Fixed/ 15min/
Standard IHC

SOX6

Rabbit anti-SOX6
(Abcam)

1:500

Coverslips: PFA Fixed/ 15min/
Standard IHC

CALRETININ

Mouse anti-CALRETININ
(Swant)

1:500

Tissue: PFA Fixed/ O/N/ Standard
IHC

L1

Rat anti L1 antibody (Chemicon)

1:200

Tissue: PFA Fixed/ O/N/ Standard
IHC

NKX2-1

Rabbit anti-NKX2-1
(Santa Cruz Biotechnology)

1:100

PFA fixed/O/N/ Tyramide
amplifications

LHX6

Rabbit anti-LHX6
(Gifted from Pachnis lab)

1:1000

PFA fixed/O/N/ Tyramide
amplifications

Table 2-2. Details of antibodies and the specific conditions that have been used for
immunostaining.
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3.1 Introduction
In mice, all CINs originate from the GEs. The generation of IN diversity is driven by
differential molecular programs operating within the subpallial proliferative regions. For
example, Nkx2-1 and its downstream effector Lhx6 are expressed in the MGE and are
crucial in the generation and specification of MGE-derived CINs. On the other hand,
Pax6 and Foxp2 (Fork head box P2) are two examples of TFs expressed in the CGE
and contributing the CGE specification programs. Additionally, differential transcription
programs have been identified in postmitotic INs generated from MGE and CGE
progenitors (Mayer et al., 2018; Mi et al., 2018; Miyoshi et al., 2015).
In order to identify genes that are differentially expressed in MGE- and CGE-derived
INs, transcriptional profiling was carried out by the Kessaris lab. YFP-expressing CINs
originating in the MGE or CGE were purified from the cortex at E14.5 (MGE) and E16.5
(CGE) and microarray analysis was performed (Rubin and Kessaris, unpublished). As
expected, the expression of Lhx6, Sox6 and Satb1 was enriched in MGE-derived INs and
Prox1 was identified as a CGE lineage tracer (Rubin and Kessaris, 2013). Relevant to this
thesis was the identification of expression of Mtg8 and Mtg16 within CINs. Mtg16 was
identified as an MGE-enriched gene whereas the related gene Mtg8 showed expression in
both populations and modest enrichment in the MGE (Rubin and Kessaris, unpublished).
In this thesis, I followed up both genes in a search for putative regulators of MGE CIN
development.

3.1.1 The Mtg gene family
The Myeloid Translocation Gene (MTG) family consists of three members: Mtg8 (also
called Eto, Runx1t1 or Cbfa2t1), Mtg16 (also called Eto2, Runx1t3, Cbfa2t3 or Mtgr2)
and Mtgr1 (Runx1t2 or Cbfa2t2) (Figure 3-1). The Mtg genes encode non-DNA binding
zinc finger proteins thought to act as protein scaffolds or co-repressors in various tissues
during embryogenesis and in adulthood (Aaker et al., 2010; Davis et al., 2003).
3.1.1.1 Structure and mode of action
The MTG proteins contain four evolutionary conserved domains that show high
homology to the Drosophila Nervy, hence known as Nervy Homology Regions (NHRs),
and a highly conserved non-canonical nuclear localisation signal (NLS) (Figure 3-1). The
NHRs mediate protein-protein interactions and dimerisation with other family members
or other DNA binding proteins (Davis et al., 1999; Liu et al., 2006; Sun et al., 2013; Tu
et al., 2016). NHR1 is located near the N-terminus and can interact with bHLH TFs and
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other transcriptional regulators such as E-box TFs (Wei et al., 2007). NHR2 facilitates
homo and hetero-dimerization within family members by forming a four-helix bundle
tetrameric protein structure. A seven-amino acid sequence known as ‘m7’ is responsible
for oligomerisation of MTG proteins that has been proven to be essential for their function
(Liu et al., 2006; Sun et al., 2013; Tu et al., 2016). NHR3 is the least conserved domain
and little is known about its function but is likely to be responsible for unique protein
interactions in MTG family members. NHR3 facilitates the MTG interaction with CSL1
(CBF1, Suppressor of Hairless, Lag-1), a nuclear receptor that is activated upon NOTCH
signalling and has important roles in myeloid progenitor cells (Engel et al., 2010). NHR3
also facilitates the MTG8/16 binding to the regulatory subunit of PKA (Protein kinase A),
RIIα, making them a proteinase K anchoring protein (Fukuyama et al., 2001; Schillace
et al., 2002). NHR4 has two non-canonical zinc finger domains that do not directly bind
to DNA but can interact with regulatory RNAs (Rossetti et al., 2008; Tsai et al., 2010).
In addition, NHR4 mediates the interaction of MTGs with nuclear co-repressor proteins
such as NCOR-SMRT (Nuclear receptor co-repressor 2- Silencing mediator for retinoid
and thyroid hormone receptors) and HDACs (Histone deacetylases) (Hildebrand et al.,
2001). MTG proteins have been shown to bind to HDAC1-HDAC3. MTG16 can also
recruit HDAC6 and HDAC8 (Amann et al., 2001). Additionally, the region between
NHR2 and NHR3 in MTG8 is responsible for recruiting SIN3A (SIN3 Transcription
Regulator Family Member A), a well-known nuclear co-repressor protein (Wang et al.,
1998, 1999). Collectively, MTGs can simultaneously interact with bHLH TFs and recruit
various corepressors and HDACs to target genes, thus are well-adapted to modulate TF
activity and direct the cell differentiation programs.

Figure 3-1. Schematic representation of conserved domains in MTG protein family
MTG proteins contain highly conserved domains known as Nervy homology regions
(NHR1-4). Numbers show the percentage of identity between MTG8 and MTG16,
MTGR1 and Drosophila Nervy in each homology domain. The numbers in parenthesis
show the size of different splice variants. NLS: Nuclear Localization Signal. PEST: proline (P), glutamic acid (E), serine (S) and threonine (T) peptide sequence which is present
in the proteins with a short intracellular half-life and fast turnover . Adapted from Davis
et al, 2003 and Steinauer et al., 2017.
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3.1.2 Mtg gene functions outside the CNS
The MTG factors are best known for their roles in haematopoiesis and leukaemia.
Reciprocal translocations between Mtg8 and Mtg16 and Aml1 (Acute myeloid
leukaemia 1) have been identified in acute myeloid leukaemia (hence the name Myeloid
Translocation Genes) (Calabi et al., 2001; Davis et al., 1999; Engel et al., 2010; Miyoshi
et al., 1993). The reciprocal translocation between chromosome 8 and 21 accounts for
15% of acute myelogenous leukaemia. AML1 is a TF important to haematopoietic stem
cell production and differentiation. The chimeric AML1-MTG8 protein mostly affects the
AML-1 DNA binding motif hence changing the transcriptional activity of AML-1. AML1
regulates the expression of various genes in the myeloid and lymphoid lineages, such
as IL2 (Interleukin 1) and CD4 (Cluster of Differentiation 4), that are crucial elements
in immune responses (Cameron et al., 2018; Taniuchi et al., 2002). The AML1-MTG
fusion protein has aberrant modulatory effects, where, in contrast to AML1, it represses
expression of target genes and increases cell renewal capacity (Okuda et al., 1998). A
less common form of translocation in the Aml1 locus is t(16;21) that results in MTG16AML1 fusion protein. MTGR1 has been identified as the associated protein in AML1MTG8 complex protein. Although, the three members of the MTG family are highly
homologous they have distinct biological function and are differentially expressed in
different hematopoietic lineage (Reviewed in Steinauer et al., 2017).
MTG16 is the main MTG family member that is expressed in hematopoietic stem and
progenitor cells. MTG8 is mainly active in differentiated erythroid cells. MTGR1 is
expressed in hematopoietic lineage in a very low level, thus has been less studied in the
context of hematopoietic differentiation. The differential expression of MTGs suggests that
expression of each MTG family member is highly modulated in a lineage specific manner
(Reviewed in Steinauer et al., 2017). For example, a unique GATA1 binding site (GATAbinding factor 1, a key erythroid differentiation mediator), has been identified in the Mtg8
proximal promoter which is absent in the Mtg16 and Mtgr1 sequences, governing the cell
type specific expression of Mtg8 in erythroid cells (Ajore et al., 2010). The AML1-MTG8
chimeric protein inhibits erythroid cell-linage commitment by blocking acetylation of
erythroid regulatory transcription factor GATA1, which is mediated by the p300/CBP
(CREB-binding protein) co-activation complex (Choi et al., 2006).
MTG16 is involved in haematopoietic progenitor differentiation through modulation
of NOTCH signalling (Engel et al., 2010; Fischer et al., 2012). It acts as a scaffold
protein to recruit HDAC and other co-repressor proteins to the Notch-target loci in
haemopoietic progenitors. Through its NHR3 domain, MTG16 binds to CSL (CBF1,
Suppressor of Hairless, Lag-1), a TF that is involved in the activation of the Notch
signalling pathway. MTG16 also interacts with intracellular domain of NOTCH receptor
N-ICD (Notch-Intracellular Domain). The presence of N-ICD in the protein complex
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induces conformational changes in MTG16 and CSL and disrupts their binding. When
NOTCH receptors are activated and N-ICD is released, it binds to the repressor complex
and destabilise the protein interaction within the complex. Thus, N-ICD promotes the
expression of the Notch-target loci by releasing and binding to ICD (Engel et al., 2010).
Additionally, MTG16 is needed to maintain haematopoietic stem cells in quiescence state
and promote the stem cell self-renewal division to avoid entering the differentiation phase
(Fischer et al., 2012) .
MTG16 also interacts with the bHLH TF Tal1/SCL (Stem cell leukaemia/T-cell acute
lymphoblastic leukaemia), a well-known haematopoietic lineage development modulator.
MTG16 can engage with SCL core complex proteins such as LDB1(LIM Domain Binding
1) and LMO2 (LIM domain only 2) and can act as a co-repressor. It has been postulated
that MTG16 recruits HDAC3 and other transcriptional repressors such as GFI-1B
(Growth Factor Independent 1B Transcriptional Repressor) to the loci, hence inhibiting
expression of erythrocytic genes (such as GPA (Glycophorin A), band 4.2, and α-globin)
and cell-cycle inhibitor genes (such as CDKN1A (Cyclin-dependent kinase inhibitor 1a),
in haematopoietic stem cells (Schuh et al., 2005). Transition to a low MTG16 expression
state induces terminal differentiation of erythroid cells (Goardon et al., 2006). In addition,
MTG16 is active in mature erythroid cells and together with LDB1 repress expression of
genes such as foetal γ-globin expression in adulthood (Kiefer et al., 2011).
The LDB1 complex activates late erythroid specification genes. It has been shown that
LDB1 binds to target loci before activation of the differentiation program in erythroid
progenitors. MTG16 binds to LDB1 to repress LDB1 target gene expression and maintain
cells in a primed state before triggering the terminal differentiation. Also, it has been
shown that MTG16 expression is negatively regulated by the LDB1 complex. Thus, upon
activation of the differentiation program, MTG16 expression is repressed (Stadhouders
et al., 2015).
Dendritic cells consist of two major population plasmacytoid dendritic cells (pCD) and
classical dendritic cells (cDC). MTG16 promotes the dendritic cell commitment to pCD.
MTG16 represses the expression of Id2 (Inhibitor of DNA binding 2) through changing
the transcriptional activity of E proteins, such as E2-2 (TCF4). Id2 expression is essential
for development of cDCs; E2-2 is a TF that normally induces Id2 expression but, in
the presence of MTG16, it represses Id2 expression. MTG16 deletion in uncommitted
DC progenitors changes the balance between these two population by expansion of cDC
progenitors at the expense of pDC (Ghosh et al., 2014).
MTG8 has important in regulation of angiogenesis. Mtg8 deletion results in a decrease
in endothelial-colony forming cell viability due to downregulation of growth factors
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involved in angiogenesis such as VEGFA (Vascular Endothelial Growth Factor A), BMP4
as well as TGF-β2 (Transforming Growth Factor beta2) (Liao et al., 2017).
The three members of the MTG protein family can also interact with WNT signalling
TF TCF/LEF (T-cell factor/Lymphoid enhancer factor). The TCF/LEF/MTG complex
together with other co-repressors is found on target loci that are in primed state. Upon
activation of canonical WNT (Wingless/Integrated) signalling and accumulation of nonphosphorylated β-CATENIN in the nucleus, TFC/LEF no longer binds to the repressor
complex and the WNT signalling transcriptional cascade can be activated (Chyla et al.,
2008; MacDonald et al., 2009; Moore et al., 2007).
Recently, a model explaining how MTG factors act has been proposed in mouse germ
cells: MTGR1 serves to stabilize the binding of DNA-binding transcription factors onto
their targets, thereby increasing their affinity-based chromatin ‘on rate’ (Tu et al 2016). In
the absence of MTGR1 in mouse germ cells, PRDM1 (PR domain zinc finger protein 1)
and OCT4 (Octamer-binding transcription factor 4), well-known pluripotency regulators,
fail to bind to their target loci effectively resulting in defects in germ cell differentiation.
Also, mESCs lacking MTGR1 expression downregulate many pluripotency genes and
lose the stem-cell state. Also, MTGR1 is essential for maintaining the methylation state
of Histone 3 (H3K9me2) that repress gene expression in germ cells, thus regulating the
total chromatin modifications (Tu et al., 2016).
3.1.3 Mtg genes in the CNS
The expression of Mtg genes during CNS development has been linked to that of proneural bHLH TFs. Overexpression of Ascl1 results in upregulation of Mtgr1 and Mtg16
and repression of Mtg8 at early stages of chick spinal cord development (Aaker et al.,
2010). In a negative feedback loop, all MTGs are thought to inhibit NEUROG2 and
ASCL1 activity (Aaker et al., 2010). Thus, MTG proteins may play a role in segregating
pre and post-mitotic transcriptional programs.
Mtg8 and Mtg16 are also expressed in Xenopus and chick spinal cord postmitotic
neurons. Inhibiting MTG protein activity in Xenopus causes reduction in the numbers
of differentiating neurons (Koyano-Nakagawa and Kintner, 2005). Similarly, decreased
Mtg8 expression in hippocampal radial glial cells in vitro caused reduction of neuronal
differentiation whereas increased MTG8 expression resulted in increased neuronal
differentiation (Linqing et al., 2015). In addition, in a recent single cell transcriptomic
study of cells originating in the MGE and CGE regions, Mtg8 had been identified as being
enriched in post-mitotic INs (Mi et al., 2018). Therefore, MTG factors are thought to be
involved in the differentiation of neural lineage.
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MTG8 has been shown to associate with ATROPHIN-1 in neurons and together they
repress gene expression. Mutated ATROPHIN-1 with extended poly-glutamine extension
causes neurodegenerative disease. It has been proposed that the disease is caused by
accumulation of truncated protein in the nucleus and possible enhanced binding to MTG8
that results in changes in ATROPHIN-1 regulatory function (Wood et al., 2000).

3.1.4 MTG genes in human disease
Human mutations within the Mtg8 gene have recently been identified. A de novo deletion
encompassing exons 3-7 of the human Mtg8 gene was identified in a patient with earlyonset intellectual disability (Huynh et al., 2012). Haploinsufficiency of MTG8 has also
been identified in a patient with mental retardation and congenital heart disease that
carries a truncation in MTG8 (Zhang et al., 2009). These data may suggest a significant
role for MTG8 in human brain development.
In summary, the MTG proteins have two proposed modes of action: (1) they act as corepressors by recruiting HDACs and other proteins to target loci, (2) they stabilize the
binding of DNA-binding TFs onto their targets. These regulatory effects of MTG proteins
makes them good candidates for modulating the transcriptional effects of MGE lineage
TFs during development. In this chapter I will describe the expression of Mtg8 and Mtg16
within CIN lineage.
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3.2 Results
3.2.1 MTG8 and MTG16 at E11.5
In order to characterise the expression of the two Mtg genes, I used RNA in situ
hybridization (RNA ISH). At E11.5, Mtg8 and Mtg16 RNA were detectable in the SVZ
of the GEs suggesting that the two genes are expressed in postmitotic cells outside the
proliferative zones (Figure 3-2). Mtg8 appeared to be expressed in most cells of the
MGE and LGE whereas Mtg16 appeared enriched in the MGE SVZ and mantle in a
pattern comparable to that of Lhx6 (Figure 3-2). A more detailed characterization of
the RNA ISH pattern of these two genes at different embryonic and postnatal stages
was carried out by another PhD student in the lab, prior to my joining the project. I
therefore focused my attention on MTG protein and LacZ reporter expression. For the
former, I used commercially available antibodies not previously used in the lab. Using
different protocols, including various fixative reagents, different fixation times and
different immunohistochemistry (IHC) methods, I was able to optimise the protocol for
these two antibodies (See section 2.3.1). For the latter, I used Mtg8+/- animals where
the LacZ sequence had been knocked into the Mtg8 locus (See Chapter 2 figure 2-1).

Figure 3-2. Expression of Mtg8, Mtg16 and Lhx6 mRNA in the developing forebrain at E11.5
ISH on coronal sections of E11.5 forebrain at medial (MGE/LGE) and caudal (CGE)
levels. A-A’) Expression of Mtg8 mRNA. Mtg8 is expressed in SVZ of MGE and
CGE and is absent from VZ of these regions. B-B’) Expression of Mtg16. Mtg16 is
mainly expressed in the MGE SVZ which resembles the expression pattern of Lhx6
at this age C-C’) Expression of Lhx6. Scale bar: 340 µm in (C).
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3.2.2 MTG8 and MTG16 at E14.5 and E16.5
At E14.5, MTG8 protein was detectable in the ventral telencephalon using Western
blotting (A.Stryjewska and N.Kessaris). However, I could not detect the MTG8 expression
in the MGE or in migratory INs using IHC (data not shown). Previous work in the lab
using an older batch of commercial MTG8 antibody had found clear expression in the
MGE mantle (data not shown). However, the new batch that I used failed to show this.
It is possible that the new batch of antibody fails to detect small amounts of protein in
the tissue. Thus, I used immunostaining for β-galactosidase (β-Gal) in Mtg8+/- animals
as an alternative. In order to identify expression specifically in MGE-derived CINs, I
made use of Nkx2-1-Cre;R26R-YFP transgenic embryos whereby the entire MGE
lineage is labelled with YFP (Fogarty et al 2007). At E14.5 β-Gal was abundant in
the SVZ and mantle of the MGE and LGE (Figure 3-3 A-C). INs migrating within the
cortex, and most clearly discernible in the SVZ/IZ, also expressed β-Gal (Figure 3-3
D). Quantification of the extent of co-localization between β-Gal and YFP showed that
~60% of the MGE-derived migratory CINs were expressing β-Gal at this stage (Figure
3-3 E). This suggests that the gene is expressed in a subset of CINs originating in the
MGE. Expression of β-Gal within the CGE lineage was not assessed at this stage.
MTG16 protein was not detectable in the telencephalon at E14.5 despite the early
expression of the mRNA (Figure 3-2 B). Expression of MTG16 protein in the cortex was
first detected at E16.5 in a pattern reminiscent of the scattered appearance of migrating
CINs (Figure 3-4 A-B). Expression of MTG16 was barely detectable in the striatum (Figure
3-4 A-C) suggesting that this gene may be restricted to cortical and hippocampal INs.

3.2.3 Overview of MTG8 and MTG16 expression at E18.5
At E18.5 endogenous MTG8 protein was clearly detectable in the forebrain (Figure
3-5). Abundant expression can be detected in the cortical plate (CP) (Figure 3-5 B);
this likely represents expression of MTG8 in PYNs and further confirms the data
previously obtained in the lab using ISH (not shown). In Nkx2-1-Cre;R26R-YFP
transgenic embryos, co-localization between MTG8 and YFP was spotted in scattered
cells throughout the developing cortex, including the CP and the intermediate zone
(IZ), thus indicating expression in subsets of MGE-derived CINs (Figure 3-5 B).
MTG8 was also abundant in the striatal mantle and included small number of YFPMTG8 co-expressing cells (Figure 3-5 C). Within the hippocampal anlage, I could
detect MTG8 in putative projection neurons as well as scattered YFP-expressing
cells indicating a similar expression pattern to that of the cortex (Figure 3-5D).
The expression of MTG16 at E18.5 was more reminiscent of CINs (Figure 3-6). Scattered
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Figure 3-3. Expression of β-Gal in
the developing forebrain at E14.5
of
Mtg8+/-;Nkx2-1-Cre;R26RYFP embryo.
A) β-Gal expression in telencephalon of Mtg8+/-;Nkx2-1-Cre;R26RYFP mouse embryo. β-Gal has
extensive expression in the migratory INs. B) Expression of β-Gal
in MGE. β-Gal is mainly excluded
from the VZ of MGE and is mainly expressed in the postmitotic
MGE-derived INs in the SVZ. C)
Expression of β-Gal in the INs in
the mantle. D) Expression of β-Gal
in the cortex. β-Gal can be detected
in the MGE-derived INs migrating
mainly through SVZ/IZ in the developing cortex. E) Quantification
of the co-expression of β-Gal and
YFP in the MGE-derived CINs.
Arrows show β-Gal+ve/YFP+ve. Arrow-heads show β-Gal-ve/YFP+ve.
VZ: Ventricular Zone. SVZ: Sub
Ventricular Zone, CX: Cortex. Data
are presented as Mean±SD. Scale
bars: 300 µm in (A), 100 µm in (D)
top and 20 µm in (D) bottom.
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Figure 3-4. Expression of MTG16 in the developing forebrain at E16.5
A) MTG16 expression in E16.5 mouse telencephalon. MTG16 is expressed in a
pattern resembling the migrating INs. B) MTG16 expression in the cortex. The
migrating cells mainly in the MZ (arrows on top) express MTG16 in the cortex. C)
MTG16 expression in the striatum. MTG16 is mainly excluded from striatum. CX:
Cortex. STR: Striatum. Scale bars: 300 µm in (A) and 100 µm in (B).
cells expressing MTG16 were detected in the marginal zone (MZ) as well as the CP (Figure
3-6 A). Nearly all MTG16 positive cells in the cortex and hippocampus co-expressed YFP
in Nkx2-1-Cre;R26R-YFP embryos, clearly indicating that MTG16 expression is restricted
to the MGE lineage (Figure 3-6 A-D). A small population of MTG16 cells negative for
YFP was also detected (Double arrowheads in Figure 3-6 B-E). These likely represent the
cells originated in the dMGE neuroepithelium that fail to express iCre in our Nkx2-1-Cre
transgenic line (Fogarty et al., 2007). Interestingly, MTG16 was excluded from the striatum
suggesting that MTG16 may be a cortical and hippocampal IN-specific marker (Figure 3-6 C).

3.2.3.1 MTG8 and MTG16 in cortical and hippocampal neurons at E18.5
To investigate whether MTG protein expression is restricted to INs or includes other
neurons of the cortex and hippocampus, I used mice carrying a Dlx-1-Venusfl transgene
that labels all INs (Rubin et al, 2010). MTG8 expression was clearly detected in cells
other than CINs, most likely PYNs (Figure 3-7 A). In contrast, MTG16 was restricted to
subsets of INs (Figure 3-7 B). The same was largely true for the hippocampus: expression
of MTG8 was detected in what appear to be PYNs as well as hippocampal INs (HINs)
whereas MTG16 is almost restricted to INs (Figure 3-8 B). In the hippocampus, I
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Figure 3-5. Expression of MTG8 in MGE-derived INs in the developing forebrain at
E18.5 in Nkx2-1-Cre; R26R-YFP transgenic embryo
A) MTG8 expression in E18.5 mouse telencephalon. B) MTG8 expression in the cortex.
Scattered MGE-derived INs in the cortex express MTG8. C) Expression of MTG8 in the
Striatum. MTG8 is also expressed in the subset of Striatal INs. D-E) MTG8 expression
in the hippocampus. MTG8 is also expressed in the hippocampus by MGE-derived INs
and by other cells resembling the hippocampal pyramidal cells. Arrows show MTG8+ve/
YFP+ve. Arrow-heads show MTG8-ve/YFP+ve. CX: Cortex. STR: Striatum. Hipp: Hippocampus. CA1: Cornu Ammonis-1. DG: Dentate Gyrus. Scale bars: 300 µm in (A); 100
µm in (B) top and (C) top, 30 µm in (B) bottom and (C) bottom, 150 µm in (D), 100 µm
in (E) top and 30 µm in (E) bottom.
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Figure 3-6. Expression of MTG16 in MGE-derived INs in the developing forebrain at
E18.5 in Nkx2-1-Cre; R26R-YFP transgenic embryo.
A) MTG16 expression in E18.5 developing mouse telencephalon. B) MTG16 expression in the
cortex. MGE-derived INs in the cortex extensively express MTG16. Specially the CINs migrating through MZ. C) Expression of MTG16 in the Striatum. MTG16 is almost excluded from
Striatum. D-E) MTG16 is expressed in the hippocampus by MGE-derived INs. Arrows show
MTG16+ve/YFP+ve cells. Arrow-heads show MTG16-ve/YFP+ve cells. Double arrow-heads
show MTG16+ve/YFP-ve. CX: Cortex. MZ: Marginal Zone; CP: Cortical Plate; SP: Subplate; IZ:
Intermediate Zone; VZ: Ventricular Zone; STR: Striatum. Hipp: Hippocampus. CA1: Cornu
Ammonis-1. DG: Dentate Gyrus. Scale bars: 300 µm in (A); 100 µm in (B) top and (C) top, 30
µm in (B) bottom and (C) bottom, 150 µm in (D), 100 µm in (E) top and 30 µm in (E) bottom.
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detected a few MTG16 positive cells that did not express VENUS (arrowheads in 3-8B).
This may suggest that MTG16 is expressed in neurons other than HINs. Alternatively,
the Dlx1-Venus transgene may not be expressed in all INs of the hippocampus.

3.2.3.2 MTG8 and MTG16 within the CGE lineage at E18.5
To identify expression within the CGE lineage, I used mice carrying a Dlx-1-Venusfl
transgene as well as Nkx2-1-Cre. These mice express Venus only in CGE-derived INs
(Rubin et al 2010). There was hardly any co-localization between MTG8 and VENUS or
MTG16 and VENUS in these mice indicating that within the CIN population, MTG8 and
MTG16 are restricted to the MGE lineage (Figure 3-9 A-B). A very small population (1 or
2 cells in each cortical section) of MTG8 expressing cells that were positive for VENUS in
Nkx2-1-Cre;Dlx-1-Venusfl could be detected in the cortex, but these may represent CINs
generated from the dMGE which fails to express the Cre transgene (Arrow in Figure 3-9 A-B).
A similar expression pattern was observed in the hippocampus where MTG8 and MTG16 did
not co-localize with VENUS, indicating lack of expression in the CGE lineage (Figure 3-10).

3.2.3.3 MTG8 and MTG16 within the MGE lineage at E18.5
Data so far suggested that MTG8 and MTG16 expression is restricted to MGE INs and
is excluded from the CGE lineage. I therefore made use of Lhx6-Cre transgenic mice to
evaluate and quantify this expression. In order to determine whether IHC for MTG8 is a
reliable read-out of endogenous gene expression, I compared it to β-Gal expression from
the LacZ gene in Mtg8+/- embryos. Due to mouse availability I could only use Nkx21-Cre and not Lhx6-Cre for the β-Gal/MTG8 IHC. However, the two Cre mice should
label nearly identical populations of CINs, with the exception of a small population
of dMGE-derived cells that are not labelled in Nkx2-1-Cre (Fogarty et al 2007).
Both β-Gal and MTG8 IHC resulted in labelled cells outside the CIN population as well as
subsets of CINs (Figure 3-11 A-B). About 14% and 19% of MGE-derived CINs in dorsal
and lateral cortex, respectively, were also β-Gal positive (Figure 3-11C). This was similar
to MTG8 IHC where ~12% and ~16% of the Lhx6-Cre;YFP expressing CINs co-expressed
MTG8 in dorsal and lateral cortex (Figure 3-11 D). These findings are in contrast to expression
at E14.5 where ~60% of MGE CINs co-expressed MTG8/b-Gal (Figure 3-3). This suggests
that a large fraction of MGE CINs downregulates MTG8 at late developmental stages.
Unlike MTG8, MTG16 was found to be expressed in the majority of Lhx6-Cre;YFPexpressing
CINs (Figure 3-11 E-F). Nearly all MTG16 positive cells co-expressed YFP in these mice
indicating that MTG16 is restricted to CINs derived from the MGE (Figure 3-11 G).
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Figure 3-7 Expression of MTG8 and MTG16 in CINs in the developing cortex at
E18.5 in Dlx-Venus transgenic embryo
A) MTG8 can be detected in the subset of CINs as well as cells in the CP. B) MTG16 can be
detected in the INs in the MZ and the CP. Nearly all MTG16 cells in the cortex co-express
VENUS, although few MTG16 expressing cells could be detected that were not INs. Arrows
show MTG+ve/YFP+ve cells. Arrow-heads show MTG-ve/YFP+ve cells. Double arrow-heads
show MTG+ve/YFP-ve. MZ: Marginal Zone; CP: Cortical Plate; SP: Subplate; IZ: Intermediate Zone; VZ: Ventricular Zone. Scale bars: 250 µm in (A) left and 50 µm in (A) right.

Figure 3-8 Expression of MTG8 and MTG16 in INs in the developing hippocampus
at E18.5 in Dlx-1-Venus Fl embryo
A) MTG8 can be detected in the INs as well as PYN layer (double arrow-heads arrows)
in the hippocampus B) MTG16 can be detected in the hippocampal INs. Nearly all MTG16+ve cells co-express VENUS. Arrows show MTG+ve/VENUS-ve cells. Arrow-heads
show MTG+ve/VENUS-ve. CA1: Cornu Ammonis-1. DG: Dentate Gyrus. Scale bars: 250
µm in (A) top: and 50 µm (A) bottom.
81

Chapter III: MTG Expression during Development of CINs

Figure 3-9 Expression of MTG8 and MTG16 in CGE-derived CINs in the developing cortex at E18.5 in Nkx2-1-Cre;Dlx-Venus transgenic embryo.
A) MTG8 is mainly excluded from CGE-derived INs, although few MTG8+ve/ VENUSve+
cells (Arrow) are observed, which is likely derived from dMGE D) MTG16 is excluded
from CGE-derived INs. Arrows show MTG+ve/YFP+ve cells. Arrow-heads show MTG-ve;
YFP+ve cells. Double arrow-heads show MTG+ve/YFP-ve cells. MZ: Marginal Zone; CP:
Cortical Plate; SP: Subplate; IZ: Intermediate Zone; VZ: Ventricular Zone. Scale bars:
250 µm in (A) left and 50 µm (A) right.

Figure 3-10 Expression of MTG8 and MTG16 in the CGE-derived INs in the developing hippocampus at E18.5 in Nkx2-1-Cre;Dlx-Venus transgenic embryos
A) MTG8 is mainly excluded from CGE-derived INs in the hippocampus. B) MTG16 is
excluded from CGE-derived INs. Arrow-heads MTG-ve/YFP+ve. Arrows in A show hippocampal pyramidal layer that express MTG8. CA1: Cornu Ammonis-1. DG: Dentate
Gyrus. Scale bars: 250 µm in (A) top: and 50 µm (A) bottom.
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Figure 3-11 Quantification of MTG8
and MTG16 expression in the developing cortex in MGE-derived CINS at
E18.5.
A) βGAL expression in the MGE-derived
CINs in the Mtg8+/-;Nkx2-Cre;R26R-YFP
mouse B).Quantification of βGAL expression in the MGE-derived INs in dorsal
and lateral cortices C) MTG8 expression
in the MGE-derived CINs in the Lhx6Cre;R26R-YFP mouse. D) Quantification
of MTG8 expression in the MGE-derived
CINs in dorsal and lateral cortices. The
level of expression of MTG8 and βGAL
in the MGE-derived CINs are similar between the two markers. E) MTG16 expression in the MGE-derived CINs in the
Lhx6-Cre;R26R-YFP mouse. F) Quantification of MTG16 expression in MGE-derived CINs. MTG16 is expressed in the
majority of the CINs. E) Quantification of
MTG16 posetive cells that express YFP.
Almost all the MTG16 expressing cells
were CINs. Arrows show MTGs+ve/YFP+ve
cells. Arrow-heads heads show MTG+ve/
YFP-ve cells. Double arrow-heads show
MTG+ve/YFP-ve cells. MZ: Marginal Zone;
CP: Cortical Plate; SP: Subplate; IZ: Intermediate Zone; VZ: Ventricular Zone.
Scale bars: 250 µm in (C) left and 15 µm in
(C) right. Data are presented as Mean±SD.
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3.2.4 MTG8 and MTG16 in PV and SST INs in the adult cortex and hippocampus
I examined expression of MTG8 and MTG16 in PV and SST INs using mice
expressing PV-Cre;R26YFP to identify PV cells and immunohistochemistry for
SST. MTG8 was expressed in all cortical layers except layer I (Figure 3-12A and
B). About 10% of PV CINs and 30% of SST INs in the adult cortex were also
MTG8 positive (Figure 3-12 C-F). In the hippocampus about 25% and 42% of
hippocampal PV and SST INs, respectively, co-expressed MTG8 (Figure 3-12 C-F).
Unlike the embryonic expression of MTG16 which was almost restricted to CINs, in the
adult cortex and hippocampus MTG16 had an extensive expression pattern labelling cells
outside the CIN population (Figure 3-13). Expression within CINs was largely reduced
compared to E18.5 embryos: 20% and 33% of cortical PV and SST cells, respectively,
colocalised with MTG16 (Figure 3-13 C and F). Similarly, 20% and 42% of hippocampal
PV and SST expressing INs, respectively, co-expressed MTG16 (Figure 3-13 C-F).
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Figure 3-12. Quantification
of MTG8 expression in PV
and SST INs in the adult
mouse
A) Co-expression of MTG8
and YFP in the telencephalon of PV-Cre;R26R-YFP at
P60. B) MTG8 is expressed
in the subset of PV INs in the
different layers of cortex and
hippocampus. C) Quantification of MTG8 expression
in cortical and hippocampal
PV INs. D) Co-expression
of MTG8 and SST in mouse
telencephalon. E) MTG8 is
expressed in the subset of
SST INs in the different layers of mouse cortex and hippocampus. F) Quantification
of MTG8 expression in cortical and hippocampal SST
INs. CX: cortex, Hipp: hippocampus, CC: Corpus Callosum, SO: Stratum Oriens,
SP: Stratum Pyramidale.
Sr: Stratum radiatum. Slm:
Stratum lacunosum moleculare. Data are presented as
Mean±SD. Scale bars: 750
µm in (A); 150 µm in (B) left
and 15 µm in (B) right.
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Figure 3-13. Quantification of MTG16 expression
in PV and SST INs in the
adult mouse
A)
Co-expression
of
MTG16 and YFP in the
telencephalon
of
PVCre;R26R-YFP at P60. B)
MTG16 is expressed in the
subset of PV INs in different
layers of cortex and hippocampus. C) Quantification
of MTG16 expression in
the cortical and hippocampal PV INs. D) Co-expression of MTG16 and SST in
the mouse telencephalon.
E) MTG16 is expressed in
the subset of SST INs in
different layers of mouse
cortex and hippocampus. F)
Quantification of MTG16
expression in the cortical
and hippocampal SST INs.
CX: cortex, Hipp: hippocampus, CC: Corpus Callosum, SO: Stratum Oriens,
SP: Stratum Pyramidale.
Sr: Stratum radiatum. Slm:
Stratum lacunosum moleculare. Data are presented as
Mean±SD. Scale bars: 750
µm in (A); 150 µm in (B)
left and 15 µm in (B) right.
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3.3 Summary
TFs build a very dynamic molecular network that orchestrates and executes
lineage-specific transcriptional programmes by activation and suppression of
gene expression during embryogenesis and beyond. Our group had performed a
microarray analysis to find differentially expressed genes within IN subsets. We
found the Mtg genes, namely Mtg8 and Mtg16, as being enriched in developing
MGE-derived CINs. I characterised the expression of these two genes using
mainly IHC for the endogenous proteins or for the reporter gene β-galactosidase
which is knocked into the Mtg8 locus. My findings can be summarised as follows:
-

MTG8 is expressed in 60% of MGE-derived INs at early embryonic
stages. This expression is largely downregulated by E18.5 and remains as
such in the adult where it is restricted to only subsets of PV and SST INs.

-

In addition to CINs, MTG8 is expressed in PYNs at embryonic and adult stages.

-

MTG16 expression is restricted to the MGE lineage at embryonic stages when
nearly all MGE-derived INs express MTG16.

-

In the adult cortex and hippocampus, only a subset of PV and SST INs maintain
expression of MTG16.

In the following chapter, I will explore the role of the MTG factors in CIN specification
and development.

87

Chapter IV: MTG Factors in CIN Development

88

Chapter IV: MTG Factors in CIN Development

4.1 Introduction
Despite extensive genetic studies, it has not been possible to identify TFs that specify SST
versus PV INs, the two major IN subtypes originating from the MGE. The transcriptional
segregation of PV and SST IN subtypes occurs early during development. Already at
E13.5, a number of differentially expressed genes have been recognized between these
two populations of INs. Interestingly, these differential expressions were conserved in
adulthood. Among those, some previously described genes such as Mef2c (Myocyte
enhancer factor 2), Erbb4 and Plcxd3 (Phosphatidylinositol specific phospholipase C X
domain containing 3) show exclusive expression in PV INs while others, such as Sst,
Tspan7 (Tetraspanin-7) and Satb1 are expressed only in SST INs (Mayer et al., 2018).
Thus, it seems that GABAergic IN lineage commitment is established long before CINs
invade the cortex. Later, during development and through postnatal maturation of INs, the
divergence in the transcriptional profile of SST and PV IN subtypes gradually increases.
Regulatory proteins that control and modify the activity of TFs play crucial roles in
differential gene expression. MTG proteins interact with TFs and act as protein scaffolds
to recruit transcriptional repressors/activators and/or stabilising protein complexes
onto target DNA loci, hence changing the state of the transcriptional activity in the
cell. Members of this family are involved in the specification and differentiation of
the hematopoietic and germ cell lineages (Reviewed in Steinauer et al., 2017) (Tu et
al., 2016). MTG8 and MTG16 are expressed in the MGE and CINs derived from this
region. Preliminary data in the Kessaris lab had shown defective SST IN development
in embryos lacking MTG8/MTG16 at E13.5 and E18.5. Briefly, Mtg8-/- and Mtg8-/Mtg16-/- embryos had reductions in SST CIN number whereas Mtg16-/- mice had normal
Sst IN number at embryonic stages. Interestingly, the number of Lhx6-expressing
cells appeared to be normal in all of these mutants. I examined these phenotypes
in more detail using loss- and gain-of-function approaches in vivo and in vitro.
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4.2 Results
4.2.1 Mtg loss-of-function studies: abnormalities in MGE-derived CIN development
4.2.1.1 Loss of Sst expression in the absence of MTG8 in vivo
At E18.5, expression of Lhx6 can be used to identify all MGE-derived CINs migrating
within the cortex. I compared and quantified the distribution of Lhx6-expressing
cells in the cortex in wild type (WT) and mutant embryos (Figure 4-1 A-B). In line
with previous observations in the lab, I found no difference in the number of these
cells in Mtg mutants compared to controls, suggesting that MGE-derived INs are
migrating into the cortex in normal numbers (Figure 4-1B). However, quantification
of SST cells in the cortex of these embryos showed ~40% reduction in the absence
of Mtg8 alone and ~60% reduction in the absence of Mtg8 and Mtg16 (Figure 4-1D).

Figure 4-1. MGE-derived CINs in Mtg mutant embryos at E18.5
A-B) ISH for Lhx6 and quantification. C-D) ISH for Sst and quantification. 40% and 60%
reduction of Sst INs in the cortex of Mtg8-/- and Mtg8-/-Mtg16-/- embryos, respectively,
compared to controls. Data are represented as Mean±SD. Scale bars: 500 µm in (A) top
and 50 µm in (A) bottom.
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Altogether, these data suggest that, although CINs are generated and migrate
in normal numbers in the absence of MTG8 or MTG8 and MTG16, at least
a subset of them fail to be specified correctly into Sst-expressing subtype.
The MGE generates mainly SST and PV CINs. Although Sst mRNA expression can be
detected from the early stages of embryonic development and can be used to identify
immature SST CINs, there is no marker that identifies PV INs at embryonic stages- PV
itself begins to be expressed from ~P10 onwards. As Mtg8 null animals die at birth due to
severe gut defects (Calabi et al., 2001), we were unable to assess the PV IN number in vivo.

4.2.1.2 Abnormal in vitro maturation of CINs in Mtg8 mutants
In order to assess the differentiation of PV CINs in mutant animals, we used a cortical coculture system. Cerebral cortices from E16.5-E17.5 WT and Mtg8 null embryos carrying
Lhx6-Cre and the Rosa26-YFP reporter were seeded onto a WT astrocyte feeder layer
(Figure 4-2 A). Donor MGE-derived CINs were distinguished by expression of YFP
(Figure 4-2 A). After 10 days in culture, WT MGE-derived cells were positive for NEUN,
SOX6, SATB1 and KCC2, indicating correct CIN maturation in vitro (Figure 4-2 B-E).
I assessed SST and PV expression in control and mutant embryo cultures. In control
cultures, SST was detected between day 14 and 21 (DIV14-21) and represented between
14-20% of the entire MGE CIN lineage (Figure 4-2 E-H). In Mtg8-/- cultures we observed
a ~40% reduction in SST cell number compared to controls (38.6% in DIV14 (P=0.001),
47.7% in DIV16 (P=0.002), 41.3% in DIV18 (P=0.003) and 36.7% in DIV21 (P=0.003).
This result is consistent with our observed 40% reduction in these animals in vivo.
PV cells were evident from DIV24, in line with the later appearance of this marker in
vivo (Xu et al, 2004), and represented 13-15% of the MGE population (24DIV-28DIV)
(Figure 4-2 F-I). A significant loss of PV CINs was detected in Mtg8-/- cultures (Figure
4-2 I). However, this was accompanied by a loss of YFP-positive cells that started at
DIV18, well before PV cells appeared in control cultures (Figure 4-2 J). Consequently,
we could not determine whether the decrease in PV INs in Mtg8 mutant cultures
was due to defective specification or cell death in culture, or a combination of both.

4.2.1.3 Loss of SST expression in transplanted MGE CINs lacking MTG8 or
MTG8/MTG16
In order to investigate the role of Mtg8 and Mtg16 in the development and maturation
of PV and SST CINs, we performed in vivo transplantation experiments (See Chapter
2 section 2.7). Dissociated E13.5 MGE donor cells carrying Lhx6-Cre and the R26RYFP alleles, thus labelling all MGE-derived CINs with YFP, were transplanted into
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Figure 4-2. Abnormal MGE CIN development in vitro in the absence of MTG8
A) In vitro co-culture experiment. E16.5 Lhx6-Cre;R26R-YFP dissociated cells from the
cortex were cultured on an astrocyte feeder layer. SST and PV cells were identified and
quantified at various time-points in vitro (arrow haeds). B-E) NEUN, SOX6, SATB1 and
KCC2 expression in vitro in WT cells. F-G) SST and PV expression in WT cells. H-I)
Quantification of SST and PV cells as a percentage of all MGE. J) Quantification of YFP
cells surviving in culture. Arrows show double positive cells in each panel. N=2 separate
sets of experiments and each from at least 2 different brains of each genotype. Data are
presented as Mean±SD. *P<0.05, **P<0.01, ***P<0.001. Scale bars: 50 µm in all the
panels.
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P0.5 WT host cerebral cortices (Figure 4-3 A). Transplantations were carried out
from control, Mtg8+/-, Mtg8-/-, Mtg16-/-, Mtg8+/-Mtg16-/- and Mtg8-/-Mtg16-/- embryos.
Animals were sacrificed at 40 days post-transplantation (DPT) and transplanted
CINs were identified and quantified using immunohistochemistry (Figure 4-3 B).
Approximately 40% of the WT transplanted cells expressed SST (Figure 4-3 C). Consistent
with our previous findings at embryonic stages in vivo and in vitro, the number of SST
cells was lower in the Mtg8-/- transplanted cells (P<0.0001). There were also fewer SST
cells in compound Mtg8-/-Mtg16-/- mutants compared to controls (P=0.0006). However,
unlike our findings at embryonic stages in vivo (see Figure 4-1 D), there was no significant
difference in SST IN numbers between Mtg8-/- and Mtg8-/-Mtg16-/- animals (Figure 4-3 C).
AT 40 DPT, ~12% of the WT transplanted cells expressed PV (Figure 4-3 D). Mtg8-/transplanted cells showed a tendency for an increase in PV cells compared to controls but this
was not statistically significant (P=0.06). Compound mutants Mtg8+/-Mtg16-/- and Mtg8-/Mtg16-/- showed a significant increase in PV cell numbers compared to controls (Figure 4-3 C).
The result from this transplantation showed that both the Mtg8 and Mtg8/Mtg16 mutant
transplants contain more PV cells compared to controls, while SST cell numbers are
reduced. This may indicate that MTG factors orchestrate the balance between SST
and PV cells generated from the MGE. Alternatively, the increase in PV cell numbers
observed in the mutants may be caused by cell death within the MGE CIN population.

4.2.1.4 Normal PV IN numbers in transplanted CINs lacking MTG genes
To address whether the observed increased number of PV cells in the transplantations
was due to cell death and reduction in the total number of transplanted cells in Mtg
mutants, I transplanted differentially labelled control (YFP+vetdTomato+ve) and Mtg mutant
(YFP+ve) INs simultaneously into P0 brains and quantified the relative ratio between
the two populations at 40 DPT (Figure 4-4). To account for errors in dissection, I first
mixed the two populations in a ~1:1 ratio and cultured them for 24 hours to determine
the true starting ratio (Figure 4-4 A-C). In all of these experiments, control cells were
YFP+vetdTomato+ve and ‘mutant’ cells (of all genotypes, including Mtg8+/+Mtg16+/+) were
YFP+ve. I then quantified surviving XFP-labelled transplanted cells from control and
Mtg ‘mutant’ animals at 40 DPT (Figure 4-4 D-E). I plotted these as a % of the starting
ratio for each mixture (Figure 4-4E). The number of surviving transplanted Mtg8+/Mtg16-/- cells was reduced by 17% compared to Mtg8+/+Mtg16+/+ controls (P=0.0002).
A 25% reduction was observed in the Mtg8-/- population (P<0.0001). Compound
mutants (Mtg8-/-Mtg16-/-) showed a 29% decrease (P<0.0001). There was no significant
cell death in Mtg16-/- mutant transplants compared to controls (Figure 4-4 E). Thus,
deletion of Mtg genes has a negative effect on long-term survival of MGE-derived CINs.
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Figure 4-3. Abnormal maturation of transplanted MGE-derived CINs lacking
MTG8 or MTG8 and MTG16
A) Experimental plan. B) Immunohistochemistry detecting SST, PV and YFP in a brain
following transplantation st 40 DPT. C-D) Quantification of SST and PV cells as a percentage of transplanted MGE population. Data are presented as Mean±SEM. *P<0.05,
**P<0.01,***P<0.001, ****P<0.0001. Scale bars: 200 μm in (B) left and 20 μm in (B)
right.
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Figure 4-4. Co-transplantation of WT and mutant MGE-derived CINs showed the
essential role of MTGs in long-term survival of these cells
A) Experimental plan. B) Immunohistochemistry detecting YFP and TdTOM in the
mixed WT control (YFP+ve/TdTOM+ve) and WT (YFP+ve) expressing MGE-derived cells
after 1DIV. C) Quantification of the starting ratio of WT control (YFP+ve/TdTOM+ve) and
‘mutant’ (YFP+ve) cells. D) Immunohistochemistry detecting YFP+ve cells and YFP+ve/TdTOM+ve in a brain following transplantation at 40 DPT. E) Quantification of YFP expressing cells as a percentage of co-transplanted WT control (YFP+ve;TdTOM+ve) MGE population. Arrows show YFP+ve/TdTOM-ve cells. Arrow-heads show YFP+ve/TdTOM+ve WT
control cells. Data are presented as Mean±SEM. ***P<0.001, ****P<0.0001. Scale bars:
50 μm in (B) and 300 μm in (D).
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In view of the above result, using the same transplantations and a correction for the
starting ratio of WT (YFP+vetdTomato+ve) and ‘mutant’ (YFP) cells, I quantified again
SST and PV CINs, factoring-in the cell death observed in mutant cells. For example,
in Mtg8-/- transplantations, I observed about 20% loss of transplanted YFP+ve cells
at 40 DPT (Figure 4-4E). In Figure 4-5B, I added this 20% to the total number of
‘mutant’ YFP cells. Corrected values are indicated by a √ in the figure. As the exact
ratio of yellow/green cells varied slightly in each experiment, transplantation from
each transgenic mutant has been compared to its’ co-transplanted WT control cells
(Figure 4-5 B-D). As was expected from the previous experiment, the number of SST
cells was reduced in Mtg mutants as compared to controls (Figure 4-5 B). About 32%
of the Mtg8+/-Mtg16-/- cells expressed SST, which is a significant reduction (P=0.0006)
compared to control cells. Also, Mtg8-/- and Mtg8-/-Mtg16-/- cells had a greater decrease
in the number of SST expressing INs compared to controls (P<0.0001), with ~54% and
~57% reduction in SST cell numbers, respectively. There was no significant reduction in
SST cell numbers between Mtg16-/- and controls (Figure 4-5 B). In contrast to SST, the
number of PV cells in transplantations derived from mutants did not change in any of
the genotypes examined (Figure 4-5 D). This indicates that loss of Mtg genes does not
interfere with the development or maturation of the PV branch of the MGE CIN lineage.

4.2.2 MTG8 gain-of-function studies: disruption of PV cell maturation by
overexpression of MTG8
In order to further examine the role of MTG8 in MGE-derived CIN development, I
overexpressed MTG8 in the MGE CIN lineage using lentiviral-mediated transduction.
The lentiviral construct was double-floxed allowing expression of the cassette in
cells carrying a Cre gene. MTG8 was overexpressed as a fusion with the fluorescent
protein Venus but separated by the T2A peptide sequence. The T2A peptide mediates
self-cleavage of the multi protein to separate VENUS from MTG8 (Figure 4-6 A).
This construct had been generated by Marcio Oliveira in the Kessaris lab. To test the
functionality of the construct, a postdoctoral fellow in the lab, Dr Agata Stryjewska,
transfected it into Cos-7 cells together with a Cre plasmid. After 48h, protein extracts
were collected from the cells and analysed on a Western blot using anti-MTG8 and
-GFP antibodies. The blot showed cleavage of the translated fusion protein in the
presence of Cre (Figure 4-6 B). Once the construct was validated, I generated viral
particles carrying this construct and used them to transduce dissociated E13.5 MGE
cells from Nestin-Cre;R26R-tdTom embryos to assess the transduction efficiency
and Venus expression. Indeed, the cells were effectively transduced after a very short
incubation (1h) with the virus confirming the effectiveness of the virus (Figure 4-6 C).
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Figure 4-5. Abnormal maturation of transplanted SST
MGE-derived CINs lacking
MTG8 or MTG8 and MTG16
A)
Immunohistochemistry
detecting SST, TdTOM and
YFP in a brain following
transplantation at 40 DPT. B)
Quantification of the SST INs
in WT control (YFP+ve;TdTOM+ve) and ‘mutant’
(YFP+ve) showed abnormal
maturation of SST in Mtg mutants. C) Immunohistochemistry detecting PV, TdTOM
and YFP in a brain following
transplantation at 40DPT. D)
Quantification of the SST INs
in mutant and wild type control cells PV cells have normal
number in MTGs mutant. Corrected values for cell death are
indicated by √. Arrows show
YFP+ve cells co-expressing
SST or PV. Arrow heads show
YFPve+ve;TdTOM+ve WT
control cells co-expressing
SST or PV. Data are presented
as Mean±SEM. ***P<0.001,
****P<0.0001. Scale bars:
150 μm in (C) left and 30 μm
in (C) right.
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Figure 4-6. Structure and validation of MTG8-Ve-DOI virus
A) Schematic of the lentiviral construct used to overexpress Mtg8 in MGE-derived cells.
The lentiviral construct was double floxed allowing restricted expression of the cassette
in cells carrying a Cre gene. The T2A sequence mediates the multi-protein self-cleavage
to separate MTG8 and VENUS proteins. B) Western blot analysis of on the protein extracts prepared from Cos-7 cells co-transfected with or without Cre and Mtg8-Ve-DOI
plasmids. Western blotting showed an efficient cleavage between VENUS and MTG8
proteins. Arrows show the cleaved MTG8 and VENUS proteins. Arrow-heads show the
un-cleaved multiprotein. C) Immunohistochemistry detecting VENUS and TdTom in
MGE-derived Nestin-Cre;Tdtom cells transduced with Mtg8-Ve-DOI virus. Arrows show
Venus+ve/TdTOM+ve cells. Arrow-heads show TdTOM+ve non-transduced cells. Scale bar:
50 μm in (C).
In order to determine whether overexpression of MTG8 interferes with the
development of the MGE CIN lineage, I used the lentiviral construct above to transduce
dissociated MGE cells derived from mice expressing Nkx2-1-Cre and the reporter
tdTomato. TdTomato allows me to identify transplanted cells. Transduced MGE cells can
be identified by co-expression of Venus with tdTomato. Dissociated transduced cells were
transplanted into P0-P1 pups and allowed to mature in vivo for 40 days (Figure 4-7 A).
Quantification of YFP expression in tdTomato cells indicated that ~35% of MGE
cells had been transduced with the virus (Figure 4-7 B). As Nkx2-1-Cre is expressed
in dividing and non-dividing cells we could not differentiate between the effects of
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Figure 4-7. Mtg8 over-expression is disruptive to PV development in MGE-derived
INs
A) Experimental plan B) Transduction efficiency in transplanted MGE-derived cells transduced with Mtg8-Ve-DOI lentivirus. C-D) Immunohistochemistry detecting SST cells in
WT (TdTOM+ve) and transduced (TdTOM+ve/YFP+ve) INs in a brain following transplantation at 40 DPT. E) Quantification of the SST+ in WT (non-transduced) and TdTOM+ve/
YFP+ve (transduced) MGE-derived transplanted INs. F-G) Immunohistochemistry detecting PV cells in WT TdTOM+ve and TdTOM+ve/YFP+ve transduced INs in a brain following
transplantation at 40 DPT. E) Quantification of PV cells in WT (non-transduced) and
TdTOM+ve/YFP+ve (transduced) MGE-derived transplanted INs. Arrows show VENUS+ve/
TdTOM+ve expressing SST or PV. Arrow-heads show TdTOM+ve cells expressing SST or
PV. Data are presented as Mean±SEM. ***P<0.001 Scale bar: 100 μm in (C) and (F), and
10 μm in (D) and (G).
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MTG8 overexpression in these two populations. Attempts to do that using EdU
incorporation at the time of transduction failed due to low number of EdU cells in the
transplanted population. I assessed the expression of SST and PV as a % of transduced
(tdTom+veVenus+ve) and non-transduced cells (tdTom+ve) (Figures 4-7 C-H). MTG8
overexpression did not cause a significant change in the number of SST cells (Figure
4-7 E). In contrast, the number of PV cells was decreased by 35% in transduced cells
compared to non-transduced (P=0.0002) (Figure 4-7 H). This result indicates that MTG8
over-expression can disrupt the normal development and/or maturation of PV CINs.

4.2.3 MTG functions within the MGE lineage
Loss of LHX6 results in complete loss of SST and PV cell specification in vivo (Liodis
et al, 2006). On the other hand, reduction of LHX6 dosage to 40% results in reduction of
SST but not PV cells. This suggests that SST cell specification requires higher amounts
of LHX6 protein (Neves et al 2013). The partial loss of SST in LHX6 hypomorphic
mutants resembles the phenotype observed in Mtg mutants. This raises the possibility
that MTG proteins may act together with LHX6 to mediate some of its effects. I therefore
set out to determine the genetic relationship between Lhx6 and the Mtg genes (4.2.3.1),
identify possible common target genes for Lhx6 and Mtg (4.1.3.2) and determine whether
reduction in the dosage of the two genes results in defects in SST specification (4.2.3.3).

4.2.3.1 Mtg16 but not Mtg8 is downstream of Lhx6
To address whether Mtg8 and Mtg16 are activated downstream of LHX6, I examined the
expression of these two genes in Lhx6-/- mutant brains. Loss of Lhx6 resulted in absence of
MTG16 but not MTG8 proteins (Figure 4-8 A); a few scattered MTG16-expressing cells
remained in Lhx6-/- dorsal cortex. On the other hand, as mentioned before, the expression
of Lhx6 was unaffected by deletion of MTG16 or MTG8 (Figure 4-8 B) Thus, Mtg16 is
activated downstream of LHX6. Whether it is a direct target of LHX6 remains unknown.
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Figure 4-8. MTG8 and MTG16 and Lhx6 expression in Lhx6, Mtg8 and Mtg16
mutant mice
A) Immunohistochemistry detecting MTG8 and MTG16 in Lhx6-/- mouse. MTG8 had
normal expression in Lhx6 null brain. MTG16 is almost depleted in Lhx6 null mouse. Although, very few cells in the cortex specially in the cingulate cortex (1) remained expressing MTG16. B) ISH for Lhx6 in Lhx6 and Mtg mutants Lhx6 expression did not change
in Mtg8-/- and Mtg16-/- mutants. Scale bar: 200 μm in (A) and 100 μm in (A1) and (B).
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4.2.3.2 Common molecular defects in Mtg and Lhx6 mutants.
Based on our data so far, we hypothetised that MTG8/16 and LHX6 are acting along
similar pathways to control aspects of MGE-derived CIN development. In our microarray
analysis examining differentially expressed genes in MGE- and CGE-derived CINs, we
had identified MGE-enriched genes, some of which were previously known to be LHX6
targets (Zhao et al., 2008) or known to be enriched in MGE-derived INs (Miyoshi et
al., 2015). I examined the expression of some of these genes in Mtg8, Mtg16 and Lhx6
null E18.5 mutants to identify possible common molecular defects in these mutants.
NPY (Neuropeptide Y) is a neuropeptide, expressed both in CINs and PYNs. Npy-expressing
cells were severely reduced in the caudal cortex and striatum in the absence of Lhx6. Also,
a less prominent reduction was observed in the striatum of Mtg8-/- mutants (Figure 4-9 A).
Neto1 (Neuropilin And Tolloid Like 1 expresses) is expressed by neurons and
modulates neuronal excitability (Wyeth et al., 2017). ISH showed that Neto1 was
expressed by CINs migrating through the MZ, CP and IZ at E18.5. Neto1 was
completely absent in the cortex of Lhx6-/- embryos although residual expression
remained in the striatum. Neto1 appeared normal in all other embryos (Figure 4-9 B).
Mafb (MAF BZIP Transcription Factor B) is expressed downstream of Lhx6 and
is expressed in migratory INs (Cobos et al., 2006). Mafb-expressing INs were
completely depleted in the cortex of Lhx6-/- mutants. A possible reduction in
the number of these cells was observed in the MTG16-/- cortex (Figure 4-9 C).
Mkx (Mohawk Homeobox), is expressed in MZ migratory INs and was reduced in
the MZ and other layers of the cortex in Lhx6 mutants. Also, the number of Mkx
expressing cells in the subplate of the Mtg16-/- cortex was likely reduced (Figure 4-9 D).
DPP10 (Dipeptidyl peptidase-like protein 10) is a protein that interacts with potassium
channels and modulates K+ current into neuronal cells (Zagha et al., 2005). At E18.5 it is
widely expressed in cortical neurons presented in cortical plate. In the absence of Mtg8
and Lhx6, the Dpp10-expressing cells in the CP appeared to be reduced (Figure 4-9 E).
This will need further assessment with more animals and other ages.
Dlgap2 is an autism associated gene that encodes one of the main scaffold proteins
in the postsynaptic density (Jiang-Xie et al., 2014). I could not identify any
noticeable defects in the expression of Dlgap2 upon Mtg deletion. In contrast, CINs
migrating through MZ appeared to be reduced in Lhx6-/- embryos (Figure 4-9 F).
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Figure 4-9. ISH of MGE-derived INs enriched genes in Mtg8, Mtg16 and Lhx6 mutants at
E18.5

A) ISH for Npy. Npy expressing cells were reduced in the caudal cortex and the striatium of the Lhx6-/mouse. Also, a less svere reducation was observed in the striatum of the Mtg8-/- mutant. Noticably, diamtere of the cortex in the Mtg8-/- mouse was reduced compared to WT (Brackets). B) ISH for Neto1. Neto1
was absent in the cortex of the Lhx6-/- animal, but the residual expression of Neto1 remained in the striatum
of this mutant. C) ISH for Mafb. Mafb was completely depleted in the cortex of the Lhx6-/- mutant. D) ISH
for Mkx. Mkx was reduced in the MZ and other layers of the cortex in the Lhx6 mutant. Also, a possible
reduction in the number of Mkx expressing cells was observed in the SP of the Mtg16-/- cortex. E) ISH
for Dpp10. A possible reduction in the number of Dpp10 expressing cells in the CP of Lhx6-/- cortex was
observed. F) ISH for Dlgap2. It seemed that the CINs migrating through MZ root had been reduced in the
Lhx6-/- mouse. MZ: Marginal zone, CP: Cortical Plate, IZ: Intermediate Zone, SP: Sub Plate, CX: Cortex,
STR: Striatum. Scale bar: 200 μm in (A) left and 30 μm in (A) right.
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4.2.3.3 Lack of defects in compound Mtg8+/-Lhx6+/- and Mtg16+/-Lhx6+/- animals
Recent data have shown that MTG16 can interact with the LIM Domain Binding
Factor 1, LDB1, in hematopoietic stem cells (Schuh et al., 2005, Stadhouders et al.,
2015). Since LDB1 is a binding partner of LIM homeobox proteins (Matthews and
Visvader, 2003), we hypothesized that MTG8 and/or MTG16 may interact with LDB1
and LHX6 in a complex. Such a complex would explain the similarity in the phenotype
between the LHX6 hypomorphic mouse (Neves et al., 2012) and the Mtg8-/- mouse.
A postdoctoral fellow in the lab is addressing the possibility of protein interactions.
I explored the idea that reduction of LHX6 combined with reduction of MTG8 or
MTG16 at the gene level may result in a compromise in the function of the putative
complex and recapitulate the phenotype of SST cell reduction. For this I bred the mouse
mutant lines and quantified the number of Lhx6, Sst and Pv expressing cells in Mtg8+/Lhx6+/- and Mtg16+/-Lhx6+/- pups at P15. None of the genotypes examined showed
a significant difference from controls (Figure 4-10). This included Lhx6, Sst and Pv
expressing cell numbers. This finding suggests that, either the protein levels are not a
limiting factor in the heterozygote state, or the proteins are not functioning in a complex.
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Figure 4-10. Quantification of Lhx6, Sst
and Pv expressing
INs in Mtg8+/-Lhx6+/and Mtg16+/-Lhx6+/P15 animals.
Expression and quantification of Lhx6 (A-D),
Sst (E-H), and Pv (I-L),
expressing cells in WT,
Mtg8+/-Lhx6+/- and Mtg16+/-Lhx6+/- animals.
Data are presented as
Mean±SD. Scale bars:
125 µm in (A) left and
300 µm in (A) right.
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4.3 Discussion
In chapters 3 and 4 I explored the expression and role of MTG8 and MTG16 in the
specification and survival of SST- and PV- expressing CINs. My findings with relevance
to CINs can be summarised as follows:
a) MTG8 is expressed in 60% of MGE-derived INs at early embryonic stages. This
expression is largely downregulated by E18.5 and remains as such in the adult.
b) MTG16 expression is restricted to the MGE lineage at embryonic stages when
nearly all MGE-derived INs express MTG16. This is downregulated to a large
extent in the adult when only subsets of cells maintain expression.
c) Loss of Mtg8 or combined loss of Mtg8 and Mtg16 result in reduction of Sstexpressing CINs from early embryonic stages. Loss of Mtg16 alone results in
loss of Sst CINs only at late postnatal stages (Marcio Oliveira, unpublished
results). Abnormal MGE CINs that migrate into the cortex but fail to express Sst
die at postnatal stages.
d) PV CINs are unaffected by Mtg loss although overexpression of MTG8
interferes with their development.
e) Mtg16 is activated downstream of Lhx6.

4.3.1 Cortical IN specification in the absence of Mtg8 and Mtg16
4.3.1.1 SST IN reduction in Mtg8 and Mtg16 mutants
MTG8 deletion results in a significant reduction in the number of SST INs while it does
not affect the MGE CIN linage commitment and migration. This phenotype is more
severe in double Mtg8Mtg16 mutant mice (Figure 4-1 D). MTG proteins can form
heterodimers with family members (Zhang et al., 2001). Thus, it is possible that, MTG8
and MTG16 work together to drive aspects of CIN differentiation, hence the greater
SST reduction observed in the double mutants. However, in my transplantation studies
the loss of SST INs was similar between the Mtg8-/- and the Mtg8-/-Mtg16-/- compound
mutants (Figure 4-3C and 4-5B). This discrepancy can be due to greater cell death in
Mtg8-/-Mtg16-/- INs after transplantation and reduction of the IN pool in double mutants.
However, this was not the case as demonstrated through my transplantation study which
showed similar cell death between Mtg8-/- and the Mtg8-/-Mtg16-/- compound mutants
(Figure 4-4 E). Further work to increase the n number in each experiment is needed to
clarify whether the difference between Mtg8-/- and the Mtg8-/-Mtg16-/- mutants is real.
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The normal development and survival of Mtg16-/- SST INs in transplantations is in line
with our observation that in Mtg16-/- animals SST cell number is significantly reduced
only after 4 months and some animals develop seizures around 6 months (data not shown).
This late phenotype suggests that Mtg16 has a role in the long-term survival of SST cells
in the cortex rather than the early specification of these cells. This is consistent with our
observation that MTG16 protein can be detected in the cortex only after E16.5 (Figure
3-3). SST INs in Mtg16-/- animals may be specified correctly in terms of SST expression
but other features that allow them to correctly integrate into the network may be abnormal
leading to their eventual death. Electrophysiological and morphological characterization
of these cells in vivo will be paramount in identifying any functional defects.

4.3.1.2 PV differentiation in Mtg8 and Mtg8Mtg16 compound mutants
I analysed the PV CIN lineage generation in Mtg8-/- and compound Mtg8-/-Mtg16-/- mutants.
Using transplantation studies in which we could follow IN maturation I found that PV IN
numbers were significantly increased in Mtg8+/-Mtg16-/- and Mtg8-/-Mtg16-/- mutant MGE
transplants (Figure 4-3 D). However, from our in vitro work we found that from 18DIV the
number of MGE-derived cells had started to decline in mutant cultures indicating reduced
viability of these cells (Figure 4-2 J). This may be due to loss of cell connectivity because
SATB1, the marker of maturing MGE derived CINs (Close et al., 2012), was not detectable
in mutant cultures at this stage (not shown). In addition, it has recently been shown that
Mtg8 deletion results in decrease in endothelial-colony forming cell viability, possibly due
to downregulation of growth factors involve in angiogenesis (Liao et al., 2017). Moreover,
blocking MTG8 and MTG16 activity results in depletion of differentiating neurons in
Xenopus spinal cord (Koyano-Nakagawa and Kintner, 2005). Based on these observations
it is possible that MTG8 and MTG16 are essential for CIN viability postnatally. Thus, an
increase in PV INs can be due to selective SST cell death and depletion of total number
of transplanted CINs. Indeed, this was the case (Figure 4-4 E) and our transplantation
assay showed that in the absence of Mtg8 and Mtg16 (alone or in compound mutants),
PV cells appear in normal numbers (Figure 4-5 D). Thus, MTG proteins are selectively
important for normal specification and, consequently, survival of SST but not PV CINs.

4.3.2 PV reduction by over-expression of Mtg8
Mtg8 is essential for SSTspecification and survival and is dispensable for PVIN differentiation.
It is also possible that the MTG co-factors are necessary to suppress the PV phenotype within
the SST branch of the MGE lineage. Some of the known factors that selectively modulate
the PV/SST fate decision and maturation. For instance, BMP4 is a differentiation factor
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essential for PV cell differentiation and suppression of SST differentiation (Mukhopadhyay
et al., 2009) DLX5 and DLX6, transcription factors that contribute to PV cell maturation
(Wang et al., 2010) and PTEN, a gene that regulates SST IN survival. (Vogt et al., 2015).
If MTGs affect SST and PV development differently, by overexpressing MTG factors we
would be able to shift the fate of INs. For example, CoupTFII differentially regulate the
SST and PV fate and over expression of CoupTFII in transplanted MGE cells results in
decrease in number of PV cells and an increase in SST IN population (Hu, Vogt, Lindtner,
et al., 2017). In my transplantation experiment, selective overexpression of Mtg8 in MGEderived INs did not shift the balance between SST and PV INs. Rather, it interfered with PV
IN fate and caused a reduction of PV cells (Figure 4-8 H). Thus, it is possible that MTG8
supresses the PV fate in SST cells, but its expression is not sufficient to drive a SST fate
in PV progenitors. As SST CIN specification is thought to require higher levels of LHX6
compared to PV (a conclusion that can be drawn from the Lhx6 hypomorphic mouse
which has a reduction in SST but not PV INs (Neves et al., 2013). It would be interesting
to overexpress LHX6 on its own or combined with MTG8 to determine whether the levels
of LHX6 alone or in combination with MTG8 can drive a SST fate in MGE progenitors.

4.3.3 Protein-binding partners of MTG factors
SST INs are more dependent on the LHX6 activity than PV INs as mice having 40%
expression of Lhx6 show reduction in the number of SST, but not PV INs (Neves et al., 2013).
This resembles the phenotype observed in Mtg mutants, based on our in vivo embryonic
analysis and my in vivo transplantation experiments, it is possible that LHX6 and MTGs are
working along the same pathway, with MTGs mediating some of the effects of LHX6. In
addition, since loss of LHX6 results in absence of MTG16 but not MTG8 (Figure 4-9 A) we
can conclude that Mtg16 is activated downstream of LHX6 and mediates some of its effects.
Our data did not allow us to discern whether LHX6 and MTG interact at the protein
level to form a functional complex. However, LHX6 and MTG16 can both bind to
LDB1, a gene expressed in MGE cells. Binding of LDB1 to LHX6 enables this TF
to interact with enhancers on the Shh gene (Zhao et al., 2014). MTGs and LDB1 may
thus interact with LHX6 to form a multimeric TF complex that stabilizes binding of
LHX6 on its target sequences. To address this possibility, we used double heterozygote
mutant mice to potentially reduce protein levels and compromise the function of
a putative complex. Quantification of SST and PV numbers in Mtg8+/-Lhx6+/- and
Mtg16+/-Lhx6+/- animals showed no difference to WT controls (Figure 4-10). This
suggests that, either protein levels are not limiting in the heterozygote state or, the
proteins are not functioning as a complex. Analysis of protein levels in our compound
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mutant mice would clarify whether protein levels are reduced in the heterozygote state.
If LHX6 forms a complex with LDB1 and MTG proteins, then other possible members
of this complex include the SIN3A and HDAC family members which act as chromatin
remodelling factors. This possibility is based on observations of interactions of MTG
proteins with SIN3A and HDACs (Amann et al., 2001) and similar reports of interactions
between LDB1 and HDACs (Meier et al., 2006). Also, by analysing the protein interactome
profile in Biogrid online database (Figure 4-11 A) I found that MTG8 and LHX6 can both
interact with OTUD4 (OTU Deubiquitinase 4), a gene which has been associated with
progressive ataxia and cerebellar and hippocampal neuronal cell loss in humans (Margolin
et al., 2013). Also, MTG8, MTG16 and LHX6 all bind to TRIM33 (Transcriptional
Intermediary Factor 1 Gamma) a co-repressor protein that has been shown to be
downregulated in INs in patients with schizophrenia (Pietersen et al., 2014). It is possible
that MTGs facilitate and stabilise the formation of large protein complexes containing
LHX6 and other TFs and/or co-repressors in order to change the regulatory activity
of these proteins (Figure 4-11 B). Such interactions and the interaction between MTG
factors and LDB1 or LHX6 can be identified in future co-immunoprecipitation studies.

4.3.4 Common IN defects in Mtg and Lhx6 mutants
If MTG proteins and LHX6 work together to specify the CINs, deletion of these genes
would result in similar defects in CINs. NPY-expressing striatal INs were reduced in the
absence of Lhx6 and to a lesser extent in Mtg8 mutants. This is in line with our previous
observation that Mtg8 is expressed by INs of the striatum (Figure 4-3 and 4-5 C). A
reduction of NPY CINs has also been observed in the cortex (M.Oliveira, unpublished) in
line with the fact that NPY is expressed in a subset of SST INs (Kubota and Kawaguchi,
1994; Ma et al., 2006). Also, some less noticeable defects were observed in Mtg16-/- and
Lhx6-/- INs. However, proof of these awaits quantification. SOX6 acts as downstream
factor of LHX6 and in its absence the number of SST and PV cells dramatically decreases
(Azim et al., 2009) but the total number of MGE-derived INs remains unchanged (BatistaBrito et al., 2009). Knocking out Sox6 in INs partially resembles the effect of Mtg8
deletion, thus, it would be of interest to assess the expression of Sox6 in Mtg8-/- animals.
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Figure 4-11. Interaction between LHX6, MTG8, MTG16 and other protein partners
A) Venn diagram depicting the overlap of LHX6, MTG8 and MTG16 protein partners
based on Biogrid data base. MTGs and LHX6 interact with proteins which have been
associated with neurological diseases, such as TRIM33 that binds to LHX6 and MTGs
and OTUD4 which interacts with MTG8 and LHX6. Also, MTG16 and LHX6 can bind
to the LIM domain binding protein, LDB1. B) Models illustrating the possible regulatory effects of MTG proteins, namely MTG8 on LHX6 regulatory activity. MTGs usually
work in big protein complexes and recruit multiple co-repressor proteins such as SIN3A
and HDACs. These interactions can change the transcriptional activity of LHX6 (Left).
Also, MTG8 can facilitate the interactions between LHX6 and other unknown (?) TFs, as
a result of the large interaction surface, the protein complex will be stabilised on the transcriptional site. Such interactions can be essential for generation of functional regulatory
effect of LHX6. Double headed arrow indicates that the independent LHX6 and other TFs
fail to bind to DNA efficiently and generate an efficient regulatory impact on transcription
in INs, because of their low affinity-based ‘on rate’.
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4.4 Conclusion
We can conclude so far that MTG8 is expressed during early embryonic stages in migrating
MGE CINs and is required for the early specification of a subset of SST, but not PV CINs. It
is activated independently of LHX6, but may act in a complex with LHX6 to mediate MGE
SST CIN specification. MTG8 over-expression interferes with PV fate in the MGE lineage.
MTG16 on the other-hand has a later expression in CINs during embryogenesis and its
deletion does not result in significant specification defects in early MGE CINs. A late
requirement of MTG16 in SST CINs can be observed in MTG16-/- animals suggesting a
role in later differentiation events.
MTG proteins can recruit transcriptional repressors or activators to target loci of DNAbinding factors. They can also interact with co-repressors and HDACs (Amann et al., 2001,
Hildebrand et al., 2001) thus, affecting gene expression in time and cell-specific manner.
Analysing the transcriptional profiles of MGE-derived CINs upon Mtg8 loss is necessary to
delineate the gene network activated downstream of MTG8. Comparing this to Lhx6 mutants
will identify common target genes that mediate SST CIN specification and differentiation.
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5.1 Introduction
5.1.1 Anterior commissure anatomy
Axons from commissural neurons form the connection between left and right hemispheres,
and by doing so, coordinate signalling in contralateral regions in the brain. The three main
telencephalic commissural axon tracts in mammals are the corpus callosum (CC), the
hippocampal commissure (HC) and the anterior commissure (AC) (Figure 5-1).
The AC is the most ancient commissure of the brain and has important roles in olfaction,
chemoreception, acute pain sensation, colour perception, attention and processing of
emotional memory (Bennett, 1968; Sullivan and Hamilton, 1973; Vogt, 2005; Winter
and Franz, 2014). Pyramidal neurons whose cell bodies are located within the cortex
(mostly in layers V and VI), amygdala, and olfactory bulb project through the AC. The AC
consists of two main branches: the anterior limb (ACa), connecting olfactory structures
originating from cells located in the anterior olfactory nucleus (AON), and the posterior
limb (ACp) that connects the temporal lobes. In particular, the ACp connects contralateral
perirhinal and rostral cortex, and regions of the amygdala in the stria-terminalis (Figure
5-1) (Jouandet and Hartenstein, 1983).
Figure 5-1. Forebrain commissures
The three major commissural tracts in the
adult brain are indicated in diagrams of
horizontal sections through the adult mouse
forebrain. The bifurcation of the anterior
commissure into anterior (ACa) and
posterior (ACp) limbs is shown. Modified
from Chédotal and Richards, 2010.

5.1.2 Telencephalic cues guiding the formation of the AC
The proper formation of commissural axon tracts is regulated by various guidance
molecules and their receptors. Glial structures surrounding the commissural paths play
important roles in axon pathfinding by providing some of these guidance molecules
along the tract. The cues can bind to their receptors on axon growth cones and act as
chemorepellent or chemoattractant molecules (Reviewed in Lindwall et al., 2007; Suairez
et al., 2014). Four main signalling pathways regulate the formation of the AC. These
receptor/ligand families and the anterior commissure phenotypes of mouse mutants
lacking these genes are summarised in table 5.1.
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NRP2 (Neuropilin 2) together with PLXN (Plexins) form a ligand-binding and signal
transduction motif necessary for SEMA3F (Semaphorin 3F) repulsive signalling (Barberis
et al., 2005; Chen et al., 2000). Expression of SEMA3F in the POA and striatum guides
AC fibres to cross the midline (Sahay et al., 2003). Germline deletion of Nrp2 gene results
in complete absence of AC a phenotype mimicking that of SEMA3F mutation (Chen
et al., 2000; Giger et al., 2000). NRP2 also binds to SEMA3B, which has a role in the
arrangement and positioning of AC bundles, but not the general AC axon pathfinding (Falk
et al., 2005). Although PLXNA3 is the main receptor for SEMA3F, defects in anterior
commissure formation are absent in these mutants (Yaron et al., 2005). PLXNA4 is also
expressed in the AON and lateral telencephalon in the mouse embryo. In its absence, the
anterior and posterior limbs of the AC are both missing, and the AON fibres are misrouted
to the ventral surface of the forebrain (Suto, 2005).
The EPH (Ephrin) family of receptor tyrosine kinases has also been implicated in axon
guidance. In particular, EPHA4, which binds to variety of ephrin ligands, is essential for
AC formation because in its absence all AC structures are missing in the ventral forebrain
(Dottori et al., 1998; Ho et al., 2009).
CELSR3 (Cadherin EGF LAG Seven-Pass G-Type Receptor 3) belongs to the family of
CELSR atypical protocadherin transmembrane proteins. Celsr3 is expressed in postmitotic
neurons of the ventral forebrain where it is essential for development of the internal
capsule and the AC (Tissir et al., 2005; Zhou et al., 2008). The CELSR3 axonal guidance
pathway also interacts with EphA-ephrinA in motor axon steering in the hindlimb (Chai
et al., 2014).
5.1.3 Transcription factors in the formation of the AC
A number of TFs have been identified as having a role in the development of the AC.
Interestingly, some TFs that contribute to IN specification have additional functions in
commissural formation. For instance, embryos lacking NKX2-1 show failure of the AC
to cross the midline (Sussel et al., 1999); NKX2-1 represses the expression of NRP2
(part of semaphorin signalling mechanism) in MGE-derived migrating INs and directs
them towards the striatum (Nóbrega Pereira et al., 2008). Ascl1 deletion results in
defective corpus callosum fibres (Casarosa et al., 1999). Although some of these defects
are indirect consequences of TF loss, some TFs may directly regulate the expression of
axon guidance cues and their receptors. For example in the mouse hindbrain NKX6-1
directs the axonal projection of motorneurons by regulating the cell surface receptor RET
(Rearranged during transfection) (Muller, 2003). LIM homeodomain transcription factors
such as LIM1, ISL1 and LMX1 (LIM Homeobox Transcription Factor 1), have also been
associated with axonal pathfinding within the limb mesenchyme via the regulation of
expression of ephA4 and its ligand (Kania and Jessell, 2003).
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Ligand/
receptor
Family

Ligand/
receptor

Mice
model

AC phenotype
ACa

Sema 3B
Sema 3F
Nrp2
Plexin A3
Plexin A4

null
null
null
null
null

abnormal
missing
missing
normal
missing

EphA4

null

abnormal

EphB2 (Nuk)

null

EphB3
Celsr
receptors
Linx/ TrkA/
Ret

Semaphorin
/Neuropilin/
Plexin

Ephrin/Eph

Commissral
AC
abnormal
missing
missing
normal
missing

Reference
ACp
abnormal
missing
missing
normal
missing

Falk et al., 2005
Giger et al., 2000
Chen et al., 2000
Yaron et al., 2005
Suto et al., 2005

missing or
abnormal

reduced

Dottori et al.,
1998

normal

normal

reduced

Henkemer et al.,
1996

null

normal

normal

normal

Ho et al., 2009

Celsr3

null

abnormal

missing

missing

Tissir et al., 2005;
Zhou et al., 2008

Linx/Islr2

het

abnormal

missing

missing

Abudureyimu et
al., 2018

Table 5-1. Major receptor/ligand families involved in AC guidance and phenotypes observed
in mutant mice.

5.1.4 Nervy in axonal tract development
nervy is the Drosophila homologue of Mtg8. nervy mutants present motor nerve
defasciculation and misrouting. In contrast, overexpression of nervy results in failure of
motor neurons to defasciculate and innervate their muscle targets (Terman and Kolodkin,
2004). In this high visibility study, Terman and Kolodkin found that Nervy interacts with
Plxn and acts as a protein kinase anchoring protein (AKAP) that couples cAMP-PKA
(cyclic AMP- Protein kinase A) to PLXNA. MTG8 and MTG16 were also found to act
as AKAP in lymphocytes where they bind to the regulatory subunit of typeII cAMPdependent protein kinase (Fukuyama et al., 2001; Schillace et al., 2002). Both studies
have subsequently been questioned by Ice et al. who claim that Nervy, like the mammalian
MTG8 is predominantly, or even exclusively, localized to the nucleus thus unlikely to
act as an AKAP near the plasma membrane or the Golgi (Ice et al., 2005). Therefore,
the mechanism through which Nervy acts to regulate axon tract formation and guidance
remains unknown.
Preliminary data from our lab had indicated that embryos lacking Mtg8 are missing all AC
structures whereas other commissural tracts develop normally (Oliveira and Kessaris,
unpublished). I assessed axon tract development in more detail in Mtg8 mutant and
control embryos in order to fully characterise the effects of Mtg8 loss.
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5.2 Results
5.2.1 AC defects in Mtg8 germline KO animals
Immunohistochemistry using the axonal marker L1 (L1 cell adhesion molecule) showed
lack of midline crossing of the AC (Figure 5-2 A-B). In contrast, the CC and the HC
appeared normal in thickness and midline crossing (Figure 5-2 C-D).

Figure 5-2. Commissure formation at E18.5
A-B) Coronal sections at AC level stained for L1 and counterstained with Hoechst.
Mtg8-/- embryos lack AC midline crossing. C-D) Horizontal sections at the level of
CC and HC stained for L1 and counterstained with Hematoxylin. Normal crossing
of the CC and the HC in the absence of MTG8. EC: External Capsule. Scale bars:
500 μm in (B).

Serial horizontal sections from Mtg8-/- and control brains stained for L1 were compared in
greater detail (Figure 5-3). Although a rudimentary ACa was observed in mutant embryos,
these axons never crossed the midline (arrows in Figure 5-3 B). No bundle emerging out
of the temporal lobe to form the ACp was observed in Mtg8 mutants (not shown). A
possible disorganization of the internal capsule was also observed in Mtg8 mutants (arrow
in Figure 5-3 D).
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Figure 5-3. AC formation in control and Mtg8-/- embryos at E18.5
A-D) Horizontal sections at the level of the AC stained for L1 and counterstained
with Hoechst. Mtg8-/- embryos show lack of AC midline crossing (Double Arrows).
A rudimentary ACa bundle can be seen emerging from the Mtg8-/- brain (arrow in
B). The internal capsule is also disorganised in the mutants (arrow in D). Scale bar:
500 μm in (B).

5.2.2 MTG8 is essential for the formation of the ACa and the ACp
In order to better visualize the developing AC in control and Mtg8-/- embryos and detect
reminiscent axons of the AC limbs, we carried out DiI tracing in E18.5 embryos. We
placed three DiI crystals unilaterally along the anterior-posterior extent of the lateral
cortex in control and mutant embryos (Figure 5-4 A-B). A clear AC crossing the midline
as well as the anterior and posterior limbs were evident in control brains (Figure 5-4
C-top). In contrast, no midline crossing, or anterior commissural tracts were detected in
Mtg8-/- embryos, confirming our previous findings. A few aberrant bundles at the level
of the ACa were detected in mutants, but these failed to cross the midline (Figure 5-4

Figure 5-4. DiI tracing of the AC in control and Mtg8-/- brains
A-B) Schematic and horizontal sections showing the position of DiI placement.
Arrowheads indicate the position of the crystals. Sections were counterstained with
Hoechst. C) Horizontal sections at the AC level. The anterior and posterior limbs as
well as the midline crossing were missing in Mtg8-/- embryos. Arrows indicate the
midline crossing point. Scale bars: 500 µm in (B) and 250 µm in (C).
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C-bottom).
To further examine this phenotype, I placed just one DiI crystal in the olfactory bulb to
trace any ACa fibres that may emerge from the AON. Indeed, I found short and disrupted
ACa bundles in Mtg8-/- mutants that failed to run medially (Figure 5-5 B). Thus, in Mtg8/narrow ACa fibres form abnormally and do not cross the midline.

Figure 5-5. DiI tracing of the ACa in control and Mtg8-/- brains
A) Schematic shows the position of DiI placement. Arrowhead indicate the position of the crystal. Sections were counterstained with Hoechst. B-C), Horizontal
sections at the AC level. The anterior limb of AC turns to the midline and cross to
reach the other hemisphere (Arrow in B), while in the Mtg8-/- embryo, ACa is under-developed and fails to cross the midline (Arrow in C). Scale bar: 250 µm in (C).

5.2.3 Guidance cues in embryos lacking MTG8
In order to identify the possible cause of AC failure in Mtg8 mutants, we assessed
expression of receptor-ligand cues previously implicated in AC development. There was
no major difference between the expression of Sema3F or its receptor complex, Nrp2 and
PlxnA4, between WT and Mtg8-/- brains at E14.5 (Figure 5-6 A). A possible difference may
be present in Nrp2 expression (Figure 5-6), but this may be due to the level of the section
therefore, this observation awaits further experiments. Also, there was no noticeable
change in the expression of EphrinA4 and Celsr3 in the absence MTG8, compared to
controls (Figure 5-6).
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Figure 5-6. Normal gene expression
of commissural guidance cues and
their receptors in the absence of
MTG8 at E14.5
ISH for the AC axonal cues and their
receptors did not show any major defects in their expression in the Mtg8-/mutants. Scale bar: 500μm.
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5.2 Discussion
The AC is one of the main inter-hemispheric axonal tracts, connecting the contralateral
olfactory bulbs and temporal lobes. In recent years, the role of axonal guidance molecules
and their receptors as well as various TFs on the development of the AC has been
investigated.
Our data show that in germline Mtg8 KO mice, both limbs of the AC are missing or
underdeveloped, and the bundles fail to cross the midline. The very few fibres that emerge
from the olfactory bulb in mutant brains fail to run caudally to reach the midline.
A role for Nervy, the Drosophila MTG8 homologue, in axon tract formation and guidance
had previously been identified. However, the mechanism of action remains unknown. Our
findings are consistent with a role for MTG8 in axon tract formation and/or guidance.
Previous data in the lab had shown that Mtg8 is expressed in axons emerging from the
ACa but not in ACp (Marcio Oliveira, unpublished results). This had been shown through
β-Gal staining in the Mtg8+/- embryos, where β-Gal was observed within these axons. It
is therefore likely that MTG8 may have a cell-autonomous role within those neurons and
the formation of their axons. Alternatively, MTG8 may be required within neurons or
glia surrounding the axonal bundles and guiding the commissures. Such a function had
previously been proposed for the TF NKX2-1 (Minocha et al., 2015). MTG8 may have
an analogous role to orientate specific AC axons.
The cell autonomous requirement for MTG8 in axon tract formation and guidance can be
addressed using conditional MTG8 LOF mice and either Emx1-Cre to delete the expression
of Mtg8 from the olfactory bulb and neocortical neurons and another, ventral forebrainexpressing Cre mouse such as Gsx2-Cre and/or NKkx2-1-Cre. These experiments would
allow us to differentiate between a cell-autonomous requirement within pallial neurons
or a non-cell autonomous requirement within the ventral forebrain to guide the axons
towards their normal path. Our observation of the presence of only rudimentary bundles
emerging from the ACa and complete absence of bundles of the ACp suggests that the
requirement may be a cell autonomous one.
We assessed the expression of a number of chemo-attractant and chemo-repellent signalling
molecules and their receptors that had previously been implicated in AC development.
We found no noticeable difference in the expression of Nrp2, PlxnA4, Celsr3 and EphrA4
between Mtg8 mutant and control brains. This further suggests that the defect observed
may be caused by a cell autonomous requirement for MTG8 within the PYNs themselves
for the normal formation of their axons.
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6.1 Introduction
Serotonin (5-hydroxytryptamine, 5-HT), is a neurotransmitter with important functions
during embryonic and postnatal neuronal development and is one of the main components
of neuronal signalling during adulthood. Serotonin has different types of receptors in the
CNS. 5-HT3 receptor (5-HT3R) is the only serotonin ligand-gated ion channel receptor
that upon activation changes the Ca2+ permeability and influences excitability of the cell
(Figure 6-1 A). 5-Ht3r is expressed in CNS by principal neurons and INs, especially in
limbic nuclei (Reviewed in Engel et al., 2013). In the developing CNS, 5-Ht3r is first
expressed in the CGE at E12.5 and expression is maintained in tangentially migrating INs.
During adulthood, both cortical and hippocampal INs (HINs) express 5-Ht3r (Johnson
and Heinemann, 1995; Miquel et al., 1995; Tecott et al., 1995; Vucurovic et al., 2010,
Reviewed in Berumen et al., 2012).

Figure 6-1. 5-HT3R expressing INs in CA1 region of hippocampus
A) Schematic shows the molecular structure of the Serotonin (5-HT) neurotransmitter and its ionotropic receptor 5-HT3R. Serotonin changes the electrophysiological activity of the neuron by increasing the intracellular sodium and calcium
concentration. (Adapted from Berumen et al., 2012). B) Schematic shows the
OLM cells within CA1 region of the hippocampus. OLM cells provide the feedback inhibitory input to the distal apical dendrites of principal neurons and directly influence the incoming signals from entorhinal cortex on these excitatory
neurons (Adapted from Muller and Remy, 2014; Saito et al., 2003).
5-HT3R positive INs account for about 30%n of all CINs in the somatosensory cortex (Lee
et al., 2010). These cells co-express CCK, VIP, NPY, CR and RLN but are almost excluded
from SST and PV expressing cells (Inta et al., 2008; Lee et al., 2010; Morales and Bloom,
1997; Vucurovic et al., 2010). Some of these cells are located in deep layer III and in layer
IV of the cortex, receive strong thalamocortical synapses and are central to thalamocortical
feedforward inhibition (Lee et al., 2010; Reviewed in Rudy et al., 2011). Single cell RNA
sequencing of developing cortical 5-HT3R positive INs identified three subpopulations of
cortical 5-HT3R positive INs. Type I expresses genes enriched in LGE-derived neurons,
whereas Type 2 and 3 express CGE-like genes. Interestingly, MGE-enriched genes
were not identified in cortical 5-HT3R positive INs in this study (Frazer et al., 2017).
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Recent data have suggested that in the hippocampus, among other INs, a subset of O-LM
(Oriens-lacunosum moleculare) cells expresses 5-HT3a receptors and receive dense
serotonergic input from median raphe nucleus neurons (Chittajallu et al., 2013). O-LM cells
are GABAergic INs that represent 40% of all SST INs in the hippocampus (Reviewed in
Pelkey et al., 2017) and have their cell bodies within the inner most layer of hippocampus,
stratum oriens (s.o.). They project their axons perpendicular to hippocampal innermost
layer (stratum lacunosum-moleculare (s.l.m.)). O-LM cells within the CA1 region of the
hippocampus provide feedback inhibitory input to the distal apical dendrites of PYNs
and directly influence the incoming signals from the entorhinal cortex (Figure 6-1 B).
Individual O-LM INs densely innervate multiple PYN dendrites. Thus, these cells have
significant impact on hippocampal signalling coordination and network entrainment. Also
they play crucial role in memory consolidation (Leão et al., 2012) and synaptic plasticity
(Pangalos et al., 2013). O-LM cell dysfunction has been associated with neurological
disorders such as schizophrenia (Neymotin et al., 2011), epilepsy (Dugladze et al., 2007),
and cognitive impairments (Stanley et al., 2012).
An embryonic MGE origin for O-LM cells was initially reported using electrophysiological
and morphological assessment combined with lineage tracing studies (Tricoire et al.,
2011). This was consistent with the MGE origin of all SST INs previously reported for the
cortex (Fogarty et al., 2007). A surprising second origin in the CGE was later proposed for
~30% of all hippocampal O-LM cells (Chittajallu et al., 2013). The latter conclusion was
based on findings from transgenic mouse lines that label MGE and CGE INs combined
with physiological and functional studies (Chittajallu et al., 2013).
Recent in situ hybridization mapping of Sst expressing INs in the developing mouse
brain suggested that most, if not all, telencephalic Sst expressing cells originate in the
diagonal area or anterior entopeduncular area (AEP) and not the pallidal neuroepithelium
(Puelles et al., 2016). This suggestion was based on the observation that SST cells appear
to emerge in the mantle adjacent to the AEP which is thought to downregulate expression
of the endogenous Nkx2-1 gene at E13.5 (Puelles et al., 2016). Also, the POA is the
embryonic region that expresses both Nkx2-1 and 5-Ht3r and generates subpopulation of
HINs (Jaglin et al., 2012; Vucurovic et al., 2010). Although not addressing the origin of
hippocampal SST INs in particular, this study again raised the possibility of alternative
sources for SST INs in the developing telencephalic neuroepithelium.
By combining different transgenic mouse lines and immunohistochemistry for the
identification of IN subtypes, I revisited the issue of the embryonic origin of O-LM cells.
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6.2 Results
6.2.1 Genetic lineage tracing shows an MGE/AEP origin for all CA1 SST INs
We used a series of transgenic mice expressing Cre recombinase in the embryonic
telencephalon in order to trace the origins of hippocampal SST-expressing INs. Expression
of Cre in all mice used in this study has been reported previously (Flames et al., 2007;
Flandin et al., 2010; Fogarty et al., 2007) and is summarised in Figure 6-2A. Nkx2-1-Cre
is expressed in the neuroepithelium of the MGE, AEP and POA, but lacks expression
in the dorsal-most domain of the MGE, despite robust expression of the endogenous
Nkx2-1 gene in that area (dMGE) (Fogarty et al., 2007). Nkx6-2-Cre is expressed in the
dMGE neuroepithelium and the very caudal region of POA (Fogarty et al., 2007; Gelman
et al., 2011) and Shh-Cre is expressed in the POA (Flames et al., 2007; Flandin et al.,
2010; Fogarty et al., 2007). Dual transgenic mice expressing Nkx2-1-Cre and Nkx6-2Cre label the entire MGE, AEP and POA neuroepithelial zones (Fogarty et al., 2007).
None of the mice used in this study express Cre in the LGE or the CGE (Flandin et al.,
2010; Fogarty et al., 2007). We crossed Cre lines to GFP or YFP-expressing reporter
lines (Mao et al., 2001; Srinivas et al., 2001) and quantified the percentage of SST INs
expressing GFP/YFP in s.o. in the CA1 at postnatal day 30 (Figure 6-2 B-F). Around 70%
of SST INs expressed GFP in Nkx2-1-Cre;R26R-GFP mice indicating that the majority
are generated from Nkx2-1-Cre expressing precursors (Figure 6-2 B-F). This is consistent
with previous findings and suggests that the remaining 30% may be generated either
outside the MGE/POA (Chittajallu et al., 2013) or from the dMGE which does not express
Cre in these mice (Figure 6-1 A) (Fogarty et al., 2007). Analysis of Nkx6-2-Cre;R26RGFP mice showed activation of GFP in around 30% of CA1 SST INs (Figure 6-2 C-F),
indicating either a dMGE or a POA origin for these cells. To distinguish between the
two, we examined Shh-Cre;R26R-GFP mice where the POA neuroepithelium is labelled
and found <5% contribution to SST INs (Figure 6-2 D-F). This indicates that SST HINs
labelled in Nkx6-2-Cre mice originate in the dMGE. The complementarity between Nkx21-Cre and Nkx6-2-Cre mice was confirmed in Nkx2-1-Cre;Nkx6-2-Cre;R26R-GFP triple
transgenics where nearly all SST expressing INs in CA1 s.o. were labelled with GFP
(Figure 6-2 E-F). Altogether, our genetic lineage tracing analysis shows that all SSTexpressing hippocampal CA1 INs in s.o. originate in Nkx2-1-expressing proliferative
zones, as previously demonstrated for all cortical SST INs (Lee et al., 2010; Reviewed in
Kessaris et al., 2014; Bandler et al., 2017) .
6.2.2 The AEP contributes to but is not the sole source of telencephalic SST INs
Recent in situ hybridization mapping of SST INs in the developing mouse brain suggested
that most, if not all, telencephalic SST cells originate in the AEP (or diagonal area) and
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Figure 6-2. Genetic lineage tracing of SST expressing INs in CA1
A) Schematic representation of the embryonic expression of the Cre recombinase in ventral telencephalon neuroepithelium in different transgenic mice. None of these transgenic
lines express Cre in the LGE or the CGE. B-D) Immunohistochemistry detecting SST INs
expressing GFP/YFP in the CA1 region in different transgenic mice at P30. E) Quantification of SST+ve/XFP+ve INs as a percentage of SST expressing cells in S.o. at postnatal
day 30. Arrows show SST+ve/XFP+ve cells. Arrow heads show SST+ve/XFP-ve Cells. Data
are presented as Mean±SD. Scale bars: 20µm in (B) left and 5µm in (B) right.
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that failure to label 30% of cortical INs in Nkx2-1-Cre mice may have been caused by
lack of NKX2-1 expression in the AEP at E13.5 (Puelles et al., 2016).
In order to clarify this, I carried out immunohistochemistry for NKX2-1 on embryonic
brains at E13.5. I could not detect down-regulation of NKX2-1 in the AEP (Figure 6-3
A) and, in contrast to the dMGE which fails to activate expression of GFP in our Nkx21-Cre;R26R-GFP mice, I find robust activation of the Rosa26R-GFP allele in the AEP at
E13.5 (Figure 6-3 A).

Figure 6-3. Endogenous expression of NKX2-1 in MGE and AEP in Nkx2-1-Cre;YFP and Nkx6-2-Cre;GFP mice at E13.5
A) Endogenous NKX2-1 expression in Nkx2-1-Cre;YFP at E13.5. Expression of endogenous NKX2-1 and Cre transgene overlapped in MGE and AEP regions. But dMGE failed
to activate the expression of YFP in Nkx2-1-Cre;R26R-YFP mouse as previously described (Fogarty et al., 2007). B) Endogenous NKX2-1 expression in Nkx6-2-Cre;GFP
embryo at E13.5. Cre transgene was expressed in the dMGE but not in the AEP in this
mouse. Scale bars: 100 µm in (B) left and 60 µm in (B) right.
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This indicates that the 30% of SST INs that failed to be labelled in the Nkx2-1-Cre;R26RGFP mouse are not generated from the AEP. Instead, in Nkx6-2-Cre mice, which express
Cre in the dMGE, but not in the AEP (Figure 6-3 B), 30% of hippocampal SST INs are
labelled and complement the Nkx2-1-Cre mice (Figure 6-2 F). Hence, we can conclude
that the AEP may contribute to, but is not the sole or principal source of hippocampal SST
INs, and it is not the source of 30% of hippocampal SST INs that are unlabelled in our
Nkx2-1-Cre mice.
6.2.3 SST INs are generated in the absence of NKX2-1
In order to clarify the requirement for NKX2-1 in the generation of hippocampal SST INs,
I examined Nkx2-1 germline KO embryos for the presence of SST cells. At E13.5 most
Sst-expressing cells were missing from the telencephalon in Nkx2-1-/- embryos compared
to controls (Figure 6-4 A-B). However, a clear stream of cells seemingly emerging from
the AEP could be detected in mutant embryos (Figure 6-4B). Activation of Lhx6, a direct
transcriptional target of NKX2-1 (Zhoa et al., 2008 ,Du et al., 2008; Sandberg et al.,
2016), can be detected in mutant embryos near the Sst positive zone, but expression is not
maintained in migrating SST cells (Figure 6-4 C-D). At E18.5, the latest stage at which
these embryos can be examined due to postnatal lethality, we could detect Sst expressing
cells in subcortical regions such as the developing amygdala, but these did not express
Lhx6 (Figure 6-4 F-H). In contrast, the hippocampus was almost devoid of Sst and Lhx6
expressing cells (Figure 6-4 I-L). Altogether, our data indicate that subcortical SST cells
are generated in the absence of Nkx2-1, but do not maintain expression of Lhx6. Whether
this represents a Nkx2-1/Lhx6-independent Sst population or an abnormal population
of Sst-expressing cells generated in these mutants remains unknown. Nevertheless, the
absence of SST INs in the hippocampus at E18.5 suggests that this population does not
migrate to the hippocampus.
6.2.3 A single LHX6 origin of hippocampal SST INs
In order to further clarify the genetic origin of hippocampal SST INs we made use
of mice expressing Cre under control of Lhx6 (Fogarty et al., 2007). We previously
showed that nearly 100% of hippocampal CA1 SST INs are labelled with YFP in Lhx6Cre;R26R-YFP transgenic mice (Fogarty et al., 2007). I extended this work by assessing
SST HINs at all anterior-posterior levels of CA1 and confirmed a near-complete colocalization of SST with YFP (Figure 6-5 A-C).
Previous work had suggested that Lhx6 may be downregulated in the adult cortex. (Cobos et
al., 2005) In order to determine whether SST HINs maintain LHX6 expression in postnatal
animals, we used transgenic mice expressing Cre under control of Sst (Taniguchi et al., 2011).
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Figure 6-4. Sst and Lhx6 expressing INs in Nkx2-1 germline KO embryos in different
rostral-caudal levels
A-B) Coronal sections of telencephalon in different rostral-caudal levels in WT and Nkx21-/- mouse embryos at E13.5. Most Sst expressing cells were missing from the telencephalon in Nkx2-1-/- embryos compared to controls. Although a clear stream of SST cells was
emerging from the AEP (arrow in (B) right) in the mutant, these cells were not migrating
dorsally to the cortex. C-D) Activation of Lhx6 could be detected in Nkx2-1-/- embryos at
E13.5 near AEP (arrow in (D) right), but the expression was not maintained in dorsally
migrating INs. E-H) Coronal sections at different telencephalic rostral-caudal levels in
WT and Nkx2-1-/- embryos at E18.5. Few Sst expressing cells in subcortical regions such
as the developing amygdala were detectable in Nkx2-1-/- embryos at E18.5 but these cells
did not express Lhx6. I-L) The hippocampus was almost empty of Sst- and Lhx6-expressing cells in Nkx2-1-/- embryos. Scale bars: 200 µm in (D), (G) and (K).
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Immunohistochemistry for LHX6 and YFP and quantification of co-localization between
the two in CA1 s.o. showed that the majority of SST CA1 INs maintain LHX6 expression
in the adult (Figure 6-5 D-E). However, there was a marked variability in the levels of
expression of LHX6 and a small proportion of YFP cells appeared negative for LHX6
(~15%) (Figure 6-5 D-E). This variability was also observed in the cortex, although a
smaller proportion was negative for LHX6 in this region (~5%) (Figure 6-5 D-F).

Figure 6-5. Fate mapping of SST hippocampal INs in the CA1 region in adult Lhx6Cre;R26R-YFP transgenic line and LHX6 expression variability in SST INs
A) Schematics show the different rostro-caudal levels of hippocampus. B-C) Fate mapping
of SST HINs at all anterior-posterior levels of CA1 in adult Lhx6-Cre;R26R-YFP. All SST
CA1 INS in S.o. expressed Lhx6-Cre. Hence they were originated from LHX6-expressing
progenitors. D-F) LHX6 expression in Sst-Cre;R26R-YFP adult mice. Variability in the
LHX6 expression level in SST INs was observed as a small proportion of YFP cells in SstCre;R26R-YFP mice appeared negative for LHX6. This variability was also observed in the
cortex (Arrow in F(a)). Arrow show SST+ve/YFP+ve cells. Data are presented as Mean±SD.
Scale bars: 30 µm in (B) left, 7µm in (B) left, 50 µm in (E) right and 15 µm in (E) right.
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Altogether, the data indicate that all SST CA1 INs in s.o. originate from LHX6-expressing
progenitors but a subset of these may lose expression of LHX6 protein at later stages.
Alternatively, YFP-expressing cells in Sst-Cre;R26R-YFP mice may represent non-SST
cells, ectopically expressing Cre as recently suggested (Hu, Vogt, Sandberg, et al., 2017;
Mikulovic et al., 2015).
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6.3 Discussion
The MGE and the CGE constitute the two major neuroepithelial sources of CINs. SSTand PV-expressing CINs originate in the MGE (Du et al., 2008; Fogarty et al., 2007).
The POA is a source of a small population of cortical PV and SST INs (Gelman et al.,
2011, 2009; Niquille et al., 2018). Previous work had shown that all SST expressing INs
in the hippocampus have an MGE origin, similar to their cortical counterparts (Fogarty
et al., 2007). The relatively recent report of a dual MGE-CGE origin for SST O-LM cells
based on the expression of 5-HT3R by a subset of these cells, is in contrast with previous
findings (Chittajallu et al., 2013).
6.3.1 All SST expressing INs in the CA1 region of hippocampus originated from
MGE
The prime distinguishing factor between the MGE and the CGE progenitor pools is the
expression of Nkx2-1 within the neuroepithelium (Sussel et al., 1999; Xu et al., 2005; Butt
et al., 2005). Two different Nkx2-1-Cre transgenic mouse models have been used in our
work and in the Chittajallu study. Both lines have reduced Cre expression in the dMGE
compared to the endogenous Nkx2-1 expression pattern that covers all the MGE and
POA/AEP regions (Fogarty et al., 2007; Xu et al., 2008). Using Nkx2-1-Cre Fogarty et al
had shown that a significant population of cortical and hippocampal SST cells remained
un-labelled. A spatial bias for the generation of SST INs in the dMGE had also been
reported based on findings from Nkx6-2-Cre mice (Fogarty et al., 2007). By using Nkx62-Cre, I also found that 30% of the hippocampal SST cells in the CA1 region are derived
from the dMGE. I excluded the possibility of an POA origin of these cells by using ShhCre transgenic line. Thus, all hippocampal SST cells in the CA1 region are generated
from NKX2-1 progenitors in the MGE and these will include 5-HT3R positive O-LM
cells proposed to be derived from the CGE. The 30% of O-LM cells that are not labelled
in the Chittajallu study and which express 5-HT3R are likely to originate in the dMGE.
The Kessaris group has previously used mice expressing Cre under control of Lhx6 to label
all MGE-derived INs in the cortex and hippocampus (Fogarty et al., 2007). They showed,
among others, that all SST expressing INs in the hippocampus can be labelled in these
mice and concluded that embryonic origin of this population is indeed the MGE, similar
to their cortical counterparts (Fogarty et al., 2007). I have also counted hippocampal
SST INs expressing Lhx6-Cre and confirmed the previous Fogarty work that indeed SST
within hippocampus at different rostral caudal level are all derived from MGE. Also, SST
cells were almost completely depleted by deletion of Nkx2-1 further supporting an MGE
origin of hippocampal SST cells.
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6.3.2 Hippocampal 5HT3-R expressing SST INs have the characteristics of MGEderived IN population
CGE derived INs are distributed in superficial layers in the hippocampus and cortex
(s.l.m. and s.r. (stratum radiatum)) whereas MGE derived INs are mostly found in deeper
layers such as s.o. and s.p. (stratum pyramidale) in hippocampus. The 5-HT3R expressing
O-LM cells are located in s.o. (Chittajallu et al., 2013) resembling more the MGE- derived
IN population. Additionally, both O-LM SST subtypes express Satb1(Chittajallu et al.,
2013), another marker that has been shown to be exclusively important for MGE derived
CINs migration, differentiation and survival (Denaxa et al., 2012) which is not expressed
by CGE-derived INs in the cortex. This observation can further be verified using SATB1
staining in 5-HT3R-Cre; YFP mice and by looking for colocalization of these markers in
hippocampal CA1 region.
In the cortex, MGE and CGE INs have distinctive electrophysiological activities.
MGE and CGE O-LM hippocampal SST cells are indistinguishable by their intrinsic
properties (such as their slow action potentials and moderate spike discharges) and the
only difference between them is with respect to their differential inhibition by 5-HT3R
specific antagonist. Although, the 5-HT3R-expressing SST cell groups have different
oscillatory roles compared to 5-HT3R negative counterparts (Chittajallu et al., 2013),
similar electrophysiological activity argues against a dual origin of SST O-LM cells.
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6.4 Conclusion
O-LM INs receive dense serotonergic innervation from median raphe nucleus (Böhm et
al., 2015) and they play important role in gating the signal derived from different brain
regions and in coordinating the hippocampal network. It is possible that a group of SST
O-LM cells adapt to express serotonergic receptor that enables them to be selectively
recruited by serotonergic input and participate in distinctive behavioural task. Based
on my data, expression of 5-HT3R is not the determinant factor that defines the origin
of O-LM cells and all SST O-LM cells regardless of their expression of 5-HT3R are
generated from the dMGE in the embryonic telencephalon and the differential expression
of 5-HT3R is likely to be a late diversification of these cells.
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7.1 Discussion
In this thesis, I explored the origin and specification of cortical and hippocampal INs.
Previous work in the Kessaris group had shown a differential expression of Mtg8 and
Mtg16 in MGE- and CGE-derived CINs during embryonic development. I have shown
that, indeed, Mtg8 and Mtg16 mRNA are expressed in the MGE at early stages of
development. Later, MTG proteins are expressed in migrating CINs originating in the
MGE. I made use of the available Mtg8 and Mtg16 loss-of-function mice and also gainof-function approaches in vivo and in vitro to further investigate the role of these genes
in the MGE lineage.
I have shown that MTG8, in particular, has an important role in the specification and
survival of SST expressing CINs, with no effect on the migration of these cells to the
cortex. In addition, overexpression of MTG8 in the MGE lineage interferes with the
specification of PV INs, further highlighting the role of the differential role of this gene in
IN fate determination. Furthermore, MTG8 is expressed in INs in the striatum and deletion
of Mtg8 results in reduction of NPY striatal INs. This observation further confirms the
role of MTG8 in IN specialisation. On the other hand, Mtg16 null MGE-derived INs
showed lacked early specification defects.
I have also shown that mice lacking expression of Mtg8 have developmental defects
in the formation of the AC, the major interhemispheric commissural tract that links the
olfactory bulbs and temporal lobes at the anterior and posterior level. Using axon tracking
techniques, I found that in these animals the ACp and AC midline crossing are completely
absent, and the ACa bundles are severely defasciculated. Thus, MTG8 is a novel factor
involved in AC development.
I have also investigated the embryonic origin of hippocampal SST INs in more detail. A
proposed dual MGE-CGE origin for SST INs in hippocampus (Chittajallu et al., 2013)
is in contrast to previous findings of a common embryonic origin for this particular IN
subtype. This assumption was based on the fact that a fraction of hippocampal SST cells
also expressed serotonin-receptor (5-HT3R), which is a marker for CGE-derived INs (Lee
et al., 2010). I revisited this observation and showed that all hippocampal OLM SST INs
expressed Lhx6, the MGE fate master regulator, hence they are embryonically originated
from MGE. Also, I have shown that a subset of SST INs are likely derived from the
dMGE. My results reinforce the view that INs which are assigned to a specific subtype
based on the expression of a so-called cardinal IN marker, have the same embryonic
origin.
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7.1.1 Role of MTG factors in the specification of MGE-derived INs
7.1.1.1 Early role of MTG8 in the specification of MGE-derived INs
The diversity within the IN lineage emerges gradually. In the GEs, the IN progenitors
within the SVZ have a greater molecular diversity compared to VZ cells. Also, the early
post-mitotic INs have diverse and discrete transcriptomic signatures (Mi et al., 2018).
These differences gradually increase during specification and maturation of INs (Tasic
et al., 2016). Hence, the transcriptional diversification of INs is established early during
embryogenesis and later progresses as they advance in their differentiation and maturation
programme.
I found that MTG8 is extensively expressed in the MGE SVZ and is absent from the VZ
at E14.5. Also, in Mtg8 null animals, SST INs are significantly reduced in the cortex and
also in INs in the GE mantle (Marcio Oliveira, unpublished). These observations suggest
that MTG8 has an early role during specification of newly-postmitotic MGE-derived INs.
The separation of SST and PV transcriptomic programs occurs early during development.
SST and PV IN precursors exhibit different transcriptomic profiles as early as E13.5.
Interestingly, the dissimilar expression of these genes in the SST (such as Sst, Tspan7, and
Satb1) and the PV (such as Mef2c, Erbb4) populations persists into adulthood (Mayer et
al., 2018). It is possible that MTG8 plays role in the differential expression of some of
these early genes especially within the Sst branch of the lineage.

7.1.1.2 Role of MTG factors in SST/PV fate determination
My experiments showed that Mtg8 is essential for specification and long-term survival
of the SST subset and is redundant for PV INs. However, overexpression of Mtg8 in
all MGE-derived cells caused a reduction in the number of PV INs. This suggests and
obligatory down-regulation of this gene for the normal development of PV INs.
Some known molecules control the fate determination and maturation of IN subtypes at
different stages of development. These factors contribute to PV/SST fate decision within
progenitors and/or differently affect their maturation of postmitotic INs (Reviewed in
Hu et al., 2017). However, there is no known TF that is expressed in PV but not in SST
CINs during development. How the expression of similar TFs within the MGE lineage
results in the emergence of different subtypes of INs has yet to be fully understood. It is
possible that PV fate is the default state for MGE-derived INs that can be modified by the
expression of other proteins (Hu et al., 2013). It is possible that the differential expression
program within INs is established by differential modulation of activity of common TFs
in different subtypes.
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Mtg8 and Mtg16 can change the function and timing of modulatory activity of the TFs
by recruiting repressor proteins (such as HDACs, SIN3A and NCOR-SMRT) to the
transcription site (Reviewed in Davis et al., 2003). Also, it has been shown the other
MTG family member, MTGR1, influence germline development by facilitating the
formation of protein complexes that consist of several TFs that stabilise the TFs onto the
transcriptional sites. By doing this, MTGR1 helps TFs to generate a functional regulatory
effect on transcription (Tu et al., 2016). Thus, MTGs are good candidates to change the
regulatory activity of TFs and enforce a divergent gene expression pattern in different
cell subtypes within a same lineage. For instance, in the hematopoietic lineage MTG16
promotes the differentiation of dendritic cells (DC) to plasmacytoid subtypes rather than
the classical DC (Ghosh et al., 2014) Thus it is likely that MTG factors establish the
diversity within the MGE-derived IN population by differentially regulating the activity
of common TF(s) within the MGE lineage and suppressing the PV phenotype in SST INs.

7.1.1.3 MTGs protein partners in INs
SST cell specfication requires higher amounts of LHX6 protein and the hypomorphic
animals with reduced level of Lhx6 (40% of normal dosage) have partial reduction in SST
cells numbers but have normal number of PV cells (Neves et al 2013). This phenotype is
similar to the defects observed in Mtg mutants. Recent data have shown that MTG16 can
interact with LDB1 (Stadhouders et al.,2015), the LIM-domain-binding protein that forms
a protein complex with LHX6 and is essential for development of MGE-derived INs (Zhao
et al., 2014). Thus it is possible that MTG proteins act together with LHX6 mediate some
of its regulatory effects on IN development. Co-immunoprecipitation analysis and mass
spectrophotometry in MGE-derived cells or in Cos-7 cells overexpressing MTGs with or
without and/or LHX6 will help to identify possible MTG protein-partner(s) and possible
interactions with LHX6. MTGs can also interact with bHLH (such as NEUROG2) and
E-box TFs (E2F) (Wei et al., 2007) which play important roles in the development of INs
(Aaker et al., 2010, Ruzhynsky et al., 2007). Such interactions may be revealed through
mass spec analysis.

7.1.1.4 Neurological defects associated with mutations in Mtgs
Disruption in the excitation-inhibition dynamics, caused by defects in CINs, can result in
hyperexcitability of the circuit and impairments such as epilepsy (Reviewed in Powell,
2013). Also early genetic defects during IN development have been linked to such defects.
Some of the Mtg16 null mice develop epileptic seizures around 6 month of age which
coincides with significant loss of MGE-derived INs in these animals (Marcio Oliveira
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unpublished). I found that MTG16 is expressed at late embryonic stages (around E16.5)
and is also present in a subset of MGE-derived INs in the adult cortex. I did not find any
defects in Mtg16-/- transplanted MGE-derived INs at early postnatal stages. Thus, the
late-onset of epilepsy in the Mtg16-/- mice may be linked to the late defects in SST INs.
MTG16 was absent in Lhx6 KO tissue, suggesting that MTG16 is acting downstream of
LHX6 and may mediate some of its effects on later aspects of IN development and/or
maturation of MGE INs.
Mtg8+/-MTG16-/- mice develop seizure at around 4 months, while Mtg8+/- animals are
normal. The epileptic seizures in Mtg8+/-MTG16-/- animals is likely associated with the
loss of MGE-derived CINs (Marcio Oliveira, unpublished). The loss of SST INs in
transplanted Mtg8+/-;MTG16-/- MGE-derived further confirms this observation. Based on
these results and the fact that MTGs can make heterodimers with other family members
(Liu et al., 2006; Sun et al., 2013; Tu et al., 2016), it is likely that MTG8 and MTG16
work together and influence the specification and long-term survival of SST CINs.
Synchronisation of neuronal network activity is important in higher cognitive tasks such
as learning and memory. Human mutations in Mtg8 have been associated with early onset
intellectual disability and mental retardation (Huynh et al., 2012, Zhang et al., 2009).
Given our recent finding regarding the cell-autonomous importance of MTG8 in the
development of CINs, perhaps these phenotypes are associated with IN defects in these
patients. However, MTG8 also has extensive expression in cortical and hippocampal
PYNs. I have also shown that Mtg8 deletion results in the absence of the major axonal
tract, AC, in mice. Thus, the mental impairments in the individuals baring Mtg8 mutation
can be caused by cumulative defects in both INs and principal neurons.

7.1.2 Role of Mtg8 in the development of the AC
I have shown that, in addition to CINs, Mtg8 is expressed in principal neurons.
Particularly, Mtg8 is expressed in principal neurons projecting through the anterior limb
of AC (Marcio Oliveira, unpublished.). In its absence, the AC is severely underdeveloped
and the midline crossing and ACp of the AC are completely missing. Also, in the ACa the
axonal bundles are reduced and misrouted. This phenotype resembles the defasciculation
of motor neurons axons in the absence of Nervy, the Mtg8 homologue gene in Drosophila.
This highlights the evolutionary role of MTG protein family in axonal development
I did not observe any molecular defects in the expression of the major receptor/ligand
families involved in AC in Mtg8-/- animals. Comparing the axonal arbour in the neuronal
culture of Mtg8-/- and wild type olfactory bulb will further elucidate if expression of
MTG8 regulates the development of the AC in a cell autonomous manner. In addition,
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the use of conditional mutant mice together with Cre drivers that will delete in cortical or
subcortical regions will help clarify this question.

7.1.3 The origin of SST hippocampal INs
7.1.3.1 Single MGE origin of SST CA1 INs
Although recent advances in generating different Cre transgenic mice enabled us to
delineate the origin of different classes of INs, the discrepancies in gene expression between
endogenous genes and the transgene have created inconsistencies in our conclusions.
A recent paper (Chittajallu et al., 2013) proposed a dual MGE-CGE origin for SST
hippocampal INs. They used Nkx2-1 Cre line (Xu et al., 2008) to label MGE -derived IN
population and concluded that 30% of O-LM SST INs which express 5-HT3R are derived
from CGE even though they had MGE-like laminar and electrophysiological properties.
I used several transgenic lines and showed that indeed these SST cells originate from the
dMGE. My result is supporting the general notion that genetic programs that direct INs
to adopt a particular fates with distinctive expression patterns of IN cardinal markers,
electrophysiological properties, connectivity and laminar position, are stablished very
early during development by expression of TFs in particular proliferative regions of the
ventral telencephalon.

7.1.3.2 A subset of SST INs is generated in the absence of NKX2-1
Interestingly, I found that some SST INs are produced in the absence of Nkx2-1 in the
AEP/POA regions, but fail to migrate tangentially to reach the dorsal telencephalon.
Different NKX family members are expressed in the developing brain and spinal cord
(McMahon, 2000; Marín et al., 2002; Gelman et al., 2009). nkx2-4 is expressed in the
hypothalamus and is redundant with nkx2-1 in hypothalamic patterning in Zebra fish
(Manoli and Driever, 2014). Thus it is possible that other NKX genes, such as Nkx2-4 or
Nkx6-2 may compenste for the loss of NKX2-1 in POA/AEP regions in the absence of
NKX2-1. This will explain why a subset of SST INs can be generated in NKX2-1 null
mice.
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7.2 Conclusion and Remarks
Mutation in genes that have important role in IN development may cause changes in
IN numbers, alteration in IN morphology or may modify the normal inhibitory activity
of INs. Such defects have been linked to a range of neurological disorders (Reviewed
in Kessaris et al., 2014; Marín, 2012; Takano, 2015). IN cell-based therapy has been
proposed to have potential benefits in neurological impairments which are caused by
excitatory-inhibitory imbalance. Transplanted MGE-derived cells into post-natal and
adult mice can make functional synapses in the host’s microcircuit. Such strategies have
been shown to ameliorate the symptoms of epilepsy, SCZ, Parkinson’s disease, anxiety
and also the chronic pain in animal models (Reviewed in Southwell et al., 2014). Also,
previous experiments had success in differentiating mouse stem cells and iPSCs into
functional GABAergic CIN (Nicholas et al., 2013).
PV and SST IN subtypes are differentially recruited by the neuronal network and have
distinct modulatory roles in specific behaviours and tasks (Reviewed in Yavoska 2016).
Also, defects in specific subtypes of INs can lead to specific neurological impairments
(Reviewed in Marín, 2012). Thus, it is necessary to understand the molecular pathways
that are responsible for generation, specification and maturation of different classes of
INs.
Recent transcriptomic studies have shed light onto how dissimilar gene expression
during development within segregated neuronal progenitors leads to the great diversity in
mature IN subtypes. Human and murine embryonic stem cells can be differentiated into
IN precursors and directed to adopt a specific IN cell type fate by precisely programming
gene expression (Nicholas et al., 2013, Au et al., 2013). Despite recent advances in our
understanding of molecular programmes involved in specification of INs, generating a
large and pure population of a specific subtype of INs remains challenging (Hu et al.,
2013, Au et al., 2013).
More research is necessary to further identify the transcriptional programs required for
production, specification and survival of IN subtypes. This study shows novel roles of the
regulatory proteins MTG8 and MTG16 in the development of SST and PV INs. Further
investigation is required to understand the molecular mechanism by which the MTG
proteins affect the MGE-derived IN development. This knowledge will not only enrich our
understanding of normal IN development, but can also provide us with a tool to promote
specific IN fates from stem cells in vitro. Also, this study elucidates the embryonic origin
of OLM SST INs which have distinctive role in memory consolidation and synaptic
plasticity in hippocampus (Leão et al., 2012, Pangalos et al., 2013). These results are
beneficial for any potential attempts to generate specific cortical and hippocampal IN from
embryonic stem cells or induced pluripotent stem cells for cell transplantation therapy.
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