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Abstract

Brain function dependson the activity of cortical 3-aminobutyric acid
producing(GABAergic) interneurons, whiclparticipate in the formation of inhibitory
circuits and contl the activity of excitatoryglutamatergigpyramidal neurongCortical
GABAergic interneurons are extremely diverse in morphology, electrophysiology and
molecularmarker expression. A plethora of transcription factors that control aspects of
this diversity has now been identified. Among them, the -hidneodomain
transcription factot HX6 is required for the differentiation of parvalbumifPV") and
somatostatih (SST") cortical interneurons. However, little iknown about the
molecularcascads operating downstream of LHiXo control the maturation of these
two major interneuron subtypes. With a focus on identifying recaod stagespecific
factors regulating inteleuron maturation, genomewide gene expression analysias
conducted in our lafratory and identified thegene encoding the chromatin organiser
protein SATHL asan LHX6 target in th&15.5 mouse cortex

In this thesis, we investigate tlve vivo role of SATB1 in cortical interneuron
terminal differentiation. Using aonstitutive SatbXtnull mouse establigd in our
laboratory we demonstratihat Satb1regulates multiple aspects 86T interneuron
maturation In contrast, i generatingmice with aspecific deletion ofSatblin PV*
interneuronsBV-Cre;Satb1flox) we show thaSatblis notrequired for thematuration
of this group of inhibitoryneurons.Moreover, interneurcspecific deletion ofSatbl
with the Nkx2.2Cre line reveals a disruption of the excitation/inhibition balance in the
brain and a significant loss of both SSahd PV interneurons. Finallywe show that
SATB1 and the general neuronal maturation marker KCC2 are coexpressed in mature
cortical interneurns. By performingoverexpression experiments in brain slices we

observed regulation dfcc2 expression by SATB1, but failed to detect any reciprocal



regulation ofSatblby KCC2. Overall, our findings provide a basis for understanding

the terminal differemation of interneurons in the mammalian cortex.
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Chapter 1. Introduction

1.1 The forebrain

1.1.1 Amatomy and function of the adultforebrain

The telencephalon is undoubtedly the most complex region of the mammalian
brain, not only in terms of architecture, but also with regardsetaronal cell type
heterogeneity and function. Coordination between its pallial (cortex) and subpallial
(basal gangliamost of the septum and some amygdala nuctenponents (Figure 1.1)
is absolutely criticafor normal bain function(Watsonet al,, 2012).

The basal ganglia comprise a group of four principal nuclei located at the ventral
forebrain, namely the striatum, the globus pallidus, the subthalamic nucleus and the
substantia nigra, which communicate between them via both excitatory andoiryhibit
connections but are also linked to the cortex and the thalamus. The basal ganglia are
mainly implicated in motor planning and execution, as well as in habit learning and
addiction (reviewed in Strausfeld and Hirth, 2013).

The cerebral cortex is the emwmost layer of the brain and can be divided into
three regions, according to their phylogenetic origin: the archicortex, which is the
evolutionarily oldest cortical subdivision and corresponds to the hippocampus, the
paleocortex, which includes the pariygdala, perirhinal, entorhinal and piriform
cortices and the neocortex, which includes the somatosensory, motor and visual
cortices. The archicortex and paleocortex participate in memory formation, navigation
and olfaction, and the neocortex is assodiatéh higher cognitive functionsS@uireet
al., 2008; Purveset al, 2013. The focus of this study will be the neocortex, the
evolutionarily most recent part of the cortex and one that has shown extensive growth in

terms of size and complexity, partiadly in humans.
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Chapter 1. Introduction

Bregma 0.50 mm Bregma -1.34 mm

Figure 1.1 The adult mouse forebrainCoronal sections of the adult mouse forebrain,

at rostral (Begma0.50 mm) and caudal levels @ma-1.34 mm), stained with Nissl
(right hemisphere) and pseudocoloured (left hemisphere) to ¢inghlie various areas.
Regions of pallial origin (CTX, HIP, pA) are highlighted in shades of purple, whereas
regions of subpallial origin (STR, SE, STN, sA) are highlighted in shades of green.
Note that some parts of the amygdal® of pallial origin, wheeas other parts are of
subpallial origin. Areas not mentioned herein are coloured in orange. CTX= cortex,
STR= striatum, SE= septum, HIP= hippocampus, STN= subthalamic nucleus, pA=
amygdala nuclei of pallial origin, sA= amygdala nuclei of subpallial wrijdodified

from the Allen Brain Atlas.

1.1.2 Laminationand connectivity of the neaortex

The neocortexs a laminated structur@nsistingof six horizontallayers (FVI),
occupied by two neuronal cell types with opposing actions: the excitatory projection
neurons and the inhibitory interneurpnwhich together constitute the major
components of cortical circuitsefviewed in Gaet al, 2013.

Cortical layers are formedsgrojection neuronsorn in theventricular ¢Z) and
subventricular $VZ) zonesof thedeveloping palliummigrate along the fibres of radial
glial cells (RGCs) The first projectio neuronswill form the preplate PP, which is
subsequentlgplit into thesuperficialmarginal zoneNIZ) andthe underlyingsubplate
(SP), by neurons forming theortical plate(CP). The CP will develp into layers HVI

of the catex, whereas the MZ will form layer. Importantly, these layers are generated
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Chapter 1. Introduction

i n an -odtimonmsmerro, w i 4bdin neumoes caoaisirlg ithe dekep cortical
layers (VIT V), whereas lateborn neurons occupy successively upper layers (I
(Figure 1.2; reviewed in Kwaret al, 2012).Dur i ng t hi s pooac¢te&ss
migration of newly-generated projection neurgriee MZ plays a fundamental role in
regulaing thelaminar position acquired by these cdhsviewed in Kwaret al, 2012.
In particular,the MZ contains a unique populationr@durons, the CajdRetzus cells,
which serete the extracellular matriproteinReelin RLN), awell-studiedregulator of
cortical lamination(reviewed in Tissir and Goffinet, 20p3d.ack of Reelinactivity in
Reelermouse mutantsor perturbation of the RLN signalling pathwagsult in severe
disorganisation of corticdaminae (reviewed ilD 6 Ar ¢ a n g e Examinat@®r0d 5
Reelermice revealed that latborn projection neurons fail to migrate past their early
born counterparteind as a resylsplitting of the PP by Cheurms is arrestednd
cortical lamination isomewhatinveed( r evi ewed i n DOArcangel o
It has long been appretgal that the cellular content of each layer of the mature
neocortex is uniquand that neurons within the same layer have common connectivity
patterns Layer | lacks projection neurons but contaihsir dendritic tufts and axonal
terminations as well as CajaRetzius cells. Layers-lll comprise callosal projection
neurons (CPN9, which mediate communication between the two telencephalic
hemispheres by sending their axons across the corpus callasymmary sensory
areas, layer IV is where spiny stellate cells, which receive thalamic input, are &oand
finally, layers \AVI contain corticofugal projection neurofSFuPNs)that projecttheir
axon collateralso the thalamus, spinal cord ather subcortical arealsayers VI also
contain a small populath of CPN (reviewed in Gaaet al, 2013).Moreover, there is
synaptic connectivity betwee the various cortical layer3hisis best describeth the
model of theii ¢ a n ocortical aicrocircuid ,  w hbasedonnitial work in the cat

visual cortexas well asiumeroussubsequent studieéccording to this model, thalami
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information reaches the cortex via layer IV, where it is amplifeed is subsequently
relayed to layers 1lll and from there to layer¥-VI. Direct projections from layer IV

to layers \WVI are also possiblgeviewed in Douglas and Martin, 2007).

1.1.3Neuronal subtypes of the neocortex

As mentioned above, cortical circuits consist of excitatory projection neurons
and inhibitory interneuronsThese two neuronal populations are responsible for
mediating the complex functions of the cortex and tbeardinated activity maintains
thefine balance between excitation and inhibitiorthe brain

Projection neurons also known as pyramidal neurons because of their
characteristic pyramigdhaped soma, represent the majority of cortical neurons (70
80%) and use the excitatory neurotransmitter glutamate. Their dendrites are
characterised by the presence of numerous spines and as their name implies, projection
neurons extend axonand transmit informatiorto distant cortical and subcortical
regions (reviewedni Molyneauxet al, 2007).Theyare born in the VZ and SVZ of the
pallium during embryogenesis and migraieng the fibres of RG€to form the si
horizontal layers of the cat (section 1.1.2andFigure 1.2).

Cortical projection neuronsare a heterogeneous population, in terms of
neurochemical content, physiological properties and connectivigssiiication of
projection neuronaccording taheir axonal pathway$¢dology has proved to bene
of the mostwidely used andeliable ways tagyroup these cellsAccording to hodology,
projection neurons are classified into associative, which project within the same
hemisphere, commissural, which send axons to the opposite cortical hemisphere and
corticofugal, which are further subdivided into coothalamic (CThPN) and

subcerebralSCPN)neurons projecting to the thalamus or brainstem apthal cord
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respectively SCPNs are further subdivided into corticotectal, corticopontine and
corticospinal neurongeviewed inMolyneauxet al., 2007.

In addition, great progress hasdm made over the past decadanravelling the
genetic programs that drive projection neuron subtype specification and diviersity
now established that competition between kenscription factors orchestratéhe
acqusition of CPN, CThPN or SCPMlentity (reviewed in Molyneauet al, 2007 and
Greiget al, 2013) Specification ofSCPNsrequires the zinfinger transcription factor
FEZF2 and its downstream effector CTIP2. FEZFpreses TBR1, a transcription
factor required for CThPN developmerand onversely, TBRIopposes the action of
FEZF2 and CTIP2 tinstruct acquisition of CThPN identitffhe same is also true for
SOX5, which represses FEZF2 and CTIR2iIl CThPN development is complet@ius
ensuring thaCThPNs and SCPNs are generated in the correct.dfielly, SATB2
regulates CPN specification by repress@@hPN and SCPN identitiggeviewed in
Molyneauxet al, 2007 and Greigt al, 2013).

Interneurons on the other hand, represent approximateR3@% of all cortical
neurons in the mouse and, with the exception of spiny stellate cellseatain
excitatory peptidergici nt er neur ons, t hey use t-h e [
aminobutyric acid (GABA) (reiewed in Markramet al, 2004). Cortical interneurons
contain aspiny dendrites and based on their morphology they were described by Ramén
y Caj al in 1899 as fAshort axon cell so.
cortex, the only exception bgnthe longrange projection GABAergic neurons,
forming connections between different cortical areas or between the cortex and
subcortical areas (reviewed in Tamamaki and Tomioka, 2010). In contrast to pyramidal
cells, cortical interneurons are born in tlganglionic eminences (GEs) of the
subpallium (section 1.3.1) and migrate tangentially in order to reach the cortex (section

1.3.3). The majority of cortical interneurons (derived from the medial ganglionic
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emi nence) f ol | eow ttoh emosdsatioaoakiiiegpesiectior neurons
(Valcanis and Tan 2003; Miyosht al, 2007, whereas others (derived from the caudal
ganglionic eminence) seem to preferentially occupy upper cortical layers, irrespective of
their time of birth Rubinet al, 2010;Miyoshi et al, 2010; Miyoshi and Fishell, 2011).
Cortical internewns are going to be our focubkroughout this thesis and their
heterogeneity, development and function will be extensively discussed in the following

sections.

1.14 Embryonic development of the forebrain

The forebrain (prosencephalon), the antemnast part of the neural tube, is one
of the three primary brain vesicles that form during early development, along with the
midbrain (mesencephalon) and the hindbrain (rhombentmphalt is further
subdivided into an anterior and a posterior part, the telencephalon and diencephalon
respectively (reviewed in Rallet al, 2002).

Following the formation of the neural plate at around embryonic day 6.0 (E6.0)
diffusible cues from tb Node and the anterior visceral endoderm (AVE) act to induce
and maintain anterior neural tissues E7.0. Subsequently, signals from the anterior
neural ridge (ANR) antagonise posteriorising cues and thus promote telencephalic
development. At E8.0, thevb sides of the telencephalic primordium fuse and by E9.0
the two telenephalic vesicles have formedlready at this stage, distinct markers are
discernible along the dorsoventral (DV) axis of the telencephalic vesicles. Finally,
further subdivisions witim the telencephalon will lead to the formation of the dorsal,
lateral and ventral proliferative zones by E11.0 (reviewed in Rakd, 2002).

Specifically, thedorsal telencephalois divided into an anterior/lateral domain
that will form theneocort& and a posterior/medi region that will give rise to the

choroid plexus, the cortical hem and thpgucampus. The ventral telencephatalso
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partitioned into distinct domains, a medial one known as the medial ganglionic
eminence (MGE) that will giveise to the globus pallidus, a more lateral domain, the
lateral ganglionic eminence (LGE) that will later form the striatum and a posterior
region named caudal ganglionic eminence (CGE), the primordium of the amygdala
(reviewed in Hébert and Fishell, 2008)

Patterning of the developing forebrain, which generates the abemgoned
subdivisions, relies on the following general principle: cells which are under the
influence of diffusible molecules produced by transient signaling centres have the
ability to ftanslate these signals into spatial information by inducing various
combinations of transcription factors, and hence acquire unique identities (reviewed in
Edlund and Jessell, 1999).

Ventral telencephalic identity ispecified by thesecreted kycoprotein Sonic
hedgehog (SHHChianget al, 1996, which is expressed in the ventral midline, first in
mesodermalissue of the head proceasd by E9.5 within the MGE of the ventral
telencephalon itself (reviewed in Rak al, 2002).In fact SHH promotes paitning
of the ventral telencephalon not directly, but rathgramtagonisg the zinc-finger
transcription factor GLI3reviewed in Ralluet al, 2002) which plays a role in dorsal
telencephalon patternin@rheil et al, 1999 Tole et al, 200Q. Notably, athough
ventral repression of GLI3 by SHH iequired for normal DV patterning of the
developing telencephalon, reciprocal dorsal repression of SHH by dalel3notseem
to benecessaryRash and Grove, 2007).

SHH and GLI3 signalling aside, other extimgues and transcription factors
also contribute to telencephalic patterning. Ventral identity is assigned by the forkhead
transcription factor FOXG1, which is expressed in the telencephalic anlage and directly
induces expression of FGF8, a member of Hikeroblast Growth Factor family

(reviewed in Hébert and Fishell, 200&}onversely,FGFB expression is negatively
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regulated by GL3. In particular, GLI3 is required to inhibit FGF expression, thereby
preventing excess FGF signalling in the dorsal telencephalon that would otherwise lead
to its ventralisatiorfKuschelet al, 2003;Rash and Grove, 20D7

Furthermore, the secreted siing molecules of the Bone Morphogenetic
Protein (BMP) and Wingless/Int (WNT) families participate in patterning of the dorsal
telencephalon. BMPs and WNTs are expressed along the dorsal telencephalic midline
and play a critical role for the developmeftthe hippocampus. BMP signalling is also
required for the generation of the choroid plexus and cortical hem (reviewed in Hébert
and Fishell, 2008).

Finally, based mostly on avian studies (Marklwtchl, 2004), patterning of the
intermediate telenceplon, i.e. the lateral and ventral pallium and the LGE, is thought

to be orchestrated by retinoic acid (RA) signalling (reviewed in lai@, 2006).

1.15 The ganglionic eminences (GESs)
1.15.1 Generation and morphology of the GEs

The ganglionic eminmeces were first identified as anatomical landmarks of the
subpallium and were described as swellings of proliferating cells, emanating from the
walls of the ventral tencephalon into the ventricledhe first GE to become
anatomically evidenin the murine subpallium is the MGE, which appears at around
E11.0. One day later, at ED2 the LGE emerges dorsaterally to the MGESmart,
1976) The MGE and LGE are prominent at more anterior telencephalic areas, separated
by the interganglionic sulcus, wigas at more caudal levels they are said to fuse into

onestructure, thus forming the C@Bmart, 1985reviewed in Brazekt al., 2003.
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1.15.2 Molecular specification of the GEs

The initial anatomical description of the GEs was followed by extensive analysis
of their molecular profile. Based on the expression of a plethora of genes, the ventral
telencephalon is subdivided into the following five regions: the MGE, the LGE, the
CGE, the preoptic areal/anterior entopeduncular area (POA/AEP) and the septum
(Flames et al, 2007, the molecular profiles of which are described below and
summarised in Table 1.1.

Specification of theMGE initiates with the expression of the homeobox gene
Nkx2.1in the ventraimost telencephalon at E8.5 (Shimametaal, 1995), via the
action of SHH from the underlying axial mesendoderm (Shimamura and Rubenstein,
1997; Susseét al, 1999). By E9.5Nkx2.1is detected in the MGE overlapping with
Shhand ina pattern complementary Bax6 (Corbinet al, 2003). In fact, NKX2.1 is
required for the expression 8hhin this region (Sussedt al, 1999) and in turn, SHH
acts to maintain expression Bkx2.1within the MGE (Xuet al, 2005; Gulacsi and
Anderson, 2006). By E12.5Jkx2.1is detected in both the proliferative (VZ/SVZ) and
the postmitotic (mantle) zones of the MGE, while it is excluded from the LGE (Sussel
et al, 1999). Importantly, loss of function studies have esthbtl thalNkx2.1is critical
for the specification of MGE identity, as the MGEM#x2.1" mutants fails to acquire
its mature morphological and molecular characteristics and is respecified into an LGE
like structure (Sussett al, 1999).

The basic hek-loop-helix transcription factor MASH1 also plays an important
role in formation of the MGE, by regulating the generation of neuronal precursors in the
SVZ and neurons in the pestitotic mantle zoneMashI”™ mutants are characterised by
a reduced sizefahe MGE at caudal levels and a complete absence of this region
rostrally. However, this is not due to a defect in the specification of MGE progenitors,

as Nkx2.1 expression is maintained at caudal MGE levels. Rather, loddashl
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activity results in a hmatic reduction in the proliferation of VZ progenitors and a
subsequent deficit in the generation of SVZ precursors (Casatrakal 999).

Emergence of the.GE, at the molecular leveljs markedat E10.0by the
expression ofGsxX in a small domain, whh will eventually expand, between the
Nkx2.T ventral telencephalon and tHeax6 dorsal region (Corbiret al, 2003).
Importantly,crossrepression between G2Xand PAX6 defines the border between the
LGE and the cortex respectively (Toresseinal, 2000) whereas the expression of
Nkx2.1delineates the border between the LGE and the MGE (Satszigl1999).

Both GsxX and its homologué&sxl are expressed within the VZ of the LGE,
with GsX2 more strongly expressed dorsally and converggg)l showing a stronger
expression ventrally (Yuret al, 2001). Analysis ofGsX@” mouse mutants has
highlighted a requirement fdgsxX in the specification of LGE fate. In these mutants
the size of the LGE is reduced, and its character is dorsalised: ®gpre$ subpallial
markers such abBlIx1/2 andMash1lis lost in the LGE, while the dorsal markd?ax6
and Ngn2 expand ventrally (Corbiret al, 2000; Toressoret al, 2000; Yunet al,
2001). Examination of5sxL”;Gs®” compound mutants revealed a sanibut nore
severe phenotype (Toresson and Campbell, 20013 finding, along with the fact that
Gsxl expression expands to cover the whole LGEGs® mutants, indicates a
compensatory role foGSX1 in LGE development (Toresson and Campbell, 2001).
Interestingly, ecent studies have demonstratiea despite the compensatory function
of GSX1 and GSX2 in the specification of the LGEese two transcription factors play
opposing roles in the regulation of proliferation and differentiationnefironal
progenitors in theVZ of the LGE (Pei et al, 2011). Specifically, a series of
misexpression and neurosphere assay experimamigved that GSX2 maintains
progenitors in a dividing state, whil&SX1 enhances neurogenesipartly by

downregulatingsSX2 (Peiet al, 2011).
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Based on both anatomical criteria and gene expression dataGthecould be
described as a caudal extension of the LGE a®@EMndeed, the CGE shares many
molecular markers in common with the MGE and LGE, sucNla&.1 Lhx6 GsxX2,
DIx1/2, Mashland others (Nergt al, 2002; Flamest al, 2007).

Yet, several lines of evidence suggest that the CGE is genetically distinct from
the MGE and LGE. The first evidence comes from loss of function studidxi.
null mutants, expression of the striatal markefl expands vetnally within the MGE,
whereas itremains unaffecteth the CGE(Nery et al, 2002). Similarly, inGsx™”
mutant miceDIx2 expression is reduced in the LGE aNgn2 expands ventrally, yet
similar changes are not observed in the CGE (Naral, 2002). Therefore, neither
Nkx2.1 nor GsX are required for CGE fate specification, highlighting the distinct
character of the CGE. Moreover, two different transcriptome analyses of the CGE,
LGE and MGE have identified thechicken ovalbumin upstream promaoter
transcriptional factor Il (COUHFII) as being preferentially enriched within the CGE
(Kanataniet al, 2008; Will-Monneratet al, 2008), providing new insight into the

molecular identity of ths region.
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Table 1.1 Molecular identity of the ganglionic eminences

MGE roA —
Nkx2. ] ventral Nkx2.1 Nkx2.1 Nkx2. ] ventral
Lhx6 L hx67em
Lhx7
Mash1 Mashl1 Mash1
Gsx2 Gsx2 Gsx2 Gsx2
Gsx1 Gsx1 Gisx ] veutee! Gsxl Gsx1

Coup_tﬂldorsal Coup_tﬂlvenlral ﬂ

ka6 ; 2vcntra1 Nk X 6 : 2dorsa] ka 6 : 2vemral ka6 ) 2vemral ka 6 ) 2ventral

Vaxl Vaxl Vax1 Vaxl Vaxl

Index. Top panels are schematic representations of coronal hemisections of the E13.5
telencephalon, shown in a rostral to caudal direction. Each GE is represented by a
unique colour and each column indicates the expression profile of a particular GE.
Genes thatra exclusively expressed or highly enriched in a given GE are highlighted
with the colour corresponding to that GE. For exam@leuptfll is enriched in the

CGE but lower expression is also detected in the MGE/LGE border. Simildutg,
expression is caidered to be MGEpecific, however a small expression domain also
exists at posterior levels, to what is described as the ventral CGE. ExpresZicad of
andLhx5is unique to the septum ahikx5.1landDbx1are uniquely expressed in dorsal

and ventral domins of the POA respectively. Words in superscript specify the

subregion within the GE where a gene is expressed. Blank cells indicate no expression.
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Anatomically, thePOA lies directly below the anterior commissure and above
the optic chiasm, at the fer between the telencephalon and the diencephalon
(Puelles, 2000). At a coronal plane of section, the POA/AEP is situated immediately
ventral to the MGE and in fact, these two regions share expressitkxdfl(Susseket
al., 1999; Flamest al, 2007;Gelmanet al, 2009).

However, progenitors of the POA are molecularly distinct from their MGE
counterparts, as they expredshand Nkx6.2 which are not found in the proliferative
zone of the adjacent ventral MGE and lack expression of the MGE matkessGsx2
and Olig2 (Flameset al, 2007; Gelmaret al, 2009). Further characterisation of the
molecular profile of the POA revealed that the homeobox gdné.1is exclusively
expressed in postmitotic cells at the most dorsal part of this region, whkhermed
pPOAL. Right adjacent to pPOAL, lies the ventral progenitor zone pPOA2, which is
characterised by the largely nomerlapping expression @fbox1andNkx6.2(Gelmanet
al., 2009 and 2011).

The septum is positioned between the telencephalic ldteemtricles, directly
above the anterior commissure and under the corpus callosum, and it consists of both
pallial and subpallial areas, the latter definedDiy2 expression (Puelles, 2000). Some
progenitor domains of the septum share expression of ugrigpenes with its
neighbouring MGE, LGE, and POA, such &x2.] GsX and Shh (Flameset al,

2007) as well ad/axl a mediator of FGF and SHH signalling (Taglialatetaal,

2004). VaxZX-deficient mice are characterised by a complete absence of the septum
(Bertuzziet al, 1999; Hallonett al, 1999; Taglialatelat al, 2004), while MGE and

LGE identities remain unchanged (Hallometal, 1999; Taglialatelat al, 2004). The
septum ao expresses genes that are excluded from the other subpallial GEs, such as

Lhx5 (Flameset al, 2007) andZic4 (GastonMassuetet al, 2005; Rubiret al, 2010),
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which may play an important, yet undiscovered, role in bestowing the septum with its

identity.

1.1.6Proliferative zones ofthe embryonic forebrain: the VZ and SVZ

The VZ and SVZcorrespond to the proliferative areas of the developing
telencephalon, which harbour the progenitors that generate its neuronal and glial
lineages. They constitute two adjacent layers, present both ventrally within the GEs of
the subpallium and dorsallpto the neocortex, lining the ventricles. As development
proceeds, the proliferative capacity and the size of the VZ decline, whereas the
proliferative index of the expanding SVZ increases (reviewed in Beazt] 2003).

The role of the VZ and SVZ ineuronal production has been well studied in the
cortex and deserves mention. Before the onset of neurogenesis, neural progenitors of the
VZ divide symmetrically to increase their numbers and subsequently acquire radial glial
morptology. RGCsin the VZ wil then divide asymmetrically to either generate
neurons and more RGCs or intermediate progenitor cells (IPCs) and RGCs. IPCs will
settle in the SVZ, where they will undergo symmetric divisions to produce neurons
(Figure 1.2; reviewed in Kwaet al, 2012) Similarly, recent studies demonstrated that
subpallial progenitors, at least in the MGE and POA, are in fact RGCs that participate in
either direct neurogenesis by asymmetric division at the VZ, or indirect neurogenesis by

generating IPCs, which will dige symmetrically at the SVZ (Browet al, 2011).
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Figure loR2tbdblgendeati on of <cor Schematicofpr o]
a coronal hemisection of the E13.5 mouse telencephalon depicting the generation of
projection neurons from the VZ of the cortex (red) and the generation of cortical
interneurons in the ventral GEs, as well as their migration towards the ¢bgtex
green).(B) Schemaof the boxed area in A showing the birth of projection neurons at
the E11E17 cortex. The first projection neurons (orange), generated from asymmetric
divisions of RGCs, will settle in the PP, which is later split into the MZ @Rdby
neurons forming the CP. The CP will develop inte@.&f the cortex whereas the MZ

will form L1. Early-born neurons (orange) migrate along radial glia fibers and settle in
the SP and deep cortical layers, whereas-taen neurons (green), whichroe largely

from symmetric divisions of IPCs in the SVZ, will occupy upper layers:L&2
cortical layers 16, WM= white matter, NP= neural progenitor, RGC= radial glial cell,
IPC= intermediate progenitor cell, UL Pyr= upper layer pyramidal cell, DL Pyep de
layer pyramidal cell, IKNM= interkinetic nuclear migration. (A)tékenfrom Merotet

al., 2009, with permission. (B) was adapted with permission from Kawah, 2012.

1.2 Forebrain interneuron diversity

1.2.1 Cortical interneurons

Perhaps one ohé most striking features of cortical inhibitory interneurons is
their extreme diversity: they are categorised into multiple subtypes according to their
morphological, molecular, physiological and connectivity properties (reviewed in
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Markramet al, 2004;Ascoli et al, 2008; Fishell and Rudy, 2011). Evidence suggests

that this diversity is critical for endowing the cortical inhibitory system with its great

sensitivity and complexity in order to balance out the excitation provided by pyramidal
cells (revieved in Markramet al, 2004; Huanget al, 2007). Cortical interneuron

function and classification are discussed in greater detail in the following paragraphs.

1.2.1.1 Physiology of cortical interneurons and their role in disease

GABAergic interneurons are the major components of the brain to control
hyperexcitability, through the formation of local inhibitory networks that regulate and
synchronise the output of pyramidal neurons. Not only they ensure the overall activity
equilibrium within neural circuits but they also generate network oscillations to gate
information and support higher brain function (reviewed in Rossignol, 2011; Marin,
2012). Moreover, during the first days of postnatal rodent development, cortical and
hippocamphinterneurons generate early activity patterns, which are thought to regulate
maturation and connectivity of both interneurons and pyramidal cells (reviewed in
Rossignol, 2011).

Importantly, even subtle disruptions in the excitation/inhibition baaimc
cortical or hippocampal circuits can have severe consequences in circuit stability and
homeostasis, which are manifested as a wide spectrum of neurological disorders. These
include epilepsy, autism and schizophrenia (reviewed in Rossignol, 2011; RatR)
as well as anxiety disorders (reviewed in Mohler, 2012). Increasing evidence from
human patients and experimental rodent models indicate a causal relationship between
the loss of GABAergic interneurons or the impaired development and/or function of
these cells and thdevelopment of neurologit disorders (reviewed in Marin, 2012).
Elucidating cortical interneuron diversity and function is therefore critical for the

development of new therapies against neuropsychiatric conditions.
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1.2.1.2 Classificéion of cortical interneurons

Research over the past years has contributed in unravelling the vast diversity of
cortical interneuron properties.oMever there still is no definite number of how many
interneuron subtypes exist, or consensus for ttegiegorization in groups. Efforts to
classify cortical interneurons are based on defining the morphological, molecular and
physiological features of theseells. In fact,the Petilla Interneuron Nomenclature
Group introduced a comprehensive terminologgidscribe these features (Asoetial,

2008) and has recently developed a wmsdsedtool for the automatic classification of
cortical interneurons based on morphology and axonal arborisation pdRefrslipe
et al, 2013) Here | will present thenterreuronclassification scheme by Markraen al
(Markram et al, 2004), followed by a samary of the majorcortical interneuron
subtypes as proposed by Fishell and Rudy (Fishell and Rudy, 2011) in table 1.2.

Based on somatic and dendriticorphology, axonalarborisation and target
specificity Markramet al. categorised cortical interneurons into the following classes:
Basket cells (BCs)}argetthe somata and proximal dendrites of pyramidal cells as well
as interneurons. According to their axonal and dendritic morphology they are
categorised into large basket cells (LBCs), small basket cells (SBCs) and nest basket
cells (NBCs), which altogetherepresent nearly half of the total interneuronal
population.Chandelier cells (ChCs)can be either multipolar or bitufted, witheir
somata localized in layers-Mil. They innervate the axon initial segment of pyramidal
cells and got their name from theinaracteristic axon terminals that form vertical rows
of high-density synaptic boutons, resembling a chandd¥artinotti cells (MCs) have
bitufted morphology and very elaborate dendritic trees. They are found in laydrs Il
but exteml their axons to Iger | where they spread horizontal collaterals in
neighbouring columns. MCs target proximal and distal dendrites of pyramidal cells as

well as perisomatic dendrites and somd&aolar cells (BPCs) are small, oval or
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spindleshaped cells with dendrites ertling vertically into layers | and VI, were they
make contact with only a few target cells on their basal dendbitashle bouquet cells
(DBCs) are bitufted, vertically oriented, dendritiargeting cells preferentially located
in supragranular layersBitufted cells (BTCs) resemble BPCs and DBCs in
morphology and target specificity but differ in the fact that their axons have wider
horizontal arborisationNeurogliaform cells (NGCs) are small,roundshaped cells
whose dendrites form a characteristic spla field. Their axons are highly branched
with fine boutons targeting the dendrites of pyramidal cells.

Initial classification of theelectrical properties of cortical interneurons was
based on their firing responses, when excited by a depolarisirgntufAccording to
this, interneurons can Hast spiking (FS) low-threshold spiking (LTS) otherwise
known asburst spiking non-pyramidal (BSNP), regular spiking non-pyramidal
(RSNP) late spiking (LS) andirregular spiking (IS) (reviewed in Markramnet al,
2004). A different classification approach, commonly used in conjunction with the first,
takes into account the steastpte response of interneurons following a current
injection and divides them intoon-accommodating (NAC) accommodating (AC)
stuttering (STUT), irregular spiking (IS) and bursting (BS) (Guptaet al, 2000;
reviewed in Markranet al, 2004). Importantly though, these firing responses do not
correspond to a unique morphological or molecular type of interneuron: one type of
interneuron ray present several discharge patterns and similarly, a firing pattern can
appear invarious types of interneurondlotably, electrical behaviour of a neuron
depends on the types and numbers of ion channels it expresses, as well as their
distribution on thecell membrane (reviewed in Markraet al, 2004). Wholecell
recordings combined with singteell mMRNA expression profiling, have associated the
ion channel and calciwbinding protein composition of an interneuron with its

electrical properties (ToledBodriguezet al, 2004). For example, expression of the
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voltagegated potassium channels Kv3.1 and Kv3.2 typically correlates with fast
spiking responses in P\¢ells (Erisiret al, 1999; ToledeRodriguezet al, 2004).

The hallmark of inhibitory interneuromolecular identity is the expression of
the neurotransmitteBABA and its synthesising enzyngdutamic acid decarboxylase
(GAD). GAD catalyses the rate limiting step in GABA synthesis from glutamate and
comes in two soforms, a big 66.6 kDa (GAD67) and a smaller 65.4 kDa (GADG65)
isoform, produced by two different gen€adlandGad2respectively (Erlandegt al.,
1991). Both GAD67 and GADG65 are widely distributed in the cortex (Tamaetaki
2003; LopezBendito et al., 2004). Apart from the universal expression of GABA,
cortical interneurons are characterised by the expression of neuropeptides, -calcium
binding proteins or a combination of both.

The calcium-binding proteins (CBPs) expressed in cortical interneuroage
Parvalbumin (PV), Calretinin (CR) and Calbindin (CBheybelong to the Efand
family of CBPs and function as fdAbufferso
Cd" and thereby modulating the amplitude of"Cmansients in the cell (reviewed i
Schwalleret al,, 2002).

PV is found in approximately 40% of the total GABAergic population of the
mouse cortex (reviewed in Ruay al, 2011). The first sparse and weakly stained PV
cells appear at P10 in layer V of the murine cortex and by P1&#emme widespread
in all cortical areas with their numbers increasing dramatically in layars (del Rio
et al, 1994). PVexpressing interneurons do notlabel with CR or any neuropeptides,
although some overlap between PV and CB has been repGoedHaret al, 2008).
Morphologically, the majority of PVinterneurons are either BCs or ChCs and strongly
associate with fast spiking properties (reviewed in Fishell and Rudy, 2011).

CR immunoreactivity in the mouse cortex is present in about 24GBABA"

interneurons in layersVYI, with a preferred localisation in supragranular layet8 |
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(Goncharet al, 2008). The coexpression of CR with various neuropeptides is discussed
in the following paragraphs.

CB" interneurons are present in all cortitayers with the exception of layer |
and similar to CRcells they are more prevalent in supragranular layers. However, CB
is also expressed in pyramidal neurons, making it a less specific marker for cortical
interneurons (Kawaguchi and Kubota, 1997; Garet al, 2008).

Neuropeptidesare widely distributed in central nervous system (CNS) neurons
along with ©nventional neurotransmitteranfluencing emotional and cognitive
processes (reviewed in van den Pol, 2012). Neuropeptides expressed in cortical
interneuronsnclude Somatostatin (SST), Neuropeptide Y (NPY), Vasoactive intestinal
peptide (VIP), Cholecystokinin (CCK) and Corticotropaleasing hormone (CRH).

SSTprotein is first observed in deep layers of the mouse cortex just after birth
and its expression becomes more widespread across lay@érgldring the first
postnatal week (Gonchat al, 2008). SSTinterneurons are the sewblargest group of
GABAergic interneurons in the cortex (reviewed in Rugdyal, 2011) and colocalise
quite extensively with CR in layers 1l/lll (Xet al, 2006 and 2010a; Gonchert al,

2008), and also with NPY (Gonchat al, 2008; Xuet al, 2010a)but never with PV

(Xu et al, 2006 and 2010a; Gonchat al, 2008). Both SSTCR and SST;.CR’
interneurons are classified as MCs, although differences between the connectivity,
dendritic arborisation and origin of these two groups of 'S8fErneurons ave been
reported (reviewed in Fishell and Rudy, 2011).

NPY" interneuons aremore abundant in layers Il/lll and VI, where they
colocalise with CR and SST (Gonchatral, 2008; Xuet al, 2010a). Recent studies
combining wholecell recordings with reaime PCR have identified three types of
NPY" inhibitory cells: NGlike cells that also express nNOS, Nike SST neurons

and PV fast spiking BCs (Karagiannit al, 2009).
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VIP does not colocalise with the major populations of BVSST interneurons
(reviewed in Rudyet al, 2011; Xuet al, 2010a). It is most commonly expressed along
with CR in BPCs and BTCs, in layers Il/lll (reviewed in Fishell and Rudy, 2011).

CCK-expressing cells represent only 5% of GABAergic interneurons indayer
[-VI of the mouse cortex. They mostly colocalise with CR or NPY and less frequently
with SST and VIP (Gonchaet al, 2008). Studies in the rat frontal cortex reveal that
CCK" interneurons have the morphology of BCs and belong to thefasbrspiking
group (Kawaguchi and Kondo, 2002).

CRH (also known as corticotropin releasing fae@RRF) expression has been
reported in GABAergic interneurons in layersMll of the rat cortex (Karubet al,

2004; Kubotzaet al, 2011). CRH cells in upper layers (ll/l)lwere also positive for VIP

and CRH cells in deeper layers (V/VI) coexpressed SST. On the contrary, there was no
colocalization of CRH with either PV or NPY. CRkhterneurons have morphologies

of either SBCs or DBCs (Kubo# al, 2011).

AlthoughnNOS does not belong to either the CBP or neuropeptide families it is
worth describing its expression in the cortex, where it is found mostly irréTge
projection GABAergic neurons (Tomiolat al, 2005). These are typically categorised
into type | and tge Il cells. Type | neurons express high levels of nNOS, have large
somata located in deeper cortical layers and nearly all of them express SST and NPY.
On the contrary, type Il cells are preferentially located in upper layers, show weaker
NNOS expressiorhave smaller somata and coexpress a wide range of markers (Magno
et al, 2012; Jagliret al, 2012; Perrenouet al, 2012).

Expression of thé&RLN glycoproteinhas been reported in cortical interneurons
from P21 onwards either alme or in combinatiomwith SST,CR or NPY (Miyoshi et
al., 2010; Gelmanet al, 2011). RLN*" interneurons have been identified as Jate

spiking NGCsresiding in cortical layerslll (Miyoshi et al, 2010; Leeet al, 2010).
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Table 1.2 Classes of GABAergic interneurons in the mouse cortedModified from
Fishell and Rudy, 2011. Schematics taken with permission from Masdrain 2004.
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1.2.2 Hippocampal interneurons

The hippocampus comprises the evolutionarily oldest part afdhebral cortex
and anatomically it lies underneath the-kixered neocortex. Therefore, it is not
surprising that similarly to their neocortical counterparts hippocampal interneurons are
generated in the GEs of the subpallium and have to migrate Idaga#s to reach their
final position in the hippocampuPleasurest al, 2000;Fogartyet al, 2007;Gelmanet
al., 2009; Tricoireet al, 2011). Typically, classification of hippocampal inteunons is
based on the same criteria used for cortical inteores; that is, neurochemical content,
morphology, synaptic targets and firing patterns, with at least 21 classes of hippocampal
interneurons described in the CA1l subfield (reviewed in Klausberger and Somogyi,
2008).

Interestingly, there are both intermen subtypes unique to the hippocampus
and interneurons that share many propeitiesctional and linealjn common with
their cortical counterparts. Similarities between hippocampal and neocortical
interneurons include the presence of RWd CCK BCs, ad also the oriencunosum
moleculare(O-LM) cells. The expression of SST in-kM cells, combined with the
extension of long axons targeting distal apical dendrites and their physiological
properties all point to an analogy with Martinotti cells of tie®cortex Tricoire et al,
2011; reviewed in Fishell and Rudy, 2011). However, homology between neocortical
and hippocamg interneurons is in some casasibiguous. For exampleltlzough
neurogliaform cells of the necortex and the hippocampushare common
morphological features and functions, thippocampal cells express nNOS and are in
their majority arived from the MGE, as opposéd the CGE origin of neocortical

neurogliaformcells (Tricoireet al, 201Q revieved in Fishell and Rudy017).
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1.2.3 Striatal interneurons

The majority of neurons in the striatum consist of medisiped spiny
projection neurons (MSNs), whereaserneurongomprise a merg-3% of the striatal
neuronal population in rodents (Rymetr al, 2004). Striatal interneurons are further
subdivided into cholinergic and GABAergic cells (reviewed in Kawagatiai, 1995)
and both of these neuronal types are derived from the MGE, similarly to most cortical
interneurons. Specifically, they are derivfromNkx2.T MGE progenitors (Mariret
al., 2000; Nobregdrereiraet al, 2008), which upon exit from the cell cycle will
express the LIMHD transcription factors LHX6 and LHX7. Precursors that maintain
LHX6 differentiate into GABAergic striatal interneons, and conversely, precursors
that express LHX7 and ISLET will downregulate LHX6 and become cholinergic
striatal interneurons (Fragkowdt al, 2009; Lope®t al, 2012; sectior.4.2 herein).

GABAergic interneurons comprise about 2% of the total striatal population
(Rymaret al, 2004) and based on their neurochemical content they are organised into
PV cells, CR cells, or cells expressing SST, NPY and nNOS (reviewed in Kawaguchi
et al, 1995 and Tepper and Bolan2004). Each of these molecularly and
morphologically distinct groups of striatal interneurons present different firing
properties and play unigue roles in the function of the striatum, their main task being to
modulate the firing pattern of MSNs (reviewiedTepper and Bolam, 2004).

Cholinergic interneurons, despite representing only 0.3%of striatal
interneurons, are easily identified by their large cell bodies. They are characterised by
expression of choline acetyltransferase (ChAT), the enzyme thdysemtathe rate
limiting step in acetylcholine (Ach) synthesis. They receive input from the thalamus and
cortex but also from the substantia nigra of the midbrain, and primarily innervate MSNs

but also GABAergic interneurons (reviewed in Tepper and Bol@@¥4 )2
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1.3 Development of cortical interneurons

Development of cortical interneurons is a complex and protracted process
starting at early embryogenesis with proliferation of progenitors in the GEs of the
ventral telencephalon, followed by tangentraigration of specified, posnitotic
precursors, acquisition of the appropriate laminar position, terminal differentiation and
integration into circuits within the postnatal cortex (BatBtdao and Fishell, 2009).
Each of these developmental steps iscial for the formation of functional cortical

networks and will be discussed in detail in the following paragraphs.

1.3.1Ventral telencephalicorigin of cortical interneurons

In contrast to pyramidal neurons, which are born in the VZ of the pallium and
migrate radially, cortical interneurons are generated in the GEs of the subpallium and
reach the cortex via tangential migratidrne very first evidence for the existence of
nonradially oriented cells in the cortex was based on morphology and came from Golgi
stainings and electron microscopy studies (reviewed inrviand Rubenstein, 2001).
The presence of tangentially positioned cells in the cortex was subsequently confirmed
by retroviral labeling experiments, cell dispersion studies-imactivated mosaics, Dil
labelling in brain slice cultures and BrdU birthdating experiments (reviewed imnMar
and Rubenstein, 2001).

Insight into the origin of these neurons that were postioperpendicularly to
the cortical radial glia came first from the work of de Carlos and colleagues, which
showed that focal injection of lipophilic tracers into the LGEIligé rat embryos
resulted into tracing of labelled cells within the cortex (de @3adt al, 1996).
Employing the same experimental approach in emhrygs/o and embryonic brains
vitro (Tamamakiet al, 1997) or brain slicesnaintained in culturéAndersonet al,
1997a) produced similar resultsaportantly, Andersonet al not only established that
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GABAergic interneurons are born in the ventral telencephalon and migrate tangentially
towards the cortex but also provided genetic evidence for the requiremeixlé? in

this process: examination of brain slices frddx1”:DIx2” mutants revealed no
detectable movement of cells from the LGE to the cortex at embryonic stages and a
greatly reduced number of GABMeurons in the neonatal cortex (Andersanal,
1997a). Further genetic loss of function analyses of transcrifditiors expressed in

the early MGE and/or LGE came in support of thadérson findings. fie total
GABAergic population ofNkx2.I" cortices was almost halved in size by E18.5 (Sussel

et al, 1999) and loss d¥lash1function also resulted in a 50% redoctiof the GABA

cortical population (Casarosaal, 1999).

Finally, further studies revealed that radially and tangentially migrating cells in
the cortex actually belong to separate lineages and additionally demonstrated that
radially positioned neurons express glutamate, whereas tangentially migrating cells are
GABAergic (Mione et al, 1997; Tanet al, 1998). Again, work by Anderson and
colleagues unequivocally establishéd vivo that cortical projection neurons and
interneurons arise from the cortex and the subcortical telencephalon, respectively. In
detail, facal injections of {H] thymidine into the VZ of the neocortex of P1 ferrets
resulted almost exclusively in the labelling of glutamatergic projection neurons,
whereas injections into the striatal VZ labelled GABAergic interneurons and not vice
versa (Andermsn et al, 2002).

The genetic and experimental evidence mentioned above provided solid proof
for the ventral telencephalic origin of cortical interneurons and in the same time paved
the way for the discovery that GABAergic neurons are in fact genenatedltiple
subpallial regions. @sequeny, a plethora oftransplantation studieand genetic fate
mapping experiments established the exact spatial and temporal origins of every

interneuron subtype, as well as the percentages of interneurons genevatesaéh
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region. It is now widely accepted that the vast majority of cortical interneurons originate
in three subpallial progenitor areas, namely the MGE, CGE and F@Aré 1.3;

reviewed in Gelman and Mar, 2010).

1.3.1.1The MGE is the main sourceof cortical interneurons

The MGE contributes to the generation of the majority, nearly 60%, of
interneurons in the mouse cortex and in particular it gives rise to themVSST
subsetsKigure 1.3Butt et al, 2005; Fogartyet al, 2007;Miyoshi et d., 2010.

Initial evidence for a population of MGéerived GABAergic interneurons
came from lipophilic tracer studies (Lavdatsal, 1999; Andersomet al, 2001; Jimenez
et al, 2002) while subsequent work shed more light on the molecular identityeset
neurons. The transplantation experiments of Andeesat using BrdU labelled MGE
neuroepithelium revealed coexpression with CB in tangentially migrating cells
(Andersoret al, 200 andin vivografting of MGE cells labelled with human placental
alkaline phosphatase (hPLAP) showed coexpression with PV, SST or CR in the
neocortex of adult animals (Wichterlet al, 2001) In vitro transplantation of
dissociated, E12:£16.5, MGEderived cells o PO cortical feeders resulted in the
generation of PVand SST interneurons after 28 days in culture (¥ual, 2004) and
similar results were obtained from the ultrasoguited transplantation studies of Butt
and colleagues: E13.5 MGE transplants wewenotopically grafted into host embryos
in vivo and their fate was examined at P21, revealing differentiation mainly into PV
and SST neurons. These cells were preferentially located in deep cortical layers and
their firing properties and morphology weareaccordance to their biochemical profile
(Butt et al, 2005). In support of these findings, heterotopic and heterochronic
transplantation of dissociated E1ZE%3.5 MGE donor cells into the cortex of-P3

pups also demonstrated differentiation of tmaftgd cells into PVand SST neurons
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one or two months later (Alvard2olado et al, 2006). Interestingly, transplantation
experiments using only dorsal or ventral parts of the MGE indicate a preferential
generation of SSTand PV cells respectively Rigure 1.3 Flameset al, 2007;
Wonderset al, 2008) andsuggest that the MGE could possibly be further subdivided
into distinct progenitor domaindn summary, the above findings argue that some
aspects of cortical interneuron identity are already fipdcat the progenitor level,
before these cells reach the cortex.

Genetic fate mapping based on the-Co& technology came in support of the
MGE transplantation results. Two differelNkx2.:Cre transgenic lines were used in
two independent studies, thoof which concluded that the MGE produces primarily
PV" and SST interneurons, whereas its contribution to ‘C&d NPY cells is
significantly smaller (Fogartet al, 2007; Xuet al, 2008). B/ using theNkx6.2Cre
line, which labels the dorsal MGE, Fady et al showed that this subdivision of the
MGE generates larger numbers of Tid NPY interneurons compared to the most
ventralNkx2.T domain(Fogartyet al, 2007). In addition, dte mapping of th&hx6-
Cre lineage revealed a 100% contribution to the-P8ST and CBexpressing
populations and a smaller contribution to-GRd NPY-expressing cells (Fogarst al,
2007).Similarly, by targeting th®©lig2" domain of the MGE, Miyoshet al. established
that 506 of the generated interneurons at both early and late time points belong to the
PV' fast spiking subset and 30% of the fate mapped cells aré;&@STMartinotti
interneurons, born only at early time points (EBEB2.5). On the contrayysST;CR’
cells wee generatedanostly at later stages, around E15Miyoshi et al, 2007). h
particular, SST:CR" interneurons are mainly generated from fe6.2 dorsal MGE
domain (Fogartet al, 2007; Sousat al., 2009).

Finally, genetic loss of function studiesonfirmed that MGEexpressed

transcription factors are critical for the specification of "Pahd SST character.
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Primary cultures or MGE transplants frdkx2.I" mutants failed to generate any cells
expressing PV, SST, or NPY after several wegksvitro (Xu et al, 2004) and
conditional deletion oNkx2.1in Olig2-expressing MGE precursors resulted in a fate
switch of PV and SSTexpressing interneurons into VIRnd CR cells (Buttet al,
2008), which are of CGE origirs¢ction1.3.1.9. Downstream oNKX2.1, Lhx6is also
critical for the specification of MGHerived interneurons, asix6-deficient mice show
dramatic reductions in the number of Pahd SST interneurons (Liodist al, 2007;
Zhaoet al, 2008;section1.4.3). Moreover,Sox6functions geetically downstream of
LHX6 to control primarily the differentiation of PMnterneurons (Batist8rito et al,
2009) and similarlyDIx5/6 activity is also required for the differentiation of these cells

(Wanget al., 2010).

1.3.1.2The CGE as a sourceof cortical interneurons

The CGEis the second largest source of GABAergic interneurons, contributing
to the generation of about 30% tife total interneuronal populatiaof the cortex,
mainly generatindRLN", CR" and VIF interneuronsKigure 1.3 Miyoshi et al, 2010;
Rubinet al, 2010)

The pioneering work of Nergt al. was the first to provide evidence that the
CGE constitutes a progenitor regiomolecularly distinct from the MGE and LGE,
producing interneurons with unique characteristics. elAfthomotopic/isochronic
transplantatiorof CGE cells large cohorts of cells were seen migrating out of the CGE
following posterior routes towasdthe cortex and hippocampus and importantly,
transplanted cells within the cortex were identified as inteomsuby the expression of
GABA, SST and CBNery et al, 2002). Further transplantation studies, eitheritro
from E14.5 CGE donors (Xet al, 2004) orin uterofrom E13.5 and E15.5 CGE tissue

(Butt et al, 2005) established that the main interneuraTsegated from this region are
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CR' cells. Notaly, generation of cortical interneurons from the CGE is temporally
regulated: at E13.5 the CGE contributes almost equally tg IR and NPY RSNP
interneurons with bipolar, bitufted, or double bouquet morphology, whereas at E15.5
the main contribution is towards G&pressing ipolar RSNP cells Rutt et al, 2005).

Inducible (Miyoshiet al,, 2010) and subtractive (Rub&t al, 2010) geneti fate
mapping of the CGE revealed that generation of cortical interneurons starts and peaks
with a delay of 3 days compared to the MGE. Moreover, the same studies proved that,
in contrast to their MGE counterparts, C@g&rived cells preferentially occupypper
cortical layers (Butet al, 2005; Miyoshiet al, 2010; Rubiret al,, 2010) irrespective of
their birthdate (Miyoshiet al, 2010; Miyoshi and Fishell, 2011). The majority of
interneurons generated in both studies correspond toavilPRLN;SST cells.

Interestingly, he transcription factors directing tepecificationof CGEderived
interneuronsare beginning to be elucidate@enetic loss of function data for CGE
expressed genes indicate a role Rix1/2 in the specification of CGihterneuronsas
DIx1”:DIx2" cortical cultures are almost completely devoid of ®iolar cels (Xuet
al., 2009. Moreover,examinationof mutants deficient for the SHsignalling effector
Smoothenedrevealed an upregulation of GSX2 in MGE progemsitand a concomitant
production of CR bipolar interneuronby these cellsindicating that GSX2 can instruct
the specification of CRcells characteristic of the CG&u et al, 2010b).This was
further proved byexamination ofGsx2 conditional mutants, which demonstrated a
dramatic reduction inthe number ofCR";SST interneurons(Xu et al, 2010b).
Surprisingly althoughCOUR-TFII is erriched in the CGE (section 1.1, analysis of
the first COUPTFII mutant mice did not reveahy significant differentiation defest
of CR" or VIP" CGEderived cortical interneurons (Targ al, 2012). Similarly,
although the expressior the transcription factor SP8 mar& subpopulation of CGE

derived RLN, VIP" and bipolar CRinterneurons, examination 8ix5/6-Cre;Sp8flox
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and NestinCre;Sp&flox conditional mutantshowed no overalthangein the number

or distribution of these cel®aet al, 2012).
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Figure 1.3 Contribution of ventral forebrain progenitor regions to the various
interneuron subsets in the cortex.The MGE is the major sourcef cortical
interneurons, with its dorsal and ventral regipnsferentiallygenerating SSTand PV

cells respectively. Onef the main subsets arising from t@&E is that of bitufted or
bipolar VIP";CR" interneurons. TheCGE also contributes to the RENPY”
population of multipolar interneurons, along with the PAQAese four major cortical
interneuron subsetsare depictedwithin black boxes.Each progenitorregion is
characterised by the expression of a unique set of transcriptionsfatdr canbe
further subdivided into smaller progenitor groups, not illustrated here for simplicity

reasons. Modified with permission from Gelnegtral, 2012.
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1.3.1.3The POA generates several subsets of cortical interneurons
Recent studies providesvidence thathe POA represents the third major region
of cortical interneuron generation, producing the remaining 10% of the GABAergic
neurons in the mouse cortex (Figure 1.3; Geletaal., 2009; Gelmartal., 2011).
Fatemapping of a small population of dorsal POAlls (pPOA1), using the
Nkx5.2Cre mouse line showed that this region generates up to 4% of the total cortical
interneuron population. It gives rise to NP¥nd/or RLN cells with multipolar
morphology and rapidly adapting firing properties (Gelnearal, 2009), resembling
CGE derived interneurons (Miyoskt al, 2010). Another progenitor domain of the
POA (pPOA2), mapped by using thabx1-Cre line, generates a wide diversity of
GABAergic interneurons: 50% and 25% of the labelled cells aré &@\d SST
respectively, which are however molecularly distinct from M@&Hived interneurons
since most of th®bx1" POA-derived cellsdo not exprestHX6. Moreover, 15% of
the Dbx1" progeny in the POA express RLanhd a few cells were found to coexpress
CR, nNOS oWVIP (Gelmanet al., 2011. Taken together, thedmdings highlight a
novel and significant contribution of the POA in the generation of cortical interneuron

diversity. The mechanisms that specify POA interneuron identity remain elusive.

1.3.1.4The LGE as a source otortical interneurons

Although multiple studies have established the LGE asuace for olfactory
bulbinterneurongWichterleet al, 2001;Toresson and Campbell, 20@tenmaret al,
2003; Kohwi et al, 2007, its contribution to theéangentially migratingpopulation of
cortical interneurons remains controversial, albeit not totally ruled out.

The detection of labelledells within the LGE in the pioneeg studies on
cortical interneuron migration (de Carlesal, 1996; Tamamalketal., 1997;Anderson

et al, 1997a; section 1.3.1 herein) led to the assumption that the LGE is the main source
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of cortical interneurons. Later on, although the MGE was established as the major site
contributing to cortical interneurons (Wichtedeal, 1999 and 2001Andersonet al,

2001), several studies suggested that the LGE still contributes to this popuwiation
cells. A few examples deserve mention: Dil tracing on rat brain slices with excised
MGEs still shows robust migration to the palliumni@nezet al, 2002) and BrdU
labeling in mice indicates that during later stages of neurogenesis the LGE produces a
small number of cells that migrate to the cortex via the SVZ and express GABA
(Andersonet al, 2001). MoreoverNkx2.1" mutants, althougtiacking normal MGE
tissue, exhibit a recovery of tangential migration by E16.5, in further support of the
hypothesis that the LGE contributes ¢ortical interneurons at laembryonic stages
(Andersonet al, 2001). However, the above findings hadaenchallenged by the fact

that many of the obserglecells are actually MGHerived interneurons that migrate
through the LGE on their way to the cortex (Lavdasl, 1999; Wichterleet al, 1999

and 2001; Jimenezt al, 2002).

The idea that the LGE contributes to cortical interneurons remains disputable
due to the lack of molecular markers or genetic approachsgecifically target iand
fatemap its derivatives Although sitractive fatemapping experimest have
successfullytargeted the LGE and CGE (Rubat al, 2010), future studies that will
exclusively labell the LGE will certainly prove informationaRecently, the
combinatorial expressn of SP8 and COUPFII wasused to mek a group of dLGE
cells, whichmigrate toward the cortexCai et al, 2013).The same studyprovided
further evidence for the contribution of the dLGE to cortical interneurons by showing
thatbrainslice cultures that contained the LGE but not the @BEerate SP8COUR
TFII* cells in the cortex. Importantly, their findings argue against the possibility that
these cells migrate fro the MGE or that they are misrouted OB interneur@e et

al., 2013).
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1.3.1.50ther sources of cortical interneurons

The possibility that tb septum is a potential source of cortical interneurons was
raised by reports of GABAergic neuronsgrating from the septal/retrobulbarea
rostrally towards the olfactory buland then dorsally into the neocortex both in rats
(Meyeret al, 1998) and nue (Andersoret al, 1999). Timeapse imaging (Angt al.,
2003) as well as analysis d&faxldeficient mice, which show severely reduced
migration from the septum and significant lack of cortical interneurons (Tagliadtela
al., 2004) provided further support to this hypothediswever,thesefindings could be
attributed to the widespreadaxl expressionn the GEs of the ventral telencephalon
andto the fact thataxI™ mutants have reduced expressadrDIx, which is requied
for cortical interneton migration (section 1.3.3.1k the MGE (Taglialatelaet al,
2009). Indeed,more recent lines of evidence, based on genetic fate mapping using the
septumspecificZic4-Cre line, suggest that the septal region doescontribute to any
of the cortical interneuron subsets (Rubiral, 2010).

The cortex itself was put forward as a likely site of cortical interneuron origin
based on observationis humans(Letinic et al, 2002 Fertuznhos et al, 2009)and
higher ronrhuman primates (Petanjadt al, 2009. However, the latest studies the
field argue gainst this idea and highligtite developing humaand monkey GEasthe
main sources of cortical GABAergic interneurons (kftaal, 2013; Hanseret al,
2013).Neuronal precursors imé¢ human and monkey GEs shexpression of common
transcription factors with tllemousecounterpartssuch asNKX2.1, COURTFII and
SP§ andstreams of migrating interneurons emeggimom the MGE and travelling
towards the cortehave been observéa et al, 2013; Hanseet al, 2013), again in
similarity to mice Importantly, @Il fate analyses proved that most cortical interneurons
in the primate cortexxpress the same transcription factors that were identified in the

GEs providing further evidence for their ventral origifMa et al, 2013; Hansest al,
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2013). In rodents,cortical progenitor culturebave been shown to generate GABA
cells Gotz et al, 1995 Xu et al, 2004), however these resudtisould be irgrpreted
bearing in mind thasome of theseculturescontainedFGF, which is a ventralising
factor (Gabayet al, 2003; Pollarcet al, 2008) In contrast, rore recent fatenapping
studies ofcortical progenitorsand their descendantssing theEmx2Cre line (Gorskiet
al., 2003, have failed to demonstrate generationooftical GABAergic interneurons
from the pallial proliferative zone&Gorskiet al, 2002;Kohwi et al, 2007).Overall, no
definitive conclusions have been drawn on the contribution of palt@yenitors in

cortical interneuron generation in either humans or rodents.

1.3.2 Specification of cortical interneurons

The mechanisms by which interneuron diversity is established have been in the
centre of cortical development studies for years sgwknt findings have provided
critical insight into this process. Several lines of evidence suggest that cortical
interneuron identity is specified at the progenitor level within the GEs and importantly,
it is assigned by both the spatial and temporaimofjthe cell

In analogy to the spinal cord (Jessell, 2000), multiple progenitor pools defined
by the combinatorial expression of transcription factors exist in the ventral forebrain in
the form of GEs and every GE can be further divided into subdsneipressing
different sets of transcription factors. Each of these domains generates specific
interneuron subtypgseviewed in Gelman and Mar, 2010) and the transplantation and
genetic studies described in sections 1.3:1113.1.3 come in support ¢ifiis concept.
Another similarity with neuronal specification in the spinal cord is that the GEs are
responsive to SHH. In facthe levels of SHH signalling directly influence the identity
of an interneuron, with high levels of SHH directing the generatf®ST rather than

PV’ cells (Xu et al, 2010b). MoreovenNkx2.1has been shown to promote MGE fate
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and similtaneously repress LGE and CGE fat@utt et al., 2008) similar to how
homologous homeobox genes spedéll fates in the spinal carddditional findings
suggest that interneuron diversity can also arise from changes in temporal competence
of progenitors within the same region. Studies from the Fishell group have elucidated
this process by establishing that, both in the MGE (Miyeslail., 2007) and CGE (Butt

et al, 2005), molecularly and electrophysiologically distinct interneurons arise at early
versus late embryonic time points (secti@rs.1.1 and 1.3.1.2).

Finally, a breakthrough clonal analysis study of the MGE and POA progenitor
zores has provided novel insight into the intrinsic mechanisms underpinning cortical
interneuron identity. Retroviral labelling of tihdkx2.T neuroepithelium of the ventral
forebrain demonstrated that cortical interneurons are clonally related. Clonallgdabe
cells were grouped together in vertical or horizontal clusters in the adult brain. In some
of these clusters all interneurons expressed the same neurochemical marker, yet in other
clusters different markers (PV and SST) were detected in differeat(Bethwnet al.,
2011).Hence, confirmation now exists that cortical interneuron subtypes derived from a

common progenitor are clonally related.

1.3.2.1Modulation of the genetic program of interneuron specificatiorby the
cortical environment

Thehypothesis that the cortical microenvironment carereav impact on certain
aspects of the development of GABAergic interneunvas formulated by the Fishell
group, not long ago. According to this hypothesis, although several aspects of cortical
interneuon identity, such as neurochemical content, are specified at the progenitor level
by genetic programs within the GEs, other aspects, such as synaptictisiyniec
exampleare specified byhe influence othe postmitotic environmemixertedupon the

developmental program initiated in progenit@stistaBrito and Fishell, 2009).
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Recent lines of evidendeom the same groupome insupport of this idea by
demonstrating that neuronal activity influences the development of specific interneuron
subtypes,namely the RLN and CR CGEderived cortical interneurons (De Marco
Garciaet al, 2011). By temporally regulating the expression of the inward rectifying
potassium channel Kir2.1, which lowers the resting membrane potential of a cell (Yu
al., 2004),neuronal activity was attenuated selectively in cortical interneurons of the
CGE, highlighting two critical functions during CGE interneuron development: between
PO-P3 activity regultes laminar positioning of RLNand CR cells within the cortex,
whereas from P3 onwards activity through glutamate receptorsontrols the
morphological development of these cells by influencing the extent of axonal

arborisation and dendritic tree complexity (De Marco Gaetal, 2011).

1.3.3Migration of cortical intern eurons

Migration of cortical interneurons unfolds in three sequential steps. First,
GABAergic interneurons migrate tangentially from the GEs towards the cortex
following defined migratory streams. Second, they disperse within the cortex via
established nates in different compartmentmainly in the MZas well as in the lower
intermediate zone (1Z) and SVZ. Finally, they switch to a radial mode of migration and
enter the cortical plate (reviewed in Méénal, 2006).

Following the initial studies thatentified the MGE as a source of cortical
interneurons lavdaset al, 1999; Wichterle et al, 1999 and 2001; Andersaat al,
2001), timelapse microscopy imaging of intact embryos or brains and telencephalic
slice cultures has revealed a major streanmt#rneurons, emanating from the MGE
and migrating laterally and dorsally towards the cortemxg(et al, 2003 Yozu et al,
2005) A second group of interneurons arises friia CGEand migrates caudally to

reach the cortex and hippocampiie(y et al, 2002; Yozuet al, 2005), feming what
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is known as the caudal migratory stream (CMS). Finally, a third cohort of migrating
interneurons arises from the LGE and moves rosttallpopulate the olfactory bulb
(Wichterleet al, 1999 and 2001

Based on studs of the lateramedial migratory stream from the MGE it is now
known that the first interneurons enter the cortex just after E12devel of the PP
(Lavdaset al, 1999; Tanaka&t al, 2003; Anget al, 2003; Yozuet al, 2005. Shortly
after, at aound E13.5 whetthe PP is split into th&1Z and theSP by the formingCP,
two cohorts of tangentially migrating interneurons are observed: the group of cells that
entered the cortex first is still visible in the MZ, although the major contribution now
comes from interneurons entering the cortex from the lower 1Z/SVZ (Lastlak,

1999; Andersort al, 2001; Tanakat al, 2003;L6pezBenditoet al, 2004.

Within the MZ, interneuronsnove in multiple directions(Ang et al, 2003;
Tanakaet al, 2003 2006and 2009)n an unpredictable mannerer med fAr and o m
(Tanakaet d., 2009. It is suggested that this phasemuiltidirectional migratiorallows
interneurondo disperse in the cortex and possibgnse the environment for cues that
will direct them to their appropriate positi within the CP Tanakaet al, 2003 2006
and 2009. After this waiting period in the MZ, these cells wdktend their leading
process towards the CP and descend in{®@adlleux et al, 2002; Anget al, 2003.
Similarly, interneurongravelling in the lower 1Z/SVZ will also enter the CP, either
directly (Polleuxet al, 2002 Nadarajatet al, 2003 or after migratingnto the VZ first
(Nadarajahet al, 2002).Thisf i n al Acortical i ntegration

radial modeof migration (Polleuset al, 2002; Anget al, 2003; Tanakat al, 2003).

1.3.3.1 Regulation of tangential migration into the cortex
Given the remarkable distance that GABAergic interneurons have to travel in

order to reach their final destination in the pallium, their migration must be tightly
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regulated to ensure correct organisation and thus function of the cortex. This critical
task is undertaken by transcription factors expressed in migrating interneurons,
motogenic factors, and guidance molecules that pilot cells through the appropriate paths
(Figure 1.4).

Transcription factors controliing tangential migration of cortical interneuns
include NKX2.1, DLX1/2, LHX6 and ARX.Control of telencephalic interneuronal
migration by NKX2.1 provides an elegant example whereby a transcription factor
directly regulates the expression of a guidance moleSplecifically, NKX2.1 binds to
regulatory elements of theuropilin2 (Nrp2) locus and represses its expression in
striatal interneurons, thus allowing them to enter Sleenaphorirexpressing striatum,
as NRP2 is the receptor for the repulsive molecule SemaphorinC8Rversely,
postmitotic cortical interneurons downregulatkx2.1 therefore expredsrp2, respond
to the chemorepellent action of the striatum and deflect towards the ¢Ndbrega
Pereiraet al, 2008).An analogous roléas been describfdr DLX1 and CLX2 in
directly repressingNrp2 expression (Let al, 2007).In fact, evidence suggests that the
reduced tangential migration to the cortexDdk1/2 double mutants (Anderscet al,
1997a)is due to aberrant expression fp2 in the mutant cellsLg et al., 2007. In
vivo andin vitro work from several groups has highlighted an important role for the
homeodomain transcription factor ARX in GABAergic interneuron migration
(Kitamuraet al, 2002; Colombeet al, 2007; Friocouret al, 2008). Notably, it was
demonstrated thakrx is a direct target of DLX2 and hence functions as a mediator of
the DIx-dependent interneuron migration program (Colasattal, 2008). Finally,
several studies have implicated the L-IMmeodomain transcripn factor LHX6 in
cortical interneuron migration (Alifragist al., 2004; Liodiset al, 2007; Zhacet al,
2008), as will be described in sectiod.B.

Motogenic factors expressed in the developing cortex include the hepatocyte
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growth factor/scatter tdor (HGF/SF) and the neurotrophins BDNF, NT4 and GDNF.

In support of the idea that motogenic factors guide migrating cells towards the cortex,
the receptors for these molecules, nameMet for HGF, TrkB for BDNF and NT4,
GFRal for GDNF, are expresseccortical interneurons (Powaedt al, 2001; Pollewet

al., 2002 and references therein; Pozas and Ibafez, 28i. culture and explant
assaysaveestablished thatiGF (Powellet al, 2001)and GDNF (Pozas and Ibafiez,
2005), both of which are expressed in the cortex and the proliferative zones of the GEs,
can indeed increase the motility of tangentially migrating interneuronsitro.
Converselyadministration of exogenous HGF in cultuRogvellet al, 2001) or los®f

GDNF or GFRal activityn vivo (Pozas and Ibafiez, 200&sult in disrupted migration

and reduced numbers of GABAergic cells in the cqrtespectively. Moreover,
tangential migrations triggered by addition of BDNF or NTih MGE-cortex ce
cultures, and impeded by the Trk receptor inhibitor K252a (Polktual, 2002).
Finally, TrkB”™ mice exhibit reduced numbers of CBells migrating to the cortex
(Polleuxet al, 2002). However, the reduced numbers of GABAergic célterved in

the above studies could in fact be due to impaired neuronal differentiation rather than
decreased migration, as both GDNF (Pozas and Ibafiez, 2005) and BDNF (Feimelli
al., 2000) have been shown to promote a GABAergic phenotype.

Guidance moleulesplay a fundamental role in cortical interneuron migration,
by exerting both chemorepulsive and chemoattractant effects, guiding cells away from
the ventral telencephalon and towards the cortex respectively (Figure 1.4).

One of the first challengethat migrating GABAergic interneurons face is to
successfully pave their way to the pallium by avoiding the striatum. It is now
established that the chemorepulsive guidance molecules Semaphorin 3A (Sema3A) and
3F (Sema3F) as well as their receptors NRRILNMIRP2regulate this process (Marigt

al., 2001). Sema3A/3F are expressed in the striatum, whereas migrating cortical
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interneurons express NRP1/2 and are thus repelled to the cortex @vakjr2001).

Another group of secreted chemorepulsive factexpressed in the basal
telencephalon are the SLIT (SLIT1 and 2) glycoproteins (Yaial, 1999; Bagret al,
2002). Their receptors, the ROBOs (ROBO 1, 2 and 3), are found within the cortex
(Bagriet al, 2002; Andrewet al, 2008; Barbeet al, 2009) Based on their expression
pattern it was originally suggested that SLIT1/2 could be responsible for the
chemorepulsive function of the POA (Maghal, 2003). However, migration towards
the cortex was not disrupted 8lit1”;Slit2” compound mutantéMarin et al, 2003).
Similarly, no cortical interneuron migration defects were observébbo1”, Robo2"
(Andrewset al, 2008) orRobo3" (Barberet al, 2009) single mutants. Compound loss
of Robol Robo2and Robo3activity however resulted in a significant reduction in the
number of interneurons within the cortex (Barbet al, 2009), pointing to
compensatory actions of the three ROBO receptors in regulating cortical interneuron
migration. These results should Ieterpreted with some cautidhough since ROBG
also influence cell proliferation in the developing forebrain (Andrewvsl, 2008;
Barberet al, 2009) and the relationship between these factors and their ligands in
controlling this process remains latg unknown.

Chemoattraction towards the cortex is mediated by NeurefjuMRG1) and
one of its receptors, ErbB4, which is expressed in tangentially migrating interneurons
(Flameset al, 2004). NRG1 comes in two isoforms, a membrane bound one (NRG1
CRD) found in a corridor of the LGE next to tBemaphorirexpressing striatum and a
secreted one (NRGIh) in the cortex (Flamest al, 2004). Specifically, NRGCRD-
expressing cells form a permissive substrate for tangentially migrating interneurons
allowing them to proceed towards the cortex, which mn @fttracts them by expressing
NRG1-1g. Disrupting ErbB4 functionn vitro renders migrating cells unresponsive to

the attractant activity of the cortex and loss of ErbB4/NRG1 signatiing/oresults in
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reduced GABAergic interneuron numbers in the pallium (Flaghes, 2004).

Recent evidence suggests that guidafarigrating interneurons the 1Z/SVZ
and MZ pathf the cortex is mediated by chemokine signalli@¥CL12 (also known
as stomalderived factor 1, SDR) is a chemoattractant fonterneurons, expressed in
the meninges and the 1Z/SVZ of the developing cortex (Stemnat, 2003; Tiveroret
al., 2006;LopezBenditoet al, 2008) Its receptor CXCR4 is expressed in migrating
interneurons in the same areas (Stuetral, 2003; Tiveroret al, 2006;LopezBendito
et al, 2008).Analysis of mutant mice that specifically lack CXCL12 in the 1Z/SVZ but
not in the MZ revealed an absence of migrating interneurons in the former roue and
concomitant accumulation in the later (Tiveretnal, 2006). Moreover, interneurons in
Cxcr4” mutants migrate preferentiallyia the CP rather than the established routes

(Tiveronet al, 2006).
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Motogenic factors
HGF

Attractant cues
CXCL12
M 1g-NRG1

Repellent cues
I unknown repellent
B sema3A/Sema3F

Permissive cues
CRD-NRG1

POA

Figure 1.4 Guidance cues regulating tangential migration of cortical interneurons.
Schematic representation of a coronal hemisection of the mouse forebrain depicting the
tangential migration of cortical interneurons from the MGE to the cortex. fd&ked
interneurons are guided towards the cortex by motogenic factors in the MGE and
chemoattractant cues in the cortex. A still unidentified repetteletfrom the POA
prevents these cells from migrating ventrally. Whilst in the subpallium, cortical
interneuros are repelled from the striatum and use a permissive corridor of LGE cells
instead, in order to advance to the cortex. Upon reaching the cortex, chemokines ensure
that these cells will be restricted to the MZ and SVZ and motogenic factors aid their
migraion. CTX= cortex, STR= striatumMGE= medial ganglionic eminence, LGE=
lateral ganglionic eminence, POA= preoptic area. Schematic generated by Hayley

Wood, NIMR photographics.

1.3.3.2Transition from tangential to radial migration

Following entry intothe cortex via the MZ and 1Z/SVZ, tangentially positioned
interneurons switch their orientation in oblique or perpendicular angles and invade the
CP (Polleuxet al, 2002; Anget al, 2003; Tanakeet al, 2003 and 2009). The

mechanisms underlying this aciél step are just beginning to be elucidated.
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CXCL12-CXCR4 signalling seems to be regulating this process, as analysis of
Cxcr4” mutants demonstrated premature entry of interneurons into the CP and
subsequent altered laminar positioningdgezBendito et al, 2008). CXCR7, the
second receptor for CXCL12, is also expressed in tangentially migrating interneurons in
the cortical MZ and SVZ, along with CXCR4 (Tiverehal, 2010;SanchezAlcafiiz et
al., 2011 Wanget al, 201). Notably, CXCR7 expressiors ihighly associated with
interneurons entering the CP, suggesting that it could be acting to alter the
responsiveness of cortical interneurons to CXCL12, and hence assist their exit from the
MZ and SVZ (Tiveronet al, 2010).In fact, studies from the Marigroup have
demonstrated that loss d@xcr7 function in migrating interneuronsenders them
unresponise to CXCL12,as CXCRY7 is required to sustain the protein levels of CXCR4
(SanchezAlcaniz et al, 2011).Specifically, CXCR7acts as a scavenger, to ued
excess CXCL12 in the cortex and prevent degradation of CXCR4 (SaAliziz et
al., 2011).1t is therefore,not surprising thatCxcr7-deficient miceshow a similar
phenotype tcCxcr4” mutants, withearly entry of interneurons into the CP and altered
layer distribution (Sanche&lcafiz et al, 2011 Wang et al, 201). Interestingly
though CXCR4 and CXCR7 receptors regulateortical interneuron migratiomvia
distinct functions: thewctivatedifferert signalling pathways and have opposing actions
in regulating cell motility and leading process morphol@§fanget al, 2011).

A potential role for the gap junction subunit Connexin 43 (CX43) has also been
suggested in the switch between tangential and radial migration. Using a short hairpin
RNA (shRNA) approach in rat brain slice cultures it was demonstrated that knocking
down CX43 levels reduced the number of radially oriented cells in the cortex and
resulted in an accumulation of cells close to the pial surface. Interestingly, the same
study provided evidence for the existence of gap junctions between cortical radial glia

and ralially migrating interneurons (Eliast al., 2010).
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1.3.3.3Termination of cortical interneuron migration

Live imaging of brain slices from mice whose cortical interneurons are
genetically labelled with GFP, documented that the speed of movement, &lity mo
general, decreased from late embryonic stages onwards and pausing frequency
increased concomitantly. igration ceased by PB7 for the majority of cells (Bortone
and Polleux, 2009). In addition, it was demonstrated that the control of migrait@ois r
intrinsically determined. Firstly, heterochronically plated immature interneurons onto
mature cortical feederns vitro did not show reduced rate of migration compared to
isochronic controls and secondly, some interneurons responded to the addition
GABA by pausing, whereas others in the same culture remained unaffected (Bortone
and Polleux, 2009). Interestingly, the potassitmoride (K'-CI) cotransporter KCC2
was identified as the intrinsic factor that regulates termination of cortical intemeu
migration in response to GABA (Bortone and Polleux, 2009).

KCC2 is a neurorspecific K- CI” exporter participating in the regulation of the
CI" equilibrium potential, which in turn controls the response, depolarising or
hyperpolarising, elicited byctivation of ionotropic GABA receptors upon release of
GABA (reviewed in BepAri et al, 2007). During embryonic development and early
postnatal life the intracellular Ctoncentration is increased in immature interneurons
due to high expression levels thie N&-K*-2CI cotransporter NKCC1, which imports
CI" into the cell, and thus generates a positive guilibrium potential. Therefore,
binding of GABA to ionotropic GABA receptors results in discharge of €bm the
cell and membrane depolarisation. Conversely, mature neurons upregulate KCC2,
which exports Clfrom the cell, thus reverses the €fuilibrium potential and renders
GABA hyperpolarising (reviewed in Befri et al, 2007).In other words, KCC2
mediates the switch from excitatory GABA in immature neurons during development to

inhibitory GABA in mature neurons (Rivesd al,, 1999).

62



Chapter 1. Introduction

The above observations were incorporatedBoytone and colleagues itne
following model for the termination of cactl interneuron migration: during embryonic
stages when cells express low levels of KCC2, ambient GABA and glutamate act in
concert, through GABA and AMPA/NMDA receptors respectively, to induce
interneuron depolarisation and Cainflux via voltagesensiive calcium channels
(VSCCs) to promote cell motility. However, the upregulation of KCC2 later during
development switches the action of GABA to hyperpolarising, resulting in l1e€s Ca
entering the cell and reduced interneuron motility. Finally, thexndiuC&" is further
reduced due to a decrease of ambient glutamate, which also results in reduced
AMPA/NMDA receptor activation, eventually driving migrating interneurons to a

complete halt (Bortone and Polleux, 2009).

1.4 The LIM homeodomain transcription factor LHX6

LHX6 belongs to the LHX6/LHX7 group of LIM homeodomain (LiMD,
otherwise known as LHX) transcription factors, which represent a subfamily of LIM

domain proteins.

1.4.1 LIM domain proteins

The LIM domain was originally discovered in three homeodomain transcription
factors, namelyLin-I1 of C. elegangFreydet al, 1990),Isl-1 of the rat (Karlssoet
al., 1990) andMec3 of C. elegangWay and Chalfie, 1988), hence the nahi®l .
This highly conserved cysteir@nd histidinerich domain consists of two tandem znc
fingers (Figure 1.5, B Michelsenet al, 1994; PéreAlvaradoet al, 1994 and 1996;
Konrat et al, 1997 and is involvedn proteinrprotein interactiongFeuersteiret al,
1994;Schmeichel and Beckerle, 1994; Arber and Carto96)

LIM proteins are classifiedccording to the Nor C-terminal position of their
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LIM domains, the presence of other motifs such as homeodomains or PDZ domains and
their subcellular localisation, whiccan be either nuclear or cytoplasmic (reviewed in
Kadrmas and Beckerle, 2004). Nuclear LIM proteins control gene expression, while
their cytoplasmic counterparts are involved in cytoskeletal organisation. Notably, some
LIM proteins can shuttle between ateus and cytoplasm upon stimulation from a
signalling cascade (reviewed in Zheng and Zhao, 2007).

LIM-HD, otherwise known akHX, proteins contain two Merminally located
tandem LIM domains followed by a-términal homeodomainF{gure 1.5, A, which
confers DNA binding specificity (reviewed in Dawit al, 1998). They are found
exclusively in the cell nucleus, where they act as transcription factors: through their
ability to interact with other proteins, either directly or via cofactorsy thiay
fundamental roles in tisstgpecific gene regulation and cell fate decisiobBlX
proteins can be subdivided into six groups based on sequence conservation within their
homeodomainThey exert their developmental functions in a multitude of systent,
irrespective of which group they belong to, they are all expressed in the nervous system,
pointing to an evolutionarily conserved role in neural development, from nematodes to

vertebrates (reviewed in Hobert and Westphal, 2000).
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Figure 1.5Domains of the LHX proteins. (A) Schematic representation of the domain
structure of LHX proteins which characteristically contain two -tdrminal LIM
domains, followed by a -@®rminal homeodomair(B) Schematic representation of the
two tandem zindinger motifs of a LIM domain. Each LIM domain coordinates two Zn
ions, with amino acid residues4lbindingthe first Zn ion and residues&binding the
second Zn ion. LIM= LIM domain, HD= homeodomain, Zn= zihmodified with

permissiorfrom Kadrmas and Beckerle, 2004

1.4.2 The LHX6/LHX 7 group of LIM -HD proteins

Lhx6 and Lhx7 (also known ad_hx8), the twovertebrate homologues of the
LHX6/LHX 7 group, were first identified by screening mRNA from mouse embryo
enteric neuroblasts and a mousad cDNA library. The overall amino acid sequence
similarity of LHX6 and LHX7 is 75% and both proteins contain two LIM domains
followed by a homeodomain. Initial RNA situ hybridisation studies in the mouse
embryo revealed that their expression pattechsing development are highly
overlapping, both in the first branchial arch and in the basal forebrain, suggesting a
critical role in head development (Grigorietial,, 1998).

Both Lhx6 and Lhx7 mRNAs are detected in the oral mesenchyme of the

maxillary and mandibular process within the first branchial arch at-EQ.5 but are
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excluded from the oral epithelium. During the course of odontogenesis their expression
becomes progressively restricted to the mesenchyme of individual teeth and is finally
downregilated by P2 (Grigoriowet al, 1998; Denaxat al, 2009). Genetic loss of
function studies using embryos deficient for bdthx6 and Lhx7 highlighted a
requirement for both of these genes for molar tooth development (Dethaka2009)

as well as for armal cranial skeleton and palatal formatiddoet al, 1999;Mori et

al., 2004; Denaxat al,, 2009).

Expression of_hx6 andLhx7 within the MGE starts at around E10.5tie SVZ
and mantle zonand is excluded from the adjacent LGE (Grigorietual, 1998).
However, these two genes subsequently develop distinct expression patte®s.
expression persists in GABAergic interneurons migrating out of the MGE and through
the LGE towards the cortex as well as in mature cortical interneusentan 1.43),
whereas expression dfhx7 is restricted to the ventral telencephalon, simiatal
cholinergic interneurons andholinergic projection neuronof the basal forebrain
(Asbreuket al, 2002; Zhacet al, 2003; Fragkoulet al, 2005). Analysis of sevdra
different Lhx7-deficient mouse models demonstidita requiremenfior LHX7 for the
differentiation of thesewo types ofcells (Zhaoet al, 2003; Moriet al, 2004;
Fragkouliet al, 2005). Moreover, recent studies established|tdsat of Lhx7 function
results ina respecification of cholinergic striatal interneurons into GARJc cells,
revealing arole of LHX7 in maintaining cholinergic identity in striatal interneurons
(Fragkouliet al., 2009; Lopeet al, 2012).

Finally, Lhx6 andLhx7 are also expressed in certain areas of the hypothalamus
(Grigoriou et al, 1998) and_hx6is implicated in the processing of reproductive odour
signals in a pathway connecting the posteloosal medial amygdalaucleus with the
reproductive hypothalamic nuclei (Chetial, 2005).

Taken togethr, the above studies suggéstdamental roles ofhx6 and Lhx7
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during multiple aspects of embryonic head development, from crak@éton and
tooth development, to geration of specific CNS neuronal populations and the control

of behavioural decisions.

1.4.3The role of LHX6 in cortical interneuron development

As Nkx2.T progenitors of the\GE exit the cell cycle, expression bhx6 is
inducedby direct binding of NK)X.1 tothe Lhx6 promoter (Duet al, 2008) From this
point onwardsL.hx6 expression is maintained in tangentially migrating interneuobns
the 1Z, SP and MZ4Lavdaset al, 1999; Liodiset al, 2007) as well as idifferentiated
interneurons of the postnatal cortex. Specificallpx6 is preferentially expressed in
nearly 100% of MGHlerived interneurons of the P¥nd SST subtypes I(iodis et al,
2007; Fogartyet al, 2007),suggesting that it may haaekey role in thelevelopment of
MGE-derived sublineages obrtical interneurons.

The role ofLhx6 in the specification, migration and differentiation of cortical
interneurons has been analyzed by several groups, using a varietyied and cell
culture approache3he first loss of function data farthx6 came from small interfering
RNA (siRNA) studies. Focal electroporation of an Lhx6 siRNA in the MGE of E13.5
mouse embryonic brain slices inhibited the tangential migration of GABAergic
interneurons into the cortex. Wever, the same siRNA approach did not impede the
production of GABA or its synthesizing enzymes GADG65/67 in dissociated MGE
cultures (Alifragiset al, 2004).

Subsequently hie generation of the firdéthx6 mutant animals revealed a crucial
role of LHX6 in the tangential and radial migration of GABAergic interneurons into the
cortex and their differentiation into PVand SST cells. Although Lhx6"™ animals
presenta delay in the front of migratioof GABAergic interneuronsat embryonic

stages, examinatn of their cortices at P15 revealed thet number of Gadicells is
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similar to wild types. Howevertheir distribution into the various cortical layers is
affected Furthermore.hx6-null mutants display a severe reduction in both S&id

PV" interneuon numbers (93% and 89% respectively) and a less pronounced reduction
(38%) in CRexpressing cellgLiodis et al, 2007). The above findings suggest that
Lhx6 does not participate inhe specification of the GABA phenotype of MGE
progenitors, an observaticthat agrees with the findings of Alifragis and colleagues
(Alifragis et al, 2004) but rather it is essential for the migration and differentiation of
interneurons into specific subtypes

Independentvork, using arLhx6loss of function allele that expresses placental
alkaline phosphatase (PLAP) hasonfirmed the observations of Liodiset al
Lhx68 “PPLAP mutants show defects in tangential migration and laminar positioning of
cortical interneurons, as well as severeuntibns inthe PV" and SST populations.
This study also proves that LHKmediates these effects by controlling expression of
factors implicated in interneon migration and differentiation such &scr4 and Arx
(Zhaoet al.,2008).

Although the above stlies established the requirement I0fiX6 for the
differentiation of MGEderived interneuras) they did not address the question of
whetherLHX6 is intrinsically required for this process or whether the differentiation
defect is secondary to altered positioning of interneurons withihié'~ cortex. A
recent study, using ahx6°* hypomorphic allele, proved that while a single copy of
Lhx6*#is enough to rescue the cortical interneuron migration defect, it is not sufficient
to restore the normal differentiation 86T interneuronsOn the contrary,ie number
and migration of PV interneurons are unaffected Ithx6 hypomorphic mutants,
meaning that low levels ofLhx6 activity are sufficient to regulate PMnterneuron
development but do not allow normal development of their $8linterpast (Neveset

al., 2012). The same study also proposes that $&T interneuron differentiation
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defects lead taltered function of inhibitory dendritic synapses at the CA1 hippocampal
field and subsguent development of epileptic seizu(Bieveset al, 2012.

On the whole LHX6 is requiredintrinsically and in a dose dependemanner
for both the migrationand differentiation of MGElerived interneurons as well as the

formation of functional inhibitory circuits.

1.4.3.1 Downstreaneffectors of LHX6 in cortical interneuron development

With the role ofLHX®6 in cortical interneuron differentiation wedistablished,
recent studies have set out to idengffector genes that acbanstream of LHX6 in
this process

The first gene described to function genetically downstream of@_ttXsSox6
which regulate the laminar positioning and differentiation of cortical interneurons,
predominantly of the PVsubtype(BatistaBrito et al, 2009) Sox6is expressed in
MGE-derived interneurons (BatisBrito et al, 2009; Azimet al, 2009) with an
expression pattern closely resembling that_bk6 and $milarly to Lhx6" animals,
Soxedeficientmice exhibit defects in the differentiation of P&nd SST interneurons
(BatistaBrito et al, 2009; Azim et al, 2009). Notably, the PVsubsetwas more
severely affected than the S®he, indicating that SOX6 is required predominantly for
PV-expressing interneuron differentiati(BatistaBrito et al, 2009).

Interestingly, a recent genomeéde gene expression profiling study, conducted
in our laboratory, on dorsal forebrain tissue from E15Hh%6™ mutants and control
littermates identified several genes downstream of LHX6 (Deatah, 2012). Among

these genesatbl(special AFrich sequence binding protein 1) presents great interest.
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1.5 The genomerganiser protein SATB1

Satblwas first cloned from a humaestis cDNA library and was found to be
predominantly expressed in thymocytathough low levels of Satbtranscripts were
also detected in the testis and the b(&iltkinsonet al, 1992). Its mouse homolog was
isolated fom athymus cDNA library shortly after (Nakagonet al, 1994).Satbl
along with its close homolo&atb2 which wasidentified in the mousemuch later
(Dobrevaet al, 2003;Britanovaet al, 2005) are the only membsrof the SATB
subfanily of Cut class homeobox genes atwhsist of two Cut domains followed by a
homeodomainDickinson et al, 1997;Dobrevaet al, 2003;Britanovaet al, 2003.

Both SATB1 and SATB2 play important roles in chiatim organisatiomnd regulation
of gene expressiofasuiet al, 2002;Dobrevaet al, 2003 Gyorgyet al, 200§ and
interestingly, their functions are célipe specific. SATB1 plays a fundamental role in
T-cell developmentand breast cancer progressi(ection 1.5.2) whereas SATB2
regulates osteoblast differentiatigpobrevaet al, 200§ and specification of pper
layer cortical projection neurons (Alcanat al, 2008; Britanovaet al, 2008).Our
focus herewill be on SATBL1.

SATB1 is a nuclear matrix proteiickinsonet al, 1992; de Bellet al, 1998;
Seoet al, 2005), one of its most promineaharacteristics being its specificity for
binding to AT-rich DNA sequences, called matrix or scaffold attachment regions
(MARs or SARs;Dickinsonet al, 1992; de Belleet al, 1998). As the name suggests,
MARs have a high affinity for thauclear matrixa threedimensional, noithromatin
structure of theell nucleus, which comprises external nuclear lamina and an internal
ribonucleic protein network (Nickerson, 2001). MARs consist of DNA sequences that
contain only adenine (A), thymine (T), and cytesi(C) residues on one strand and A,
T, and guanine (G) residues on the other strand. When subjected to negative
super helical strain, these AATC sequence

70



Chapter 1. Introduction

name base unpairing regions (BUR&hwi-Shigematsu and Kohwil997. Double
stranded BURs are typified by a distinctive sughosphate backbone, which is
recognised by SATBL1 thus enabling the protein to bind to the minor groove of double
stranded DNA(Dickinson et al, 1992). Binding of SATB1 to MARs results ineth
formation of characteristic loopand higher order chromatin organisatigle Belleet

al., 1998; Caiet al, 2003 and 2006; Kumaat al, 2007), with important functional

implications éectionl.5.2).

1.5.1 Functional domains of the SATB1 protein

Given the high selgiwity of SATB1 for MARs, the first studies on SATB1
focused on identifying its MAR binding domain. This domaas mapped aamino
acid @ residues 346195 and fine mapping of the identified polypeptide demonstrated
that its N- and Gterminal ends are both necessary and sufficient for the recognition of
the ATC sequence context and DNA binding (Nakageinail., 1994).

Subsequent studies identified two dike repeats in SATB1, one located at the
centre of the MAR binding domain (a&@®445) and the other positioned at residues
493568 (Dickinsonet al, 1997). Focusing on the Cut repeat residing within the MAR
binding domain of SATB1 Yamaguchi and colleagues solved its solution structure and
demonstrated that it binds to the majoray® of DNA (Yamaguchet al, 2006).

Homology searches between SATB1 and known HD proteins identified an HD
at the Gterminus of SATB1, spanning residues 6412. This domain functionsn a
unique manner to increase the binding affinity of SATB1 to itgefasequence: it
promotes the tethering of the MAR binding domain of SATB1 to the-govanding
element of a BUR (Dickinsoat al, 1997). Moreover, identification of the palindromic
consensus binding sequence of SATB1, which contains two repeats aingered

HD binding el ement ATAATAO, | ed to the p
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is mediated by its HD (Purbey al.,, 2008).

The Nterminal end of SATB1 contains a dimerisation domain (a2®D that
participates in the formation of SATBbimodimers, or heterodimers between SATB1
and other proteins (Galand¢ al, 2001). This region features sequence homology to
known PDZ domains involved in proteprotein interactions and is necessary for the
DNA binding activity of SATB1. Following studies, confirmed the requirement for
dimerisation in order for SATB1 to ackie high affinity binding to DNA (Purbegt al.,
2008). Purbeyet al formulated a model aording to which high affinity binding of
SATBL1 to the minor groove of DNA is established by its HD, whereas the Cut repeat
within the MAR binding domain contacts ehmajor groove with low affinity.
Dimerisation of SATB1 via itPDZ domain is essential to increaafinity to its
consensutarget sequence (Purbetal, 2008).

However, the crystal structure of thet&éfminal domain (amino acids -4172) of
SATB1 was ecently solved, demonstrating a resemblance to a typical ubiquitin domain
rather than a PDZ domain as was previously believed (Gaktrale 2001), hence the
name ubiquitidike domain (ULD; Wanget al, 2012). Interestingly, the isolated crystal
structue corresponded to four ULD regions and mutational analysis confirmed that
SATB1 forms a tetramer under normal conditiansvitro. This oligomerisation is
required for DNA binding and in fact it is proposed that the SATB1 tetramer odrnidoi
two DNA seqgences at the same timghus providing a possible model for the higher
order organisation of chromatin at SATB@©und genomidoci (Figure 1.6;Wanget al,

2012).
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Figure 1.6 Proposed model for the function of SATB1 tetramers in transcriptional
regulation. (A) SATB1 monomers assemble into tetramers via interaction through their
N-terminal ULD domainThis is essential for recognition of target sequences and DNA
binding. (B) Binding of a SATB1 tetramer togene regulatory regions via its HDs
mediates local transcriptional regulati¢@) SATB1 tetramers can regulate chromatin
architecture through binding to promoter regions, which can be as far as 300 kb away,
thus bridging togettr distant genes for coordinated transcriptional regulatitii=
ubiquitin-like domain, HD= homeodomain, CUT= dike domains. Modified with

permission from Wangt al, 2012.

1.5.2 Genome organising function of SATB1 and associated-factors

The biolaical significance of the nuclear matrix and MAR<he regulation of
transcription has long been appreciated. MARs are often found near enhancers
(reviewed in Boulikas, 1995) and the nuclear matrix harbors the transcriptional

machinery (Nickerson, 2001). Therefore, the finding that SATB1 tethers MAR® to th
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nuclear matrix (reviewed in Galandg al, 2007) prompted the investigat of a
possible roleof SATB1 in regulating gene transcription. Indeed, initial studies on
SATB1 function demonstrated that it acts as a transcriptional repressor in a cell line
systemin vitro (Kohwi-Shigematsuet al, 1997) and that it is involved in negative
regulation of the mouse mammary tumour virus (MMTYV) locus (fiwal, 1997) and
positive regulation of the CD8 locuBgnanet al,, 1997).

Interestingly, analysis of thér$t SatbI” mutants provided evidence that SATB1
can control the expression of multiple genes (Alvateal, 2000). At least ten genes
including cytokine receptor and apoptese$ated genesyere found to belysregulated
in SatbT” thymocytesleading to arrested -Eell development at the dolebpositive
stage(Alvarezet al., 2000). Similarly, SATB1 was found to regulate expression of over
1,000 genes to promote breast cancer growth and metastasist @ag008).

Subsequent studies reveahihat an important aspect of SATB1 function is the
long-range, coordinated regulation of chromatin architecture and gene expression
(Yasuiet al, 2002; Caiet al, 2003). Immunofluorescence in thymocytes revealed the
socal |l edl ifkeagenet wolbkund ochromaiirA ToBps surrounding
heterochromatin regiongigure 1.7, A and histone modification analysis showed that
genomic regions bound to this network are acetylated, with acetylation marks extending
up to 10 kb away from the SATB1 binding sitea{@t al, 2003). Consistent with the
presence of histone marks at SATBdund genomic loci, SATB1 was shown to
interact with the historenodifying enzyme HDAC1 at the {PRa locus to promote an
inactive chromatin state (Yasat al, 2002). It also recrts the ACF1 and ISWI
chromatinremodelling factors at the same locus, to organise nucleosome positioning,
up to 7 kb away from its position (Yasetial,, 2002).

Moreover,SATB1 compacts chromatin at tAehelper 2 Ty2) cytokine locus

and promotes the cadinated transcrijion of interleukins 4, 5 and 1(&aiet al, 2006).
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Upon activation ofTy2 cells, SATB1 binds to its target sequences within thg T
cytokine locus and folds chromatin into loops. Notablyreachromatin
immunoprecipitabn experiments demonstrated thatNAR polymerase |II, the
chromatinremodeling factor Brgl, and the transcription factors GATA3, STAT6 and c
Maf are all associated with the cytokine locus after activatmrocalising with
SATB1 (Caiet al,, 2006).

Along the same lines, SATB1 participates in chromatin looping and
transcriptional regulation of the major histocompatibility complex (MHC) class | locus,
by recruiting the promyelocytic leukemia (PML) proteiRigure 1.7, B).Notably,
SATB1 and PML bind not onlyo MARs but also to upstream regulatory regions of
certain genes within the locus, suggesting that SATB1 acts as a genuine transcription
factor for these genes, aside from being an architectural component of the MHC | locus
(Kumar et al, 2007). SATB1 alsobinds to other upstream regulatory elements,
including the IL2 and I-2Ra promoters in -Eells (Kumaret al, 2005) and the
gp9F¥"™ promoter in myeloid cells (Hawkiret al., 2001).

In summary, SATB1 is a classical transcription factor, but &lsations to
integrate higher order chromatin looping with histone modifications, chromatin
remodelling and the recruitment of transcription factors, all of which collectively
contribute towards the positive or negative regulation of gene expressiaetie title

Agenome organisero.
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Figure 1.7 Organisation of dromatin architecture by SATB1. (A)
Immunofluorescenceni mouse thymocytes for DAPI, which reveals the chromatin
territories (CTs) and SATB1, which surrounds the heterochromatin CTs, forming
characteristic cagkke network.(B) Schematic representation of tblromatin loop
organisation of the MH@ locus when SATB1, along with its interacting partner PML,
binds on MARs and recruits them to the nuclear matrix. Apart from the base of
chromain loops, SATB1 can also be found at regulatory sequences upstream of various
genes. Coloured arrows indicate genes within a 300 kb region of the- IMbtDs.

Adapted with permission from Galandeal, 2007.

1.5.2.1 Regulation of SATB1 function by posttranslational modifications

Recent lines of evidence suggest that the ability of SATB1 to function as a
repressor or activator of gene expression is controlled by posttranslational
modifications. Depending onhe& phosphorylation status of its PBi&e domain,
SATBL1 acts to either repress or derepress gene expression (Pavanefainat006).
Phosphorylation of SATB1 by protein kinase C (PKC) increases its DNA binding
affinity and allows the recruitment 6fDAC1, which deacetylates histones at the bound
loci thereby repressing transcription. On the contrary, dephosphorylated SATB1
interactsvia its PDZlike domain with the histone acetyltransferase PCAF, resulting in
its acetylation, loss of its DNA binding aadtly and derepression of associated genes
(Pavan Kumaet al., 2006).

The ability of SATB1 to interact with different cofactors depending on its
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posttranslational modificatiostatus was confirmed by subsequent studédB1 was
shown to interact with CtBP (Purbeyet al, 2009), a corepressor which acts in an
HDAC1-dependent or independent way (reviewed in Chinnadurai, 2002). However
upon acetylation of SATB1 the CtBP1/HDAC1 corepressor complex gets dislocated
and PCAF coactivator complexes are recruitestdad, leading to histone acetylation

and activation of target gene expression (Pudieyf, 2009)

1.5.3 Expression and function oBatblin the CNS

The first studyto offer insight into the expression pattern $#tblin the
developing CNS reported SatliRNA expression in the spinal cord of the E13.5
mouse embryo. By E15.5, Satbl transcripts were detected within the neocortex, the
hippocampus and the piriform cortexBritanova et al, 2005). Moreover,
immunofluorescere studies reported robust SATB1 expression in the adult mouse
neocortex, hippocampus, amygdala, midbrain tegmental area and spinal cord, while
areas of the subpallium such as the striatum and ventral pallidum were devoid of
SATB1 (Huanget al, 2011).Within the neocortex, SATB1 protein was found in both
cortical interneurons and pyramidal cells, across layekdl I(Huang et al, 2011
Balamotiset al, 2012). Notably, SATB1 was detedt exclusively in neurons and not
glial cells Huanget al, 2011 Balamotiset al, 2012).

The function of SATB1 in the cerebral cortewas first examined by using the
sameSatb1” mutants that were initially described in the immune system (Ahetret,
2000), at an independent studga{amotiset al, 2012).Satbldeficiency resulted in
altered timing and levels of expression of several immediate early géB@s) (
associated with brain plasticity, in the cortex of mutant animals. For example,
expression oBdnf Fos andArc initiated threedays earlier than normaind declined

rapidly therafter. Loss ofSatblactivity also affected the levels of genes encoding
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neuropeptides found in cortical interneurons, sucls@$ and CRH (section 1.2.1.2)
and n fact, ureaChlP experiments proved the direct binding of SATB1 to regulatory
elements of these genes. Notaldgndritic spine density was significantly reduced in
pyramidal cells ofSatb” mice indicating a possible role SATB1 in controling

synapse formation irheé postnatal mouse cortex (Balametisl, 2012).

1.5.3.1 SATBL1 in cortical interneurons

The latest studies in the field report th&ATB1 expression in cortical
interneurons is restricted exclusively in the M@é&rived lineage, suggesting specific
roles ofthis transcription factoin certain interneuron subsefswo parallel studies, one
from our laboratory (Denaxet al, 2012) and one from the Fishell group (Cleseal,

2012), demonstrated the presence of SATB1 protein in nearly dllad SST
interneurons, which are MGéerived, and its exclusion from their VIBr 5HT3aR
CGEderived counterparts. Furthermore, both studies noted a lack of SATB1 protein
within the MGE and in tangentially migrating interneurcBA.TB1 expression initiated

only when interneurons started populating the CP, becoming more robust and apparent
in increasing numbers of cells at late embryonic stages.

Interestingly, Denaxa and colleagues noticed tatemporal profile ofSATB1
expression in the developing neocortmincides with the appearance of spontaneous
cortical activity, which starts from E16.5 and peaks at early postnatal life (Cefrlaly
2004). To investigate a possible connection between the two, dissociated cultures from
E14.5 mouse cortices were ddished and treated with KCl after 24 hours, to
depolarise neurons. KCI treatment resulted in a significant increase in the number of
SATB1" GABAergic interneurons, compared to untreated controls. Conversely,
treatment with a Ca channel blocker or GABA receptor antagonists resulted in a

reduction in the number GATB1-expressing interneurons indicating that Gativity
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can induceSATBL expression, partly through GABAreceptors (Denaxat al, 2012).
Similarly, in vivo attenuation of neuronal activity in cortical interneurons, by
electroporation of the inwangectifying channel Kir2.1, resulted the downregulation
of Satblexpressiorevels(Closeet al, 2012).

Additional findings from these studies provide evidefarethe involvement of
SATBL1 in cortical interneuron development and will be discussed in Chapters 3 and 4

of this thesis.
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1.6 Aims of the present work

Previous work from our laboratory has established ttatLIM-homeodomain
transcription factot.HX 6 is intrinsically required in MGEderivedcortical interneurons
to regulatetheir specification during early embryonic developmenigration into the
cortex and differentiation into mature subtypdewever, the regionand stagespecific
factors operating downstream of LHX6 to regulate cortical interneuron maturation in
the cortex remain largely unknowihe latest studies from our group established th
the genome organiser protein SATB1 is genetically downstream of LHX6 and
demonstratedhat this factoris expresse@pecifically in MGEderived SST and PV
interneurons upon invasion of the cortical plate, where terminal differentiation of these
cellstakes place

The overall objective of our studies is to investigate the role of SATBL1 in the
development of inhibitory circuits in the mammalian cortex. In particular, as part of our
efforts to understand the megular/genetic mechanisms underpinning the generation of
cortical interneuron diversity, we will examine the role of SATB1 in the terminal
differentiation and maturation of MGéerived interneurons. To this end, we will
examire the differentiation of PV and SST interneuronsin the postnatal cortex of
SatbXnull or conditionalSatbl1floxed mice, using a battery of molecular markers that
identify mature interneuron subsets. With these studies we will determine the potential
differential requirements oBabl activity in the differentiation ofSST and PV
interneuros. Finally, we wish to explore the mechanisms by wtatblexpression is
regulated in the cortex by investigating its functional relationship WE@C2, a
molecule implicated in the maturatiasf diverse groups of CNS neurons. We will
examine the coexpression of SATB1 and KCC2 in the mouse cortex at different
developmental stages and address their epistatic relationshipiy ars ectopic
overexpression system in embryonic brain slices, marda in culture.
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2.1 Animals

2.1.1 Mouse lines

SatbI” mice usedn the present study were estabdighin our labratory, using
targetedembryonic stemES) cells fromEUCOMM. SatbI™ mice were generated
from Satb1” stocks combined with th&CTB:FLPeline (S. Dymecki, Harvard Medical
School, USA;Rodriguezet al, 2000), as shown in Figure 4QonstitutiveNkx2.2Cre
transgenic (Kessarist al, 2006) and inducibleNkx2.2CreER? mice were kindly
provided by N. Kessaris, University College London, .URhe R26ReYFPline
(Srinivaset al, 2001) was obtained from S. Srinivas, University of Oxford, BK:
Cre mice (Hippenmeyeet al, 2005) were imported from the Jackson Laboratory Kstoc
number: 008069; donating investigator: Silvia Arber, Friedrich Miescher Institute,
Switzerland). The Lhx6-CreER? SSTCreER? and PwCreER? inducible lines
(Taniguchi et al, 2011) were also imported from thdackson Laboratory (stock
numbes: 010776,010708, 01077 tespectively dormating investigator: Josh Huang
Cold Spring Harbor Laboratory, USAFor wild type studiesParkesmice (established
at the Biological Services department of the National Institute for Medical Research,

UK) were used.

2.1.2Animal husbandry

Mice were housed, bred and handled according to the guidelines approved by the
UK Home Office, under the Animals (Scientific Procedures) Act 1986. Matings were
set up after 04:00 pm in the afternoon and the presence of a vaginal plugvdsP
checked the next morning. The day of VP detection was defined as embryonic day 0.5

(EQ.5). For postnatal animals the day of birth was considered as postnatal day 0 (PO).
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2.1.3In vivo administration of 4-OHT

4-hydroxytamoxifen (40HT; Sigma, H6278 was dissolved ira mixture of
ethanolsunflower oil (1:9) at a finatoncentration of 10 mg/ml and stored atC4&r up
to 2 weekspr at -20°C for longterm (months) usage. To lab®rtical interneurons at
P30or adult (P90 or older) stagem)imak weae injected intraperitoneally witB mg 4
OHT per day for 2 consecutive daySternatively, adult animals were injected daily
with 2 mg of 4OHT for a period of 5 consecutivays.Animals were perfused (2.2.2)

for analysis 12 weeks after induction

2.2 Tissue manipulation

2.2.1 Dissection of embryos and embryonic brains

Pregnant females were sacrificed at various stages of gedfatonE13.5 to
E18.5)by cervical dislocation and their uteri were transferred incpied phosphate
buffered saline (PBS), unless otherwise stated. The embryos were dissected out of the
uterus, the placenta and exambryonic membranes, including the yolk sac, were
removel andthe head was decapitatdgrains were subsequently dissected outhef t
developing scull and fixed % (w/v) parafomaldehyde (PFA, SigmaAldrich, P6148)
in PBSat 4£C overnight A small piece of the taivas collected for genotypingvhen

required

2.2.2Perfusion and adult brain dissection

Adult mice or pupswere anaesthetised by intraperitoneal injectiof.64 ml/g
of Pentobarbitone (Pentoject ®tock of 60 mg/mland subsequently transcardially
perfused with 0.9% (w/v) NaGh distilled HO (dHO), followed by4% PFAin PBS.

Brains were then dissected out of the scull postfixed in 4% PFA at 2ZC overnight.
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2.2.3 Tissue freezing and cryosectioning

Fixed postnatal brains (2.2.2 were washed thoroughly in PBS, and
cryoprotected in 15%ucrosgVWR, 27480.294)n PBS overnight at°€, followed by
30% sucrose in PBS overnight &iC4 They wee then embedded in a mix of 7.5%
gelatin (SigmaAldrich, G2500) 15% sucrose in PBS, at@ until set, and frozen in
Isopentang(SigmaAldrich, 15491) cooledat -60 °C. Serial cryosections at 14 pm
were acquired using a cryostat (Leica CM3050S) and mounted on Superfrost Plus glass
slides(Thermo Scientific, JLBOOAMNZ)Sections were left to dry at room temperature
for 1 hour and subsequently stored8¥C, or usedlirectly for immunohistochemistry
(2.5.1) orin situ hybridisation 2.5.2. The same process was followed for embryonic
fixed tissue (2.2.1) with the only difference that brains were cryoprotected directly in

30% sucrose.

2.2.4 Vibratomesectioning

Fixed brainsfrom postnatal animals (2.3.2vere washed thoroughly in PBS,
embedded in% (w/v) Low Melting Agarose type/Il (SigmaAldrich, A9045 in PBS
and left to set a#°C. Floating sections were acquired at a thickness offidQisSng a
vibratome [eica, VT10009, transferredo 24-well plates NUNC, 142485)containing
PBS and stored &fC. For longterm storage 0.05% NaNSigmaAldrich, 13412)was

added to the PBS to preserve tissue quality.

2.2.5Fixation and resectioningof electroporated brain slices
Twenty-four hours after electroporatiq2.4.4) brainsliceswere fixed in 4%
PFA for 1 hour on ice, washed 3 times for 10 minutes each time indPgfprotected

in 30% sucrose overnight and embedded.5% gelatinl5% sicrose in PBSor further
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sectioning on the cryostat at a thicknessoé€l#h. The cr yoswelaierons ¢

subjected to standard immunohistochemistry procedures (2.5.1).

2.2.6Fluorescenceactivated cell ®rting (FACS)

Twenty-four hours after elctroporation(2.4.4) E14.5 MGEs were dissociated
inLei bovitzds LI5IPAA, EIS821L)uwith Glutamine, containind%
penicillin-streptomycin(penstrep) (Invitrogen, 1514022) and collected into sterile
1.5 ml tubesThe L15 medium was removethd the tissue was briefly washed in 500
el of /FELRIEIkco, 21331D20)containingl:10DNase | { mg/ml stock; Sigma
Aldrich, 070M7032V}. Sampl es were then resuspende
medium (Gibco, 2110849) with 1:10 DNase and mechanicafl dissociated bygentle
pipetting. After a Bminute spindown at D00 rpm the supernatant was discarded and
the cell pellets were resuspendedsd0 ¢ IOptiMEM (Gibco, 11058)21) containing
1:10 DNase.IThe cell suspension was transferred to a flow cytonpolystyrene tube
provided with a cell strainer cap (BD, 352235), through which it was filtered to ensure
single cell suspension. Tubes were kept on ice and samples were transferred into a cell
sorter(FACS Ariall, BectorDickinson).15-20 electroporateé slices, orapproximately
40 MGEs, yielded 10,0020,000 RFP or GFP cells, which were collected into

individual RNasdree tubes anadmmediatelyprocessed for RNA extractid.3.2).

2.3Molecular biology techniques

2.3.1 Genomic DNA extraction

Ear biopsies from pups, dail pieces from embrygsvere incubated ib00 ¢ |
Proteinase K lysis buffgll00 mM TrisHCI pH 8.5, 5 mM EDTA pH 8.0, 0.2% SDS,
200 mM NacCl, Proteinase K0.1 mg/mj Roche, 03 115 879 00ht 55C overnight.
The following day, DNAwas precipitated by adding 5@0lof isopropanal mixing and
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centrifuging at 1800 rpm for 10 minutes at room temperature. The supernatant was
discarded and the pellets were left todry and finally resuspended in 80lof dH,O.

1-2 ¢ bf DNA were usedn PCR genotyping2.3.7)

2.3.2RNA extraction

Total RNA was extracted from FACS purified cel 2.6 using an RNeasy
Mi cr o Ki t (Ql AGEN, Cat . No. 74004) foll
Briefly, sorted cells were centrifuged at 20@ for 15 minutes at room temperature and
the supernatant removed. The cell pel |l et
the lysate was then treated with 70% ethanol and applied to an RNeasy MinElute spin
column. Proteins, DNA, and other contaminantsrevéemoved in a series of washing

steps, and the bound RNffeed#®sandstbradaBC. i n 2

2.3.3Plasmid DNA amplification

For plasmid DNA amplification, plasmid DNA (10 pg 100 ng) was
transformed into One SHOVTOP10 chemically competer. coli cells (Invitrogen,
C4040). In more detail, a 56l aliquot of the competent cells was thawed on ice,
combined with the plasmid and incubated on ice for 30 minutes. The cells were then
heatshocked at 4Z for 30 secondgo allow uptake of the DNA, and subsequently
returned on ice for 30 seconds. Working under the flame of a Bunsen burnet,d250
LB medium were added to the cells, which were then allowed to recover ifCa 37
incubator, shaking at 225 rpm for 1 hourOX0 of the cell suspension were then plated
onto an LB agar plate (pr@armed at 37C) containing 10&g/ml of ampicillin. The
plates were incubated upside down at@dvernight and the following morning they
were examined for the presence of antibiogisistant colonies.

A single colony was then used to inoculate 5 ml of LB medium containing 100

86



Chapter 2. Materials and methods

eg/ml ampicillin and the mirculture was then incubated at°87 shaking at 225 rpm
overnight. The next day, the starter miniture was diluted 1/500 inB- with 100
eg/ml ampicillin and left to grow for 226 hours with shaking at 32, in order to
produce a bacterial magulture. Bacterial cells were collected by centrifugation at

6000 x g for 15 minutes af@ and processed for plasmid DNA extractior8(2).

2.3.4Plasmid DNA extradion

Plasmid DNA wa isolated and purified using @IAfilter Plasmid Maxi Kit
( QI AGEN, Cat . No. 12262), acc o Brieflynaffer t o t
alkaline lysis of bacterial pellets, the plasmid DNA was allowed to bind to a resin
column under lowsalt conditions. Proteins, RNA and other impurities were washed off
and the DNA was eluted using a highlt bufferand precipitated usindgsopropanol.

DNA was finally eluted in 508 | ,Q@ dddstored at20°C.

2.3.5Restriction enzyme digestion

Di agnostic digestions of pl asmid DNA
enzymespecific 10x digestion buffe@ . bof the suitableestrictionenzyme(1 0 IJ/ ¢
and dHO up toa final volume of2 0 Rektriction enzymes and their buffers were
purchased from Roch&he reactions were incubated for 1 hour dC3Znd loaded on a

1% agarose gel for electrophoresis (2.3.8

2.3.6Riboprobe synthesis

Riboprobes used in RN/ situ hybridisation(2.5.2 were generated kip vitro
transcription of linearised plasmid DNA containing the coding sequence of the gene of
interest. Approximately 16g of plasmid DNA were used for linearisation. The plasmid

was mixed with 2.%l of the required restriction enzyme, &Dof the enzymespecific
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buffer anddH,O up to a final volume of 10@I. The reaction was then incubated at
37°C for 2 hours, along with an uncut control reaction, in which no restriction enzyme
was added. A fevel of these reactions were then run on a 1% (w/v) agarose gel to
determine if the plasmid was successfully linearised. DNA was then purified by
phenol/chloroform extraction followed by ethanol precipitation. More specifically, a 1:1
volumeof phenol was added to the linearised DNA reaction, centrifuged at 13000 rpm
for 5 minutes and the upper phase transferred to a clean tube. A 1:1 volume of
chloroform was then added, followed by a spin down at 13000 rpm for 5 minutes. The
agqueous phase daning the DNA was pipetted out into a new tube and the DNA was
precipitated by adding 10:1 sodium acetate (NaAC) and 1:2 ethanol (EtOH) and
incubating the mix at-80°C for 1 hour or at-20°C overnight. The DNA was
subsequently centrifuged at 13000 rpm I0 minutes and the pellet washed with 70%
EtOH and left to air dry. The DNA pellet was dissolved irell6f dH,O and stored at
20°C or used directly foin vitro transcription.

In vitro transcription for the generation of digoxigenin (Dil@peled rib@robes
was performed by combining 1&g of linearised plasmid, 41 of 5x transcription
buffer (Promega, P118B), & of 100mM DTT (Promega, P117B), & of 10x DIG
labeling mix (Roche, 11277073910), 0% of Rnasin RNase inhibitor (Promega,
N211B), 1.5¢l of the required RNA polymerase (10 uretis/T7 Promega, P207B; T3
Promega, P208C) and RNasee dH,O up to 20el. The reaction was incubated at
37°C for a maximum of 2 hours. Half way through the incubatiogl df the reaction
was run on an agarose gel to check for the presence of an RNA transcript. After
confirming the presence of RNA,&2 of RQ1 DNase | (Promega, M198A) were added
to the reaction and incubated af@7or 15 minutes, to eliminate any traadsplasmid
DNA. The probes were precipitated by addih@ 0 ¢ | TM lithiuh @hlogde 4

(LiCl) and 300 ¢ lof 100%EtOH andincubating at20°C for at least 30 minutes. The
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reaction was then centrifuged at 13000 rpm for 10 minutes and the RNA pellet was
washed with 70% EtOH, adried, dissolved in 5@1 TE and stored a20°C. The full
list of the antisense riboprobes used in this study, as well as the restriction enzymes and

RNA polymerases used for their generation is givenabld 2.1.

Table 2.1 Antisense riboprobes, restriction enzymes and RNA polymerases used
for their generation

Restriction RNA
Riboprobe enzyme polymerase

Lhx6 Notl T3
Gadl Sall T7
Sst Ecorl T7
Kencl Ecorl T3
Er81 Spel T7
Cux2 Notl T3
Crh Notl T3

2.3.7Polymerase chain reaction (PCR)

PCR was performed using 10x buffer (Invitrogen, P/N y02028), 50 mM MgCl
solution (Invitrogen, P/N y02016), a mix of 10 mM dNTPs (set of dATP, dCTP, dGTP,
dTTP,each at 100 mM, Invitrogen, 10291.8), suitable primers, TdYNA polymerase
(Invitrogen, 1803826), and dKO. Primer stocks (Sigm@enosys) were ordered in
lyophilized form and resuspended in fHto a final concentration of 100M. For
working solutions, primer stocks were further diluted te D

Reactionsfor the Cre, iCre and R26ReYFP PCRere peformed in a final
volume of 25¢ | by adding el of extracted genomic DNA (2.3.1) in a mixture26
€ 110x buffer 0.75¢ IMgCl,, 0.5¢ IdNTPs 0.5 ¢l forward primn
primer,0. 2 Tagpolymeraseand 19.0% IldH,O. For theSatbhl PCRreactions were

set up at a final volume of 20 lusing lel of extracted genomic DNA, & [10x buffer
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1.6e MgCl,,0.4e ONTPs 0. 2 ¢l of @€aganthl3LErdHx@er , 0. 5
Primer sequences, cyadjrconditions and expected band sizes for each PCR can
be found inTable 2.2 The presence or absence of PCR products, as well as their size

was determined by agarose gel electrophoresis §2.3.8

Table 2.2Primer sequences and PCR cycling conditions used for genotyping

PCR settings
Step 1 Stggz Step 3 Band
1cycle | cycles | 1cycle| size
Primer sequence (5- 3') (bp)
c|l T || T|°C| T
(F9) 337
TGCTCATGTGGAATGTCGAG 94 (30 (wt)
g (R10 o510/ 6045|7210 2
&| CAGGCCACATTGTCCTAACTT (KO)
(R11) 72160 428
GAATAGGAACTTCGGTTCCG (flox)
(F) 9430
| ATCCGAAAAGAAAACGTTGA
O ®) 94| 306/ 53|60(72|10| 550
ATCCAGGTTACGGATATAGT 72190
Q) 94|45
8 GAGGGACTA(E)CTCCTGTACC 94| 56 6116072110 630
TGCCCAGAGTCATCCTTGGC 72160
(F)
Q| GCTCTGAGTTGTTATCAGTAA %130 500
>_
< (R) 95| 606/ 55/30|72|10 MO
X | GCGAAGAGTTTGTCCTCAACC 350
& (R) 72|45 (stop
GGAGCGGGAGAAATGGATAG

2.3.8Agarose gel electrophoresis
Gels for DNA electrophoresis were prepared by dissolving 1% or 2% (w/v)

agarose in TAE buffer and heating the solution in a microwave oven until the agarose
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was fully dissolved. To visualize the DNA, the fluorescent nucleic acid dye GERed

was added to the agarose solution at a concentration of 1:10,000 and the solution was
then poured into a suitable mold with the appropriate well comb and left to set. DNA
samples wee mixed with 10x Orange G loading dy2006 Ficoll, 0.1M EDTA, 1%

SDS, 0.25% Orange)@t a ratio of 9:1, loaded onto the gel and electrophoresed -at 100
150 V. The gel was also loaded with a 1 Kb DNA ladder (Invitrogen, 2018) which

was used to deteime the band size of the DNA samples when visualized in an

ultraviolet gel documentation system (UVP BioBlot', LM-26E) at 302 nm.

2.3.9Generation of the KCC2-encodng vector

The complete coding sequence of the mduse2 (IMAGE clone ID: 683888pD
was cloned into the pCAGGSFP vector, in order to generate the pCAGGS2-GFP
plasmid. More specifically, a Sall/Sacl fragment containing theldéaljth cDNA for
Kcc2was excised from the host p¥Xsc vector and inserted into the Xhol/Sacl sites of
the pPCAGGSGFP vector. The cloning was done upstream of an internal ribosome entry
site (IRES), followed by a GFP coding sequerteegpressiornof KCC2 was confirmed
by immunostainingransfected P19 embryonal carcinoma céllg.6 andbrain slices

after eletroporation(2.4.4).

2.3.10Reverse transcription

Reverse transcription was performed using the Higpacity cDNA Reverse
Transcription kit (Applied Biosystems, 4
Briefly, a reaction containing 25 ng RNR.3.2) 2 ¢l 10x RT react:i
25x dNTPs, 2 ¢l 10x random pri merTM, 1 ¢
MuLV reverse transcriptase and sterile RNAge HO up to 20 ¢l was

RNAsefree tube. A control reaction was set up éach RNA sample by omitting the
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MuLV reverse trascriptase (No RT reactidrReactions were incubated at°@5for 10
minutes and 37°C for 120 minutes, stopped by heating to 85°C for 5 seconds and then

stored at20°C.

2.3.11Quantitative real-time PCR

Gere expression was quantified by quantitative -teaé PCR. Quantitative
PCR (qPCR) was performed by using the TagMan Gene Expression technology
(Applied Biosystems), which provides a mix of pnade fluorescence TagMan probe
and primers for a specificege of interest. actions were prepared in triplicates in
nucleasdree multiwell plates for each cDNA template and negative control (NRT).
TagMan Gene Expression Ass IDs: BRactin  Mm01205647 g1, Kcc2
MmO00803929 ml1, Sst Mm00436671 ml, Satbl Mm 01268940 A reaction
containing 1 el 20x TagMan Gene Expr es:
UniversalMa& t er Mi x, 2 ¢ lindebD)Nakhd dtedlé RNsefree 8,0 (p: 5
to 20 ¢l wa s sefree toke.rReattions nvereaperferishad in a 7500-Rea
Time PCR System (Applied Biosystems). An initial denaturation step of 10 minutes at
95°C, was followed by 40 cycles of denaturation (95°C for 15 seconds), annealing
(60°C for 1 minute) and elongation (72°C for 1 minute).

The relative quantification appach was used to analyse data, using tR&2"
formula. Briefly, the amount of target transcript was normalised to the levels of the
housekeeping gerigactin (endogenous reference) and expressed relative to a calibrator
(control condition).Data are premnted in either of the following two waydata are
shown as the mean biological triplicatevalues(3 pairs of control an&atbt or Kcc2
overexpressing samplegach of them coming from an independent electroporation
experiment) with error bars representing standard error of the mean ($EM

Alternatively, data are shown athe mean oftechncal triplicate values from 2
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representativex@eriments, chosen out of a total of 7 independent experiments
barsinthiscase e pr es ent eamaes calauaetdsiegnie formulasanin =
RQ sampleé’ RQ Min sampleandeema x = RQ M&RQ samplempdreeRQ
Max and RQ Min are the maximum and minimum relative quantities of the sample

calculated with a 95% confidence level.

2.4 Tissue and celtulture techniques

2.4.1 Coating of tissue culture plates

For the plating of cortical feeder (2.4.2) or P19 embryonal carcinoma cells
(2.4.6) Permanox-8ell chamber slides (Thermo Scientific, 177445) weayated with
poly-D-lysine (PDL; SigmaAldrich, P6407) and laminin (Sigrealdrich, L2020). In
more detail, 10 pg/mIPDL in PBS was added in each well and incubated for 1 hour at
room temperature. The chambers were then washed oncewitbt r i | e Dul bec:
(DPBS; Gibco, 14196094) and oated with5 pg/ml laminin overnight in a 3C;5%
CO; incubator. The following day, laminin was aspirated, the wells were washed once

with DPBS and used for seeding.

2.4.2 Preparation of PO cortical feeder cells

Neonatal mouse pups (P0) were decapitared their brains dissected out in L15
medium The cortex was carefully separated from the ventral telencephalic structures
and cut further into small pieces which were then transferred into a 15 ml falcon tube
containing DMEM/F12 medium with 0.05% tryps (Invitrogen, 25206054) and 1%
DNase | in a 37C waterbath for 15 minutes. Subsequently, DMENIZR-FCS (43.5 ml
DMEM/F-12, 5 mifetal calf serum (FCRAA, A15-649), 0.5 ml pen/strep, 0.5 ml 50x
glutamine) was added at a ratio of 3:1 and the tissualisasciated by passing through
a fire-polished glass pipette. The cells were then spun at 800 rpm for 5 minutes and the
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pellet resuspnded in Neurobasal+B7 (47 ml Neurobasal, 1 mI-B7 supplement, 1 mli
25% glucose, 0.5 ml 50x glutamine, 0.5 ml rep) The cell suspension wamssed
through a 40 um cell strainer (BD Falc@h2340), diluted further withNeurobasal+B
27 so that 1Dcells/ml are present and plated onto PDL/laminin coated PermavweX 8
plates (2.4.1 The cells weréncubatedat 37°C; 5% CO; until the next day when they

were seeded with dissociated M&R.4.5).

2.4.3 Embryonic brain slice cultures

Preparation of brain slice cultures was performed as described previously
(Andersonet al, 1997).Wild type, Parkesmouse embryos were harvested at E14.5 and
brains were dissected out of the forming scull, indokl 1x Krebs buffer{:10dilution
of 10x Krebs in sterile d¥D, supplementedith 0.99 gD-(+)-Glucose $igmaAldrich,
G702) and 1.05 g NaHC®O(SigmaAldrich, S576) andf i | t ered t hroug
porg. The ingredients and concentrations of the 10x Krebs stock solution can be found
in Table 2.3 Brains were then embedded in 3% (w/v) Low Meltihgarosetype VII
(SigmaAldrich, A9045) in sterile DPES kept at 37°C and left to set at 4°C for 1 hour.
The agarose embedded brains were then transferred in a vibradteite YT10009
chamber containgicec ol d 1x Krebs and 300 emandor on
immediately transferred on to polycarnade culture membranes3dmm diameter, 8 m
pore size, SLS110419 in Falcon organ tis&u culture dishes (Becton Dickinson,
35303 containing 800c¢l Mi ni mu with Besusm&ih mli a | \
MEM (Gibco, 4236€024), 5 ml 100% FCS0.5 ml 50% glucose, 0.5 nmlOOx Pen
Strep). Sections wee then left to recover in a 32;5% CQ incubator for 1 hour and

used for focal electroporation®.4.4).
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Table 2.3Salts and their molar concentration used to make 10x Krebs buffer

Salt Molar concentration
NaCl 1.26 M
KCI 25 mM
NaH,PO, 12 mM
MgCl, 12 mM
CaCb 21 mM

2.4.4Focal injectionsi electroporations

Focal injection of plasmid DNA and electroporation was performed as described
previously (Stihmeret al, 2002).After slice culture(2.4.3) smallamourts of either
control (p)CAGGSGFP or pCAGGSRFP) or overexpressing vector (h)CAGBSc2-
GFP or pCAGGSsatbhtR F P) at e gpipgsurdnjected vbiaterally into the
medial ganglionic eminencGE) with a Pneumati®icoRump through a very fine
glass needleThe culture membrane carrying the injected brain slices than placed
onto a 1% agarose block (1% agarose in 1x Krahthin a setup of two horizontally
orientated platinum electrodes (Protdakernational Inc.CUY-700-1 and CU¥700-

2). A thin (diameter of 0.8).8 mm)agarose column (punched with clipped hypodermic
needle from a 1%garose in 1x Krebs gel) was attached noodbile upper electrodand
used to target the injected MGEs. The electrode was lowered tstheéhagarose plug
came into contact with the brain slice and electric pulses of 125ilses of 15 ms
each, with an interval of 500 msvere passed through the tissue.sduarewave
electoporator (VWR, T 820 BTXwas used to power the system. Aftercteigporation,
the slices were left to recover a 37C;5% CQ incubator for 1 hourthe medium was
then changed to serdfree medium (47.5ml Neurobasal mediurh ml B-27
supplementlfvitrogen, 17504€44), 0.5 ml 50% glucose, 0.5 ml 100x psinep, 0.5 ml

100x Glutamine lfvitrogen, 25308054)) and finally the cultures were returned to the
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incubator overnight. The next morning the density of GBP RFP cells in the
electroporated MGEs was checked under a fluorescent stereomicrodczipa, (
MZFLII) and brain slices were processed farsectioning €.2.5, dissociation and

plating .4.5 or dissociation and FACS analysis (2.2.6).

2.4.5 Dissociation and plating after electroporation

Twenty-four hours after focal electroporatior{2.4.4) the MGEs with hig
densities of GFPor RFP cells were dissected out irl5 medium with 1% pestrep,
collected into sterile 1.5 ml tubes containing DMEM/E with 0.2% trypsin and 4%
DNase | and incubated in a®®7waterbath for 15 minutes. Trypsin was inactivated by
adding 50 OI of FCS and samples weRe the
medium (47 ml Neurobasal, 1 ml-& supplement, 1 ml 25% glucose, 0.5 ml 50x
glutamine, 0.5 ml pestrep) and mechanically dissociated by pipetting. After-a 5
minute spirdown at 800 rpm the supernatant was discarded and the cellspetet
resuspended in Neurobasal2B. Cell number was counted on a haemocytometer and
plated on cortical feeder layers at a density of 500 cells/welvielBchamber slides.
Feeder cells werprepared and plated the day bef@d.Q).Electroporated cells were
then cultured in 87°C;5% CQ incubatorfor 2-7 days and subsequently fixed and
processed for immunofluorescen¢2.5.1). One day after platingthe medium was
changed to Neurobasal+® supplemented with 10 ng/ml of basic fibroblast growth

factor (bFGF;R&D systems, 233B-025).

2.4.6 P19 cell cultureand transfection
Mouse embryonal carcinoma P19 cells were grown in DMEM supplemented
with 10% FCS, 2nM glutamine and 1%pen/strepand transfected with lipofectamin

according to the manuf &e000Qinviéragénys pr ot oc ol
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2.4.7 Fixation ofcell cultures
Dissociated MGE cells or P19 embryonal carcinoma cells were fixed in 4% PFA
in PBS for 10 minutest room tempetare, washed three timdsr 5 minuteseach in

PBT (0.1% Triton X100 in PBS)nd processed for immunostaining (2.5.1).

2.5 Histochemistry and Cytochemistry techniques

2.5.1Immunofluorescence

Cryostat sections (2.2.3from embryonic and postnatal animals were
permeabilised by washing in PE®r 3 times, 10 minutes each, at room temperature
and incubated in blocking solution (1% BS8igmaAldrich, A9647) 0.15% glycine
(VWR, 101196X)in PBT) forat leastl hour at room temperaturetifary antibodies
were diluted in blocking solution and applied on the slides at 4°C overnight. The next
day, after 3 washes with PBT, sections were incubated with secondary antibodies
diluted in blocking solution at room temperatdog 2 hours, washedniPBT, and
mounted using Vectashield (Vector) mediuvhich contained DAPI to stain the cell
nuclei The same protocol was followed for immunostaining of dissociated MGE (2.4.5)
and P19 (2.4.6) cell cultures after fixation of the cells (2.4.7)

Vibratome flating sections (2.2.4) were permeabilised in 0.3% Triteh0g in
PBS for 1 hour at room temperature and incubated in blocking solution (10% FCS, 1%
BSA in PBT) for the same amount of time. Primary antibodies were diluted in antibody
solution (1% FCS, 0.19BSA, in PBT)and incubatedt 4°C overnightThe next day,
they were thoroughly washed in 0.3% Tritonl80 in PBS and incubated with
secondary antibodiesldted in antibody solution at room temperattoe2 hous. After
a final wash in 0.3% Triton 2400 in PBS the sections were transferred on to slides with
the help of a paintbrush, left to dry amdounted with Vectashieldnedium which

contained DAPI.
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The primaryantibodies used in this study as well as their working concentrations
are mentioned in Tabl2.4. Secondary antibodies were donkey Alexa Fluor®-488

568 and 647conjugates (Molecular Probes), used at a concentration of 1:500.

Table 2.4 Primary antibodies and their working concentration used in

immunofluorescence

Primary A ntibody Host Dilution Source
SST Rat 1:500 Millipore
PV Rabbit 1:1,000 Swant
CR Rabbit 1:1,000 Chemicon
NPY Rabbit 1:1,000 Peninsula Laboratorie|
NNOS Rabbit 1:1,000 BD Biosciences
VIP Rabbit 1:1,000 Immunostar
SATB1 Goat 1:500 Santa Cruz
SATB2 Rabbit 1:1,000 Abcam
KCC2 Rabbit 1:1,000 Millipore
GFP Rabbit 1:1,000 Molecular Probes
GFP Rat 1:500 Nacalai Tesque

2.5.2 RNAIn situ hybridisation

Nonradioactivein situ hybridisation was performed as described previously
(SchaeresWiemers and GefriMoser, 1993), on 1dm thick cryosectiong2.2.3)from
P15 animals Sections were fixed in 4% PFA in PBS for 10 minutes at room
temperature and washed 3 times in PBS @ift%6 Tween 20, for 10 minutes each time.
Slides were then incubated in acetylation solution (0.1 M Triethanolamine, 0.65% of
37% HCI, and 0.375% acetic anhydride in,@Hi for 10 minutes at room temperature
and washed 3 times for 10 minutes each in PBT-higbeidisation solution (50% v/v
dei oni sed formamide (SI GMA, FO9037), 5 x

250 pg/ml yeast tRNA (SIGMA, R6750) and 500 pg/ml herring sperm DNA (Promega,
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D1816)) was then applied on the sections and incubated for 4s heiuroom
temperature. Hybridisation buffer was prepared by mixinghgt®idisation solution
with 1:100 of the DIGabelled riboprobe 2.3.6 of choice, heating at 8Q for 5
minutes and then transferring on ice. Subsequently, 100 ul of hybridisatiaiosolu
were applied on each slide, coverslipped and incubated in a humidified chamber placed
in an oven set at 7€ overnight.

The following day, the slides were immersed briefly in 5x SSC solution, which
was prewarmed at 72 overnight, to remove covéirss, then transferred in 0.2x SSC
at 72C for 1 hour, followed by 5 minutes in 0.2x SSC at room temperature and finally
equilibrated in buffer B1 (0.1 M Tris pH 7.5, 0.15 M NaCl) for 5 minutes at room
temperature. Slides were then blocked in buffer B&f¢b B1 + 10% heat inactivated
sheep serum) for 2 hours at room temperature and after this, incubated with alkaline
phosphatase (ALP) conjugated sheep-Bi® antibody (Roche, 11 093 274 910) which
was diluted 1:2000 in buffer B1 + 1% heat inactivatedeghserum, in a humidified
chamber at %C overnight.

The next day, the sections were washed with buffer B1 for 3 times, 5 minutes
each, at room temperature and then incubated in buffer B3 (0.1 M Tris pH 9.5, 0.1 M
NaCl, 50 mM MgC}) for 10 minutes on thébench. The staining solution for
colorimetric detection of the APonjugated amtDIG antibody was prepared by mixing
4.5 pl/ml of 75 mg/mINitrotetrazolium Blue chlorid (NBT; SigmaAldrich, N6639
diluted in 70% dimethylformamideand 35 /mllof 50 mg/ml 5-Bromo-4-chloro-3-
indolyl phosphate disodiuBCIP; SigmaAldrich, B6149, diluted in dpD) in buffer
B3. Slides were incubated in staining solution, in a humidified chamber kept in the dark
at room temperature, until satisfactory staining was acquifedstop the reaction,
slides were washed in PBS. They were therdagd and mounted with Aquaf®x

agueous mounting agent (Merck Millipore, 108562).
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2.6 Image processing and analysis

Bright field images ofin situ hybridised sections were acquired wighdigital
colour camera (ProgRes C14) attached to an Axioplan 2 microscope (Zeiss) and
processed with Openlab softwgitenprovision) All fluorescent mages were captured
with a confocal lasescanning microscopelLg¢ica TCS SP5II MP) using standard
excitation and emission filters to visualiBAPI, Alexa Fluor 488, Alexa Fluor 568 and
Alexa Fluor 647. Figuresf both bright field andluorescence imagesere composed

using the Adobe Photoshop C@4obe Systemsjoftware.

2.7 Quantification and statistical analysis

Cell counting were performed on coronal cortical sections fromdgpendent
embryos per genotypeeach embryo coming from a different litt@&rthe number of
GadZ, Lhx6-, Sst and Kcnct mRNA expressingells was determined in the prary
motor (M1, Br0.38 mm), somatosensory barrel field (S1BF, Br 0.38 mm dn@él4
mm) and primary visual (VIBr -2.92 mm) cortex of P15atbI” andSatb™" animals.
For each region we counted cells presen675.66 pmi wide columns spanning the
whole cortical depth (white mattepial surface) on 14im cryosections For confocal
images, we counted cells from 77&iwide columnsspanning the whole corticdepth
on 14pum cryosectionsfocusing on S1BF, Br 0.38 mrior the SST subset (CR, NPY
andnNOS stanings) and VIPanalyseswe counted cells from 4derial sections of the
somatosensorgortex (from Br 0.38 t®.14mm). For both then situ hybridisation and
immunofluoresence countings, data are given as means + staddaiation (STDEV)
of the mean Statistical significance between data sets wasrm@ed using the
St u d etest fanstiontwo-tailed distribution, twesample equal variance) in Excel
(Microsoft) and they wer considered significant wherx@®.05 (*), p<0.01 (**) and

p<0001 (***). Histograms and survival curves were generatdeixicel.
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Characterisation of cortical GABAergic
Interneuron development
In a newSatbXnull mutant
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3.1 Results

The latest studies from our labatory have identified the genome organiser
protein SATB1genetically downstream of LHX& MGE-derived cortical interneurons
(Denaxaet al, 2012) We thereforereasoned that SATBdould play a role in regulating
certain aspects of the development of this cellular netwimdteed, our work has
demonstrated that SATB1 canomote the acquisition of mature characteristics, such as
termination of migration andxpression of the SST gein, in MGE progenitors vitro
(Denaxeet al.,, 2012).

To investigate thén vivorole of SATBL1 in catical interneuron development |
have hereinmade use of &atblknockout (KO) allele that wagstablished in our
laboratory.In this chapter, | will present the geagon and characterisation of thisw
Satb?” mutant Independenthgenerated Satbtnull mice have beenpreviously
described in the literatur@lthough these reports hafaeused exclusively on the role
of SATBL1 in T-cell (Alvarezet al, 2000)or projection neuroriBalamotiset al, 2012)
development Therefore, thepossible in vivo requirementfor SATB1 in cortical
interneuron development remains in questiime mainobjective of the wrk presented
in this chapter will baéo address this questipalthough the overall physiology, brain
anatomy and cortical lamination 8fitbI™ mice will also be addressl. With regards to
cortical nterneuron development, | will firsnvestigate thapecification of GABAergic
identity and will then go on texamine thdifferentiation of cortical interneurons into

mature MGE-derived,PV" and SST subsetsin the absence @atblactivity.

3.1.1A new SatbEnull mouseline

Satblloss of function mutant micevere geerated using ES cellsom the
European Conditional Mouse Mutagene&i®/ COMM) program, in which one locusf
Satbl was targeted witha ik noc kou't fir st ,cassettergitkie tiD: o n a |
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Sath{maEUCOMMHMAL haein referred to aSatbl). A detailed schematic representation

of the targete®atbllocus is given in Figure 3.1, A. The main elements of the targeting
cassette include & galactosidasé€f3-gal) gene trap cassette, which consists of a splice
acceptor (8) site upstream of gromoterlesslRES-3-gal reporter, followed by a
polyadenylation (polyA) sequence. The targeting cassette also includes the selectable
marker Neo downstream of the phosphoglycerate 1 (PGK1) promoter and upstream of a
polyA sequencgFigure 3.1, A).Upon integration into intron 3 of th®atblgene the
gene trap cassette will be transcribed from 8wbl promoter, forming a fusion
transcript betweerSatblexons 13 and the IRE®-gal reporter. Trascription will
terminate earhat thepolyA signal, rendering thdranslation product othis transcript
shorter and noifunctional compared to the wt SATB1 proteifhe mutant SATB1
protein will only containaa t171, which correspond tthe Nterminal ULD domain
andwill lack aa 172764 caresponding to the MARInding domainCUT domains and
HD, which areresponsible for target sequence recognitiod increased DNA binding
affinity (section 1.5.1) This fusion protein should also be ogfing the endogenous
Satblexpression, allowing for the tracing of mutant callsivo.

Two independently generated JMBA1.N3 ES chdhes(Aa genotypewith the
Satb1 allele, E11 and F1ZES cell cultureswere carried out by Reena Lasrado and
Anna Garefalaki) were microinjeded into either C57BL/6 or BALB/c blastocysts (4
independent injections for clone F12 and 3 independent injections for clone E11
performed by Mauro Tollaip which were subsequently transferred to pseudopregnant
females. Chimeric male offspring, whickvere identified by agouti/black or
agouti/white coat colour respectively, were crossed with wt C57BL/6 females and
germline transmission was testby genotyping. fie SatbI” line used hereircame
from an agouti/white founder male from clone E11 mateth witvt C57BL/6 female

Pups born from this cross were screenedsficcessfutargeting of theSatbllocus by
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PCR using thé-9, R10 and R11 prime(§&igure 3.1, BTable 2.2. Out of the 17 pups
born we identified 11Satb1” heterozyotes, the wt band givéy primers FER10 at

337 bp and the mutant band given by primersREQ at 184 bigFigure 3.1, B)which

were subsequently intercrossed to establishSat1™ mutant line. Deletion of the
Satbllocus was confirmed by immunostaining brasections from P1%5atbXnull
animals Batb1"), using a SATR-specific antibody (Figure 3.1, D). Although the
targeting cassette contained BRES-[3-gal sequence, evwere unable to detectdal
expression in the brains &atbI” mice, using either aantibody against§al or by
performing an enzymatic -§al staining asay (data not shown).h& exact reason of
why this happens is honhkwn. We hypothesise that this could be due to the continued
presence of the Neo cassette in our mice, as it can peamegqipropriate preMRNA
splicing or interfere with the stability of the mRNA product. Reduced gene expression
levels due to the presence of a Neo cassette is a common phenomenon reported in the
literature (Wanget al, 1998; Ruckeet al, 2000).Alternaively, activation of a cryptic
splice acceptor site within tH&gal cassette could result in splicing out of a part of the

reporter and formation of a truncated ffanctional protein.
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Figure 3.1 A newSatbXnull allele. (A) The targetd Satbllocus(top) and part of the

wt Satbl locus that was targeted (bottamPrimers F9, R10 and R11 used for
genotyping are indicated by black @anheads at the bottom of each loclike Satbl

allele is genotyped by primersfal1.Pr i mer F9 anneaVamand t he
primer R11 anneals at the end of the 56
TheSatb1 allele is genotyped by primers #810. Prima R10 anneals just before exon

4. Note that primers FR10 do not generate a product when annealedeadlbl

locus, as they are spaced too &grart (approximately 7.5 kb)Yellow rectangles
represent exons @atbl (B) Representative lanes BICR genotypingf a total of 17

pups used to establish tBatb1” line. Lanes 4 and 7 correspondSatb1’* mice and

lanes 12, 3,5 and 6correspond t@&atb1’” mice. The wt bands at 337 by{primers F9

R10 and the mutant bant at 184 bp grimers FOR11). L= 1 kb ladder.(C-D)
Immunofluorescence on coronal cortical sections from $atb1’* (C) andSatb1” (D)

mice. SATB1 protein is undetectable in the brainSatbtdeficient animals. Scale bars

200 pm.
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3.1.2SatbXnull mutants exhibit growth defects and die shortly after weaning

Mice heterozygous for th8atbl allele developed normally and were fertile,
thus were intercrossed in order to gene@dthl” homozygous mutants. Of the total
131 pups that were born fromsatbl”™ x Satbl” crosses and weaned at P21, we
identified by PCR genotyping 3Satb1™ (27%), 74 Satb1” (56%) and 22Satb1”
(17%) progeny. Although wt and heterozygous mice were generated at the expected
Mendelian ratio for autosomal recessive mutatid®astbtnull mutants were slightly
underrepresented, indicating that a small fraction wtfamt pups die before weaning.

Homozygous SatbI” mice were initially indistnguishable from their wt
littermates.However,within a few days after birttheyfailed to thrive and grew to be
smaller in sizgFigure 3.2, A) weaker and less active thanithet and heterozygous
siblings.Eventually,SatbI” mutants died 2 days after weaning, i.e. at P23 (Figure
3.2, B). Control animalgpicked up by the tail exteed ther limbs as a reflex in
anticipation of contact with a horizontal sacé (Figure 2, . However, vhen this
simple neurological assay was performedSaitbI” mutants they exhibited crossing of
the hindlimbs and paw claspirfgigure 3.2, D), which is described in the literature as
the clasping reflex. This is a neurological defeften observed in mice with lesions in
the cerebellum, basal ganglia and neocontexiéwed inLalonde and Strazielle, 2011
that has also been observed in anotBatbtnull mutant described in the literature
(Alvarez et al, 200Q. Moreover, dissectiorof Satbl” mice revealed a dramatic
difference in spleen size compared to wige littermates(Figure 3.2, EF), in
consistence with the studies of Alvareizal, which report thaBatbXnull spleens had
shrunken white pulp and contained fewer T cells (Alvaeal, 2000).In summary,
our findings demonstrate that loss 8ktbl activity leads to developmental and

neurological defects and eventually results in death after weaning.
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Figure 3.2 Abnormal development and compromised survival ofSatbI” mutants.

(A) P15Satbtnull mutants are considerably smaller compared to control littermates of
the same ag€B) KaplanMeier survival graplof mutant animals (red line) compared

to controls (grey line) showing lethality of the formed 2lays after weaning. n=6 for
mutants, n=39 focontrols.(C-D) Neurological assapf tail suspension performeat

P15 Satb1’™* (C) andSatbI™ mice (D). Contol animals extend their limbs whereas
mutants cross their hindlimb¢E-F) Spleen sizeis dramatically reduced iSatb1”
animals (F) compared tBatb1™ littermates (E). Images of live mice were taken by
authorised personnel at the NIMR biologisalvices facility.
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3.1.3 Normal brain development and cortical layer formationin Satbtdeficient
mice

On the basis thaBatblis expressed in botlgortical pyramidal neuranand
interneurongDenaxaet al,, 2012; Balamotigt al, 2012), we searchddr alterations in
cortical layer developmenof Satbideficient mice. Given the lethality oBatbl”
mutants immediately after weaning we performed all our analyses at P15. Dissected
brairs of P15SatbT” mice appeard macroscopically normalF{gure 33, A-B) and
Nissl staining ofcoronal sections from these brains revealed no gross anatomical
abnormalities compared to controls (Figure,323J). Moreover, ortical lamination
markers such aSux2andEr81, specific for layers HV (Zimmer et al, 2004) and V
(Hevneret al, 2003 respectively, shoed similar expression patterns between control
(Figure 3.3, K and M) and mutant animals (Figure 3.B,and N, suggesng that
althoughSatblis expressed in pyramidal neurons its deletioasdonot affectortical
layering. Similarly, examination of layer VI and layer V/VI markdisrl and Ctip2
respectively, at an independently generagatbXnull mouse, showed no marked
difference compared to controls (Balamaisal, 2012). Finally, expressianf Sath2 a
close homologueof Satbl detected in layerdl-VI that regulates cortical layer
developmenfAlcamoet al, 2008; Britanovaet al, 2008) remains unaffected upon loss
of Satbl activity (Figure 3.3, O-P) and cortical thickness is comparableetween
controls and mutants, again in accordance witlatvhas been reported in the literature
(Balamotiset al, 2012).In summary,no anatomical or cortical layering defects were
observed in ousatbT” mutants that could influence our subsequentcalrthterneuron

analysis.
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Figure 3.3 Brain anatomy and cortical lamination are unaffected inSatbI™ mice.
(A-B) Dissected P15 brains froBatb1’* (A) andSatb1” (B) miceappear similar(C-
J) Nissl staining on P15 coronal hemisections fréatb1™ (C-F) and Satb1” (G-J)
mice reveals no gross anatomical differences between the (WeN) In situ
hybridisation of corticasections from P15 controK( M) and Satbtdeficient (, N)
mice with riboprobes spédic for Cux2 (K, L) and Er81 (M, )N which labell layers H
IV andV respectively (O-P) Immunofluoresence forSATB2, which marks layers 4l
VI, in P15 controls (Q and mutard (P). Overall, ortical layer formation remains
unaffected upon loss &atblactivity. Scale bars 200 um. Nissfainng performed by
Radhika Anandit the NIMR histology facility
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3.1.4 GABAergic interneurons arecorrectly specified n Satbtdeficient mutants
Satblis expressed in GABAergic cortical interneurons and specifically in the
MGE-derived population (Denavet al, 2012; Closeet al, 2012). We therefore set out
to investigate whether the loss $atblfunction had any effect on this group of cells.
The toal number of cortical interneurons was assessed by RNAuU hybridisation for
the mRNA transcript o6Gadl, the gene encoding for GAD67, which patrticipates in the
ratelimiting step of GABA biosynthesisséction 1.2.1.2and the transcript dfhx6, to
specifically labelGABAergic interneurons of MGE origin (Liodist al, 2007). The
numberof these cells in the cortex Bfl5Satb1’™" andSatbI” animals wasounted in
columns spanning the whole degthite mattespial surface)f the cortex an@é75.66
um in width, in four different cortical aressalong the anteroposterioAR) axis, namely
the primary motor cortex (M1, Br 0.38 mm), the somatosensory cortex barrel field
(S1BF, Br 0.38 mm and BAi..94 mm) and the primary visual cortex (V1,-Br92 mm).
Comparison of equivalent bregma positions in control and mutant cortices
revealedno significant change in the total numberGddI interneurons in any of the
four areas examined (Figure 3.4;HAand Q; M1, 143+35.5 in controls, 135+33.5 in
mutants;S1BF Br 0.38 mm161+36.1 in controls, 151+31 in mutan&iBF Br -1.94
mm, 84+20.8 in controls, 80+£14.5 in mutants; V1, 80£22.6 in controls, 71+7.5 in
mutants). Moreoverwe observed no difference in the numbelbk6" cells between
controls and mutants in three out of four areas examined (Figure B.4}-P and Q;
M1, 128+7.6 incontrols, 123+11 in mutant§1BF Br-1.94 mm,88+26.2 in controls,
94+45.2 in mutantsV1, 84+7.4 in controls, 77+6.7 in mutantsith the exeption of a
subtle but yet statistically significant reduction of17.5% in anterior levels of the
somatosensoryoctex Figure 3.4 KL and Q;S1BF Br 0.38 mm149+2.1 in controls,

123+5.1 in mutants) datb” animals
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Figure 3.4 Normal specification of cortical GABAergic interneurons in the absence
of Satblactivity. (A-H) In situ hybridisation of P15 cortical sections from wt (A, C, E
and G) andsatbtdeficient (B, D, F and H) mice with @adZXspecifc riboprobe (I-P)

In situ hybridisation of P15 cortical sections from wt (I, K, M and O) &uatbt
deficient (J, L, N and P) mice with dthx6-specifc riboprobe.(Q) Quantification of

GadT and Lhx6 interneurons in the primary motor (M1, Br 0.38 mm), somatosensory
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barrel field (S1BF, Br 0.38 and.94 mm) and primary visual (V1, B2.92 mm) cortex

of P15 wt (grey bars) an8atbldeficient (red bars) mice. The number@ddl or Lhx6
MRNA-expressing interneurons is not significantly reduced in any of the areas
examined, the only exception being a significant reduction of 17.5eh%6" cells in

S1BF Br0.38 mm (kL and Q). n=3 animals per genotype. ns indicates no statistical
significance,** indicates p<O . 0 1, St ud e-taited distriiution, avssamplé t w o
equal variance). Error barstandard deviation of the mea8TDEV). Scale bars 100

um.

Given the fact that we do not see a change in the numi@maf cells in S1BF
Br 0.38 mm, we interpret the small reduction of Lhxalls in this area oBatbl
mutants in two ways: either a small subset of GABAergic interneurons loses expression
of Lhx6in SatbXdeficient mice, or th&hx6 countings, as they target only a subset of
interneurons, reveal an increased propensity of cells in this area for apoptotic cell death.
However, we failed to detect any difference in the number of apoptotic cells, as
asessed by TUNEL assay, at P15 between controls and mutkatés ot shown
consistent with the findings of anoth®atbT” mutant analysis (Balamotét al, 2012).
It is worth mentioning that recentSatblconditional loss of function study reports
SST interneuron death in the somatosensory cortex of mutants from P5 onwards,
attributed to the reduced excitatory input received by these cells (€iade 2012).
This could also be exacerbated by seizurtvite reported in the cortex of these
mutants, asSST-expressing interneurons are sensitive to epileptic seizures ¢Chbj
2007).

Taken together our results demonstrate that GABAergic identity is correctly
specified inSatbXdeficient mice,similarly to Lhx6-null mutants (Liodiset al, 2007;
Zhao et al, 2008).Moreover, thesdindings areconsistent with the observation that
Satbl is expressed at relatively late stages of cortical interneuron development,

following their specification in the subpiaim (Denaxaet al, 2012; Closet al., 2013.
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3.1.5Cortical interneuron differentiation defects in the absence oSatblactivity

Although GABAergic identity is specified at the progenitor level, at the very
early stages of cortical interneuron development and some stdjgp#ic features are
acquired by the influence of genetic determinants in the GEs of the ventral forebrain,
mature properties such as the expression of specific molecular markers, the acquisition
of characteristic morphology and electrophysiological features as well as the selection
of synaptic partners are only acquired later on, when cells settle in the caltaxean
exposed to extrinsic, environmental influences, including neuronal activity (reviewed in
Cossart, 2011).

Analyses ofSatblexpression during embryonic development have demonstrated
that it is excluded from the MGE and tangentially migrating intetores but instead is
expressed specifically in MG#erived cortical interneurons following invasion of the
cortical plate (Denaxat al, 2012; Closeet al, 2012) and persists in these cells
throughout life. We thus reasoned tisATB1 wuld play a spedit role in regulating
the maturation and terminal differentiation of these cells in the cortex. Moreover,
ectopic overexpression oBatblin MGE precursors, in a brain slice culture system,
demonstrated that SATB1 can induce the expressi@stofot onlyat the mRNA level
but also at the protein level (Denaghal, 2012), strengthening our hypothesis for a
role of SATBL1 in cortical interneuron maturation, since SST protein is detected within
the cortex only in postnatal stag€oficharet al, 2009.

To investigate cortical GABAergic interneuron differentiation in Batbl”
mutant cortex we focused on a series of molecular markers that define subsets of
cortical interneurons and performed situ hybridisation and immunofluorescence
experiments on P15 coronal cortical sections.

First, we examined the nawverlapping groups oSST and PV-expressing

cortical interneurons (Gonchat al, 2008) of the MGE lineage, which represent the
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two largest poplations of interneurons in the corteButt et al, 2005 Fogartyet al,
2007; reviewed irGelman and Man, 2010Q. We investigated the development of these
two major interneuron subseits P15 brains byn situ hybridisation using riboprobes
specific fa Sst(Figure 3.5, AB) andKcncl (Figure 3.5, GD) transcripts, focusing on
the same four cortical regions examined in our previous stuligscl otherwise
known asKv3.1, encodes a voltaggated K channel specifically found in PV
interneurongWeiseret al, 1995;Chow et al, 1999)and required for the fasipiking
properties of these cells (Erigt al, 1999) Quantification of the absolute number of
cells per area revealed a dramatic reductiothex numberof Sst mRNA-expressing
interneuros in all areas examine(Figure 3.5, AB and E; M1, 5736.1 in controls,
24+10.1in mutants;S1BF Br 0.38 mm72t17.9in controls, 2%3.4in mutants; S1BF
Br-1.94 mm,42+15.1 in controls, 18+5.5 imutants; V1, 36%.5 in controls, 17+£6.3 in
mutant3. The number oKcncl mRNA-expressingcellswas unaffectedn the primary
motor and visual cortex-(gure 3.5, E; M1, 115+25.2 in controls}#16.9 in mutants;
V1, 79437 in conrols, 44+2.6in mutanty but was significantly reduced in the
somatosensory cat, at both bregma positions examinééigure 3.5, GD and E;
S1BF Br 0.38 mm123t6 in controls, 8%8 in mutants; S1BF Bf1.94 mm, 9&19.3 in
controls, 63+4.4n mutants) Focusing on the somatosensory cortex barrel field (S1BF,
Br 0.38 mm), awell-studied and comnmdy used area in the literature, the reduciion
Sst and KencImRNA-expressing interneurons was 63% and 29% respectively.

We then assessed the expression ofS8& neuropeptide~(gure 3.5, FG) and
the calciumbinding protein PV Eigure 3.5, HI), in this area (S1BF, Br 0.38 mm)
Expression of both peptides initiates in the mouse cortex at the first weeks of postnatal
life (del Rioet al, 1994; Gonchaet al, 2008), thus allowing us to use SShd PV
specific antibodies for owanalysis at P18Ne observed a dramatic reduction of 62% in

the number of SSTinterneurons irSatbI” mice compared to wt littermates (Figure
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3.5, J; 66£9.5 in controls, 252 in mutants), which is very close to the 63% reduction in
SstmRNA-expressing des, and a less pronounced but significant reduction of 14% in
the PV population (Figure 3.5, J; 107+4 in controls, 93+4.9 in mutariféle smaller
reduction in PV cells compared to that observed in Kcncl mRéipressing cells
could perhaps be explained by a differential requirement for SATBL1 in the regulation of
Pv and Kcncl gene expression. Alternatively, our countings at P15 could be
underestimating the PMntemeuron defect, as expressionRf begins shortly before

this stagedel Rioet al, 1994) whereakcnclexpression is thought to initiate during

late embryonic stages (Bodaal, 2012).
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Figure 3.5 Impaired differentiation of MGE-derived interneurons in Satbk
deficient mice.(A-D) In situ hybridisation onP15 cortical sections from wt (A, C) and
SatbXnull (B, D) mice with riboprobes specific f@st (AB) and Kcncl(C-D). (E)
Quantificationof Sst and Kcnc1 interneurons in the primary motor (M1, Br 0.38 mm),
somatosensory barrééld (S1BF, Br 0.38 anell.94 mm) and primary visual (V1, Br

2.92 mm) cortex of P15 wt (grey bars) abdtbXnull (red bars) mice. The number of

S¢ mRNA-expressing interneurons is dramatically reduced in all areas examined,
whereas KcncInRNA-expressing cells were sificantly reduced in S1BRat both Br

0.38 mm and1.94 mm.(F-I) Immunofluorescence oR15 cortical sections from wt (F
and H) andSatbl-deficient (G and 1) mice with antibodies specific for SSTFand

PV (H-1). (J) Quantification of SSTandPV" cells in the somatosensory cortex (S1BF,

Br 0.38 mm) of wt (grey bars) arféatbtdeficient animalgred bars). Thewumber of

SST interneurons is reduced by 62% and the number d&fiiRsrneurons is reduced by
14% in SatbT™ mice compared to controls. n=3 animals per genotype. ns indicates no
statistical significance, * indicatgs<0.05,** indicates p<0.01, *** indicates p<0.001,
Student 6s -tatled distribution, (twesarople equal variance). Error bars,
STDEV. Scale bars 20Qm.

Last, we examined the expression of the neuropeptide ¥IRGEspecific
marker (Buttet al, 2005;Miyoshi et al, 2010),by immunofluorescence on P15 cortical
sections (Figure 3.6,-8). To increase the number of cells counted, we performed our
analysis afour serial section®f the somatosensogortex (between Br 0.38 mm and
0.14mm) in each of the three animals per gape In line with Satblbeing restricted
to MGE-derived interneurons, we were unable to detect any significant difference in the
number of VIP cells between control aratbtnull animals (Figure 3.6, C00+20.6
in controls, 88+£9.3 in mutants), whiclrgaes against the possibility of a nroall
autonomous effect caused in CGE interneurons by loSathflactivity in their MGE

counterparts.
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Figure 3.6 Loss of Satblactivity does not affect the differentiation of VIP", CGE-
derived interneurons. (A-B) Immunofluorescence dRl5 cortical sections from wt (A)
and Satb1deficient (B) mice witha VIP-specific antibody (C) Quantification of VIP
cells in the somatosensory cortex (S1BF, Br 0.3814 mm) of wt (grey bars) and
Satbldeficient mice (redbars) reveals no significant change e humber of CGE
derived VIP interneuronsupon loss ofSatblactivity. n=3 animals per genotype, 4
sectiors per animal(Br 0.38 mm- 0.14 mm). ns indicates no statistical significance

Student 6s -tatled distribution, (twesarople equal variance). Error bars,
STDEV. Scale ba200um.

Overall, ourin vivo findings demonstrate th&atblis intrinsically required to
regulate primarily the differentiation of th&ST-expressing @set of cortical
interneurons. Moreover, taking into account the fact that the expression pattern of three
cortical lamination markerd={gure 3.3 K-P) remains unaltered between controls and
mutants we conclude that the differentiation defects observediiSatbI” mice are

not secondary to impaired cortical lamination.
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3.1.6 Satbl regulates multiple aspects of SS@&xpressing interneuron
differentiation

In agreement with our finding th&atblcontrols the differentiation of SST
interneurons, a recent study has provided evidence for direct regulation 8istthe
genomic locus by SATBI1, via direct binding of the latter to upstream regulatory
elements of theSstgene(Balamotiset al, 2012). We therefore sought to elucidate
whetherSATB1 plays a specific role in exclusively controlling the expressidBstdr
whether it has a wider function in regulating the maturationS8fl-expressing
interneurons. For this purpose we analysed the expression of markers that are
coexpressed with ST in certain cortical interneuron subsets. These include the
calciumbinding protein CRXu et al, 2006 Miyoshi et al, 2007; Fogartet al, 2007,
the neuropeptides NPY (Ma al, 2006;Karagianniset al, 2009 and CRH Kubotaet
al., 2019 and thenNOS protein lMagnoet al, 2012; Jagliret al, 2012; Perrenoudt
al., 2012.

In the mouse cortex, approximately 30% of S@Terneurons coexpress CR
with the majority of these cells located in layers II{Ku et al, 2006; Miyoshiet al,
2007), andclose to 50% of SSTinterneurons coexpress NP¥s(deducted from the
combined studies dfogartyet al, 2007 and Gelmaret al, 2009. The total CR and
NPY" populations were reduced by 31% and 21% respectively, across all cortical layers
in the somatsensory corteXS1BF between Br 0.38 mm an@d.14 mm) of mutants
(Figure 3.7, B, D1 and E) compared to controls (Figure 3.7, £1 and E).Notably,
double immunofluorescence for CR;S8TNPY;SST revealed a pronounced decrease
in the number of both CRSST (Figure 3.7,A-B andE; 89% reduction, B4.7 in
controls, 7+3.2 in mutantgnd NPY;SST interneurongFigure 3.7 C-D and E; 54%

reduction, 116+32.7h controls,41+2.6in mutants)in SatbI” animals but no change in
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the number ofCR";SST (Figure 3.7, E 126+21.5 in controls, 129+8i6 mutant$ or
NPY";SST (Figure 3.7, E193+3 in controls, 202+18i8 mutant$ cells.

According to a recent study performed in the rat frontal cortex2520 of the
SST cells in cortical layers V and VI coexpret® neuropeptide CRH(ibotaet al,
201J). In the lack of a CRk$pecific antibody, we generatedCah-specific riboprobe
and counted the total number®fh' cells in layersdlV, layers \-VI, as well as across
all cortical layers at S1BF Br 0.38 mnkigure 3.7 G and H). We observed a
tendency for reduced numbers@fh’ cells across all layers iBatbtnull cortices (all
layers, 2945.5 in controls, 19+4.5 in mutants; laydig, 118+4.9 in controls, 15+3.4 in
mutants), although a statisticaliygnificant decrease in the number of these cells was
noted only in layers WI (10+1.1 in controls, 4+1.7 in mutants), which is where the
CRH";SST double positive interneurons are mainly fouritulfota et al, 2011).
Notably, our results are in agreemevith a recent study describing anott@atb1”
mutant strain, which reports downregulation@h mRNA levels in this mutant and
binding of SATB1 to regulatory regions of tBeh locus (Balamoti®t al, 2012).

Finally, we counted the number of type | nSiQprojection interneurons, which
are mainly located in bottom cortical layers\A) and express high levels of the nNOS
peptide along with SST (Magret al, 2019. No significant change in the percentage of
type | nNOS;SST interneurons was documentbdtween controlsRigure 3.7, | and
K; 97+2.5%) andSatbT” mutants (Figure 3.7, J and K; 89+6.9%Bat0.38 mm- 0.14

mm of the P15 somatosensory cortex.
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Figure 3.7 SATBL1 is required for the expression of additional markers defining
SST interneuron subsets.(A-D) Doubleimmunofluorescence dal5coronalcortical
sections from wt (A and C) arféhtbtdeficient (B and D) mice with antibodies specific
for SST and CR (M) or SST and NPY (€D). (A1-D1) Panels showing the CR (Al
B1) or NPY (C1D1) staining along(E) Quantification of theotal number ofotal CR",
CR";SST, CR";SST, total NPY", NPY";SST and NPY';SST cells in the
samatosensory cortex (S1BF, Br38i 0.14mm) of wt (grey bars) an8atbXdeficient
mice (red bars)The number of CRSST interneurons is reduced by 89% and the
number ofNPY*;SST" interneurons is reduced by 54% SatbI” mice compared to
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controls.(F-G) In situ hybridisation forCrh on P15coronal cortical sections fromvt

(F) andSatbtdeficient (G) mice(H) Quantification of the total number Grh* cells in

upper and lower cortical layens S1BF, Br 0.38 mmNotice the significant reduction

of Crhrexpressing cells only in layers-Wl. (I-J) Doubleimmunofluorescence oRl15

cortical sections from wt (I) an8atbXdeficient (J animalswith antibodies specific for

SST and nNOS(K) Quantification of the percentage of nNOSST cells in the

nNOS population in the somatosensory cortexB51Br0.381 0.14mm) of wt (grey

bars) andSatbldeficient mice (red bars) revealed no $ligant change inthis
population. n=3 animals per genotype. ns indicates no statistical significance, *
indicatesp<0.05, ** indicates p<0.01, *** indicates 0.0 0 1 , Studen-t 6s t

tailed distribution, twesample equal variance). Error bars, STDEvale bars 20Am.

In conclusion, our results demonstrate that SATB1 regulates the expression of
Sstand has a profound effect in the overall maturation of-8&§¥Fessing interneurons,
by controlling the expression of a multitude of neuropeptides and proteins that define
SST interneuron subsets in the postnatal mouse cortex. Interestingly, the fact that
nNOS';SST long-projection interneurons remain unaffected upon losSathlactivity
could possily indicate a specific requirement f@atblin local circuit interneuron

differentiation in the cortex.
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3.2 Discussion

Formation of local inhibitory circuits in the mammalian cortex depends on the
function of a vast array of different subtypes of cortical GABAergic interneurons, which
are born and specified in the ventral forebragach the cortex by tangential migration
and finally integrate into the different cortical layers where they differentiate into
mature subtypes. Although considerable progress has been made in understanding the
transcriptional cascades that operate in #émbryonic subpallium to control the
specification of cortical interneurons and the mechanisms by which they reach their
final destination in the pallium, our understanding of the terminal differentiation of
cortical interneuron subsets in the maturingexois limited.

By analysing a nevBatbtnull mouse we demonstrate here that the chromatin
organiser protein SATB1 plays a novel and specific role primarily in the maturation of
the SST-expressing subset of MGderived cortical interneurons vivo, without

affecting the acquisition of GABAergic identity.

3.21 Requirement of Satblactivity in the terminal differentiation of GABAergic
cortical interneurons

The LIM-HD transcription factor LHX6 is expressed throughout the
development of MGHlerived GABAergr cortical interneurons, from the moment they
exit the cell cyclel(iodis et al, 2007; Duet al, 2008 and initiate tangential migration
to the cortex l(avdaset al, 1999;Liodis et al, 2007, up to adulthood, when LHX6
colocalises with SST and PV mature interneurond.iodis et al, 2007 Fogartyet al.,
2007). Consistent with thid,hx6 loss of function studies have demonstrated an early
requirement ofLhx6 activity for the proper tangential and radial migration of MGE
derived interneurons to thertex Alifragis et al, 2004 Liodis et al, 2007 Zhaoet al,
2008) and a late role dfHX6 in the differentiation of SSTand PV interneurons
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(Liodis et al, 2007 Zhaoet al, 2008). Importantly, studies from our laboratory have
demonstrated that thidifferentiation deficit is independent of the migration defect
observed in these mutanideveset al, 2012).Finally, Lhx6-deficiency has no effect
on theGABAergic identityof these cellsAlifragis et al,, 2004 Liodis et al, 2007.

Given that little is known about the terminal differentiation of interneurons in
the maturing cortex, the latest studies from our group have focused on identifying genes
that act downstream ofHX6 to regulate cortical interneuron differentiation. A
genone-wide microarray screen conducted on E15.5 cortices fror6”* andLhx6"
mice identified the transcription factor and genome organiser protein SATB1 as being
downregulated in the absenceldix6 activity (Denaxaet al, 2012). To investigate the
potertial role of SATBL in cortical interneuron development we generateBathl”
mutant mouse and chose postnatal day 15 as our stage of analysis.

Macroscopically,Satbtdeficient mice exhibited a similar phenotypeLtox6”
mutants (Liodiset al, 2007), with severely delayed development, weakness and early
lethality around weaning. Neither of the two mutant strains developed obvious signs of
epileptic seizures and at the cellular level, the total numb&aofl interneurons, as
assessed by stu hybridisation, remained unaffected in the cortex of [®dltbt and
Lhx6-deficient animals. Another common finding between these mutants is the
compromised differentiation of MGHerived interneurons. This is in agreement with
vitro studies from ourdaboratory, which provide evidence that LHX6 and SATB1
operate in the same pathway. In this cascade, SATB1 acts as a mediator6of
activity, necessary and sufficient to control the differentiation of GABAergic
interneurons (Denaxet al, 2012).

Howe\er, there are clear differences betwédnx6™ and Satbl™ mutants. In
contrast to the tangential and radial migration defects documenteakénull mice

(Liodis et al, 2007; Zhacet al, 2008), tangential migration of cortical interneurons
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proceeds normally iBatbl” mutants (Denaxat al, 2012) and our results so far do not
show a consistent pattern for laminar distribution defects in these mice (analysis in
progress). Our findingsre in agreement with the fact that expressiorSatblis
excluded from tangentially migrating interneurons and only starts once these cells have
reached the cortical plate (Denagtal, 2012; Closeet al, 2012). Moreover, the
studies of Liodiset al report a dramatic reduction of both SSihd PV interneurons
(Liodis et al, 2007) inLhx6-deficient mice, whereas o@atbI” analysis demonstrates

a greater deficit in the differentiation of the SS3ubset and a smaller but still
significant defect in the PVsubset of cortical interneurons. These data point towards
the existence of distinct cascades operating downstrealtH®6 to regulate the

differentiation ofSST andPV-expressing interneurons.

3.2.2 Differential roles of SATB1 in SST and PV’ cortical interneuron
development

Colocalisation studies in the postnatal mouse cortex revealed that virtually all
SST and PV cortical interneurons express the SATB1 protein (Dereixal, 2012;
Closeet al, 2012). However, we present here the first constiti@ath1KO study that
provides evidence for the differential requirement of SATB1 in the maturation of these
two major MGEderived interneuron populations. Although there was doprul
decrease in the number of cortical interneurons expressing the SST neuropeptide in our
SatbI” mice, loss of PV protein expression was documented in a much smaller
population of cells in the cortex of these mutants. Along the same lines, a caldition
Satblmutant study, published at the same time as our work, reports that specific loss of
Satblactivity from postmitotic interneurons has a greater effect oS 8iEexpressing
subset compared to théiv-expressing counterparts (Closieal, 2012). Moreover, the

idea that SATB1 does not play an instructive role for the differentiation 6f PV

12¢



Chapter 3. Discussion

interneurons is further supported by vivo transplantation experiments conducted in
our laboratory, which demonstrate that SAT®Zrexpressing MGE progenitors
grafted into the neonatal mousertex predominantly differentiate into SSTrather
than PV interneurons (Denaxat al., 2012).

The above findings argue that other genes, bessddis]l must be operating
downstream of HX6 to instruct the differentiation of P\¢ortical interneurons. One of
these genes iSox6 Conversely to th&atbXnull findings, examination cfoxémutant
mice demonstrated that the transcription factor SOX6, although being expressed in both
SST andPV-expressing interneurons, is required primarily for the differentiation of the
latter (BatistaBrito et al., 2009). GABAergic interneurons were specified normally in
Sox6deficient mice but were mispositioned in the cortex and the number of cells
expressingthe PV protein was drastically reduced by 94%, as opposed to a 30%
reduction in the population expressing SST. The firing properties bfilR&tneurons
were also altered towards a less mature state in these mutants {(Btiistat al,

2009).

Collectively, the data gathered so far indicate the existence of two distinct
pathways that operate downstreamLéfX6 to control the differentiation of the two
major cortical interneuron populations: one cascade governed by SOX6 regulating
development ofthe PV subset and a second, novel cascade driven by SATB1

regulating development of the SSJubset, as summarised in Figure 3.8.
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Satb1 —»

Nkx2.1 ——= Lhx6
T

direct interaction

- genetic interaction

/\

Figure 3.8 Proposed nodel of the divergent pathways downstream oL.HX6 that
regulate SST and PV' interneuron differentiation . The literatureprovides evidence
for direct regulation of.hx6 expressiorby NKX2.1, as soon as MGE progenitors exit
the cell cycle Du et al, 2009. Data from our laboratoryDenaxaet al, 2019 show
that SATB1 is genetically downstream dfHX6, and the findings of this thesis
demonstrate that SATB1 directs the differentiation of S@®rneurons, in agreement
with observations from another group (Clasteal, 2012). In fact, direct binding of
SATBL1 to theSstlocus has been shown in the literature (Balamettial, 2012). In a
parallel pathway, SOX6 functions genetically downstreaniLidkK6 to regulate PV
interneuron differentiation (Batistrito et al, 2009). Red arrows indicate direct

regulation.Black arrows indicate genetic interaction.

3.2.3SATBI1 coordinately regulates the expression of multiple genes, whose protein
products are associated with mature SSTinterneurons

The SST subset of cortical interneurons is extremely heterogeneous and
includesii SS@nl yo c'etlls mexpreSsthd CR, NPY, or Reelin (reviewed in
Gelman and Marin, 2010) as well as a small percentage 6tGSH' cells (Kubotaet
al., 2011). Moreover, SST colocalises with nNOS in type |{praection interneurons
(Magno et al., 2012; Jagliret al, 2012; Perrenouet al, 2012, a distinct group of

cortical GABAergic interneurons, which differ from the local circuit interneurons
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mainly in that they extend long horizontal projections to distant cortical areasdka
et al, 2005.

We provide evidenceherein for anovel role of SATB1 in controlling the
expression of a set of these factors, which characterise mature cortical interneurons of
the SST subset. Analysis of ouatbI” mutants at P15 revealed no change in the tot
population of GABAergic interneurons but a dramatic decrease in the number of
interneurons expressing the neuropeptide SST along with a significant reduction in the
numbers of CR NPY" and Crh cells. No change was observed in the lpngjection
popuktion of type | nitrinergic interneurons between controls and mut@ntsfindings
areconsistent witithe analysis of an independently generé&atb1KO mouse, which
presents a significant downregulation of the Sst, CrhGald2mRNA levels the latter
being the gene that encodes for the caleninding protein CRin the cortices of P13
P14 SatbXnull mice (Balamotiset al, 2012) We provide additional evidence for the
regulation of Npy expression by SATB1. Notably, the Balamoét al study also
denonstrates binding c8ATB1 to upstreamregulatory elements of th&st Crh and
Calb2 genomic loci.This suggest direct transcriptional regulation of the genedy
SATB1 and thereby explains the reduced expression of these markers observed in
Satbdeficient mutants.

However, the exact mechanism by which SATB1 orchestrates the expression of
multiple cortical interneurospecific genes in a coordinated manner has not been
elucidated. Similarly to our results, synchronous regulation of multiple genes by SATB1
has been dronstrated in cells of the immune system (Alvaetal, 2000; Yasuet al,

2002; Caiet al, 2003), as well as in breast cancer cells, where SATB1 controls the
expression of more than 1,000 genes to promote cancer growth and metastasis (Han
al., 200§. Therefore, studying these examples could offer insight into how SATB1

might be functioning in our context. One hypothesis, based on the -aiEnve®ned
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studies, is that it all begins with the higher order organisation of chromatin structure:
SATB1recoqises its target MARs sequences in a multitude of genomic loci and tethers
them to the nuclear matrix resulting in the formation of chromatin loops with SATB1
and its bound sequences located at the base of these loops. This chromatin looping
brings distantcis-regulatory elements physically closer to promoters of genes thus
allowing for transcriptional activation or repression (reviewed in Galahadé, 2007).

In addition, following the formation of this complex network, SATB1 recruits
chromatinremodellhg factors histonemodifying enzymes anttanscription factors at

the base of chromatin of loops, allowing them to act on the genomic loci tethered onto
this common Atranscri pti oetalh2006) Oné coeald i e we
imagine a similar mael for the coordinated regulation of cortical interneuron

maturationpromoting genes by SATB1

13C



Chapter 4

Cortical interneurosspecific deletion of
Satbl

131



Chapter 4. Results

4.1 Results

The results obtained from ouBatbl” analysis demonstrate a marked
requirement forSatblactivity for the maturation of SSTcortical interneurons and a
less clear, if any, role in the differentiation ®¥" interneuronsConsistent witrSatb1
expression in both cortical interneurons and pyramidal cells (Balamoas, 2012;
Denaxaet al, 2012) we wished to determine whether the effecBatbldeletion is
secondary to its role in pyramidal neurons. Fs,twe characterised the expression of
three cortical lamination markers in oBatbtnull mutants and observed no difference
in cortical layer formation, compared to controls (section 3.1.3). However, analysis of
anotherSatbI™ mouse revealed that deitit spine density of pyramidal neurons is
reduced by hajfthereby affecting their ability to form synapses and receive input
(Balamotiset al, 2012). We therefore decided to del&&tblexclusively in cortical
interneurons by generating $atb1floxed allele and combining it with interneuron
specifc Cre lines.

The overall aimof the work presented in this chapterto distinguish between
the cell-autonomous and necell-autonomous roles of SATBL1 irodical interneuron
development. Firstl will present the generation &atb1floxed mice, as well as the
characterisation of several inducible Cre lines that cpoténtially be combined with
thesemice to achieveorticalinterneurorspecific deletion oSatbl Next, | will mainly
focus on the conditional deletion ofatblfrom MGE-derivedinterneurons using the
Nkx2.E:Cre transgenic lineNkx2.2Cre;Satbflox mutants will beexamined for SST
and PV differentiation defects and their phenotype wiltbmpared tdhat of Satb1"
mutants Finally, | will investigatewhether SATBL1 is intrinsically required for the
maturation ofPV-expressinginterneurons, by combinin@atbl floxed with PV-Cre
mice, in an attempt toaddress thesubtle but significant PV interneuron deficit
observed in ouBatbXnull mutants (section 3.1.5).
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4.1.1Generation of a Satb1floxed mouse

For the generation of thgatb1floxed mouse we took advantage of the fact that
the targetedSatblallele of ourSatbI” mice contains two LoxP recombination sites
flanking exon4 (Figure 4.1, Atop panel). Therefore, thgatb1 allele has the potential
to be converted into a conditional allele by simply excising the first part aatbeting
cassettédy recombination at the FRT sites that flank it. To this aim, we cr@ati”
mice with theACTB:FLPedeleter ling(Figure 4.1, Atop panel) in which the improved
Flpe recombinase is under the control tbé humanf3-actin promoter anddrives
recombination at both somatic and gdime lineages (Rodriguezet al, 2000). Excision
of the FRFflanked cassette and thus successful generation of the fiteidd allele
(referred to from now on aSatb{%; Figure 4.1,A middle panel) was confirmed by
PCR genotypingvith the same primenssed to genotype the \Biatblallele. Primers F9
and R10 give the wt band at 337 bp and the floxed band slightly higher, at 428 bp
(Figure 4.1,B). The size difference between the wt and floxed bands comes from the
remaining FRT site in th8atb{°* allele. Importantlyhad the FRTlanked cassette not
been removed, primeis3-R10 would not be able toanerate a prodtias they would

be spaced too far apasatbI™* mice born fromSatb1’~ x ACTEP®™"® matings were

j‘_lox/flox ilox/ﬂox

then intercrossed to generate Setb colony. As anticipatedSatb mice
developed normally and were indistinguishable from wt mice, as after successful
removal of the FR¥flanked cassette the resulting allele no longer contains the splice
acceptor and therefore cannot function a®ssof function allele. $ce exon 4 of
Satblis flanked by LoxP recombination sites in @&atb{®"** mice, crossing with a

Cre line should result i€re-mediated recombination and detet of exon 4 Figure

4.1, A bottom panel) Excision of exon 4will create several kirame $op codons

resultingin early termination of Satbl mRNA translatiand a shorter proteiand will

thereby generate loss of function allele.
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Figure 4.1 Generation of the floxedSatblallele. (A) From topto bottom:the targeted
Satblallele Gatbl), the floxedSatblallele Gatb1®) and the recombéd Satblallele
after exon 4 deletianMatings betweenSatb1’~ and ACTB"*"® mice result in
recombination at the FRT sitélanking theSatbltargeting cassettend excision of the
first part of the cassette. What remain®ie FRT site antdwo LoxP sites that flank
exon 4 ofSatb1(SatbI°* allele). Matings between mice carrying tBatb{** allele and

a Cre lire should culminatein Cremediated recombination at tHeoxP sites and
excisbn of exon 4 Yellow rectangles represent exonsSs#tbl (B) PCR genotyping
resultsfor Satbf®* (lanes 46) and Satb1™ mice (lanes 13) born from aSatb1’™ x
ACTBP"P® mating The Satb{°* allele is identified by the upper 428 bp band, while the
lower 337 bp band corresponds to theSatblallele (boxed area in B). Both the wt and
floxed bands are given by the same set of primers, F9 andiftliated by black
arrowheadsThe floxed land is slightly bigger than the wt one because of the FRT site

that remained after Flpe recombination that generated the floxed altetekb ladder.
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4.1.2 Characterisation of Cre lines for the conditional deletion ofSatblin cortical
interneurons

We decided to follow two approaches for the selective deletioSabihlin
cortical interneurons: first, removal &atblfrom the MGE lineage, which includes
both theSST and PV-expressing cells. Second, subtygpecific deletion ofSatblin
the SST and PV' subsets separately, which would help us distinguish between
differential requirements @atb1lin these two notwverlapping populations of cells.

To achieve deletion oBatblin the MGE ve selectedthe Nkx2.1CreER?
(Kessaris N., unpublishedndLhx6-CreER?(Taniguchiet al, 2011) lines, whereas for
subtypespecific studies we focused on tSSTFCreER? and Pw-CreER? inducible
mice (Taniguchiet al, 2011). The latter three lines are publicly available through the
JAX mice database but had riz#en desribed in the literature at theme we obtained
them In all the aboveanentioned micethe catalytic domain of the bacterialre
recombinase is fused ta Tamoxifearesponsive Estrogen Receptor ligenidding
domain from the human geER™) (Feil et al, 1997. CreER? is sequestetkin the
cytoplasm and only when Tamoxifeor its amlog 4Hydroxytamoxifen (40HT), is
administered, CreER can be translocated to rtheleus ad induce recombination
between loxP sites. Recombinatiagenerallyoccurs within 612 hours andatontinues
for up to 36 hours. (reviewed doyner and Zervas, 2006Jhe advantage of these lines
would be the temporal regulation $atbldeletion, allowing us to investigate the early
versus late requirements &atblin cortical interneuron development

Before crosimg with the Satb*/"* mice, the Nkx2.:CreER? Lhx6-CreER?
SSTCreER? and Pv-CreER? lines were combined with th&®26ReYFPreporter
(Srinivas et al, 2001) in order to test their recombination efficiency afteOBT
administrationWe concentrated on establishing a protocol for successful recombination

of the R26ReYFRocus at P30 pups or adult (P90 or older) mice, by intraperitoneally
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administering3 mg of 4-OHT per animal, daily, for two consecutive days, by
injecting 2 mg of 4OHT per animal, daily for a period of five consecutive dayse

latter protool was only followed inadult stage, to avoid adverse effects younger
animals. One or two weekdter the last dosef 4-OHT was given, the micaere
perfused and their brains analysed for expression of YFP by immunofluorescence using
a GFRspecific antibody on 10@m vibratome coronal sections.

After 4-OHT administration, a@otal of six Nkx2.f"* f™?*R26ReYFF?* and
five Lhx6®ERT?*R26ReYFBP* animals were analysed for YFP expression
Representative examples of the best induction effigiearad the protocol used to
achieve this are summarised in Figure 8dth lines @ve consistentabelling in
ventral regions, such dke piriform cortex (Figure 4.2, E and Kjje hypothalamus
(Figure 4.2, F) and the amygdala (Figure 4.2,b@) only sparse and inconsistent
labelling in the motor and somatosensory cortices (Figure 4.2, B arnehi€)) are our
areas of interesThe Nkx2.L£ER72*R26ReYFE"" |ine gaverelatively good labelling

in thehippoampus (Figure 4.2, and auditory cortex (Figure 4.2, |

Figure 4.2 (next page) The Nkx2.1-CreER™ and Lhx6-CreER'? lines show poor
recombination efficiency in the adult mouse forebrain. (A) Schema of the -OHT
administation protocol followed at P12Qhx6-"*ER"*R26ReYFBP* mice. (B-G)
GFP stainingat coronal brain sections frotrhx6"*cR"#*R26ReYFB"* mice 2 weeks
after induction with 40HT reveals very sparse labelling the somatosensory cortex
(B), motor cortex (C) and hippocampus (D). Better efficiency alaserved in ventral
area such as the pirifm cortex (E), the hypothalam(B) and the amygdala (G)H)
Schema of the 4OHT administration protocol followed at P90
Nkx2.£eERT2* R26ReYFB* mice. (1-K) Representative images lofain regions with
the best labelling afteBFP immunostainingt Nkx2.£"*tR™*R26ReYFB®"* mice, 1
week after induction with ©OHT. The dorsalmost areas withGFP cells were the
auditory cortex (I) and hippocampus (J). Ventrolateral areas showed consistently the
best induction (K)Scale bars 10Am for B-F, and 200 um for G andK.
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Figure 4.2 (legend at previous page)

Repeated efforts to activate Caadthe YFP reportem a total of six animals
from the SSTERT*R26ReYFEP* and six animals from the
VCreERT2/+. F;op/+ : : : + el
P ;R26ReYF ling resulted in failure to detedtFP™ cells anywhere within

the brainof these mice (data not showmn alternative approach would be to inject
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mice with 1 mg of 4OHT twice a day for five consecutive days, thus achieving
accumulation of higher systemic concentrations of the substance and therefore
improved recombinationfiéciency (Leoneet al, 2003). However, we decided not to
pursue this protocol as our findings wemmfirmed by a publication from the group that
generated théhx6-CreER? SSTCreER? and P\-CreER? inducible lines(Taniguchi
et al, 2011) This study eports labelling of less than five cells within the cortex after
Tamoxifen administration in all three lines and attributes this to possible changes in the
sequences at the translation initiation codon of these genes, where the CreER cassette
was targetedo, which could result in low transcription levels from this locus and
consequently inefficient CreER induction

We therefore explored alternative tools atutned our attention to the
constitutiveNkx2.2Cre (Kessariset al, 200§, SSTires-Cre (Taniguchiet al, 2011)
andPV-Cre (Hippenmeyeet al, 2005)lines. While working on generating thHgkx2.t
Cre;Satb1flox, SSTCre;Satblflox and PV-Cre;Satbflox conditional mutants,a
parallel study from the Fishell group came to our attention, which included the
description of aSatbl conditional mutant using th8ST-ires-Cre line (Closeet al,
2012).For this reasonye focugdon theNkx2.1Cre;Satb1flox andPV-Cre;Satbflox

strains, theanalysis ofwhich is presented ithe following sections.

4.1.3 Conditional deetion of Satblin MGE -derived cortical interneurons results in
cell death and development of epileptic seizures

In order to selectively inactivat®atblin cortical interneuron progenitors and be
able to trace mutant cells at the same time, we combinetllkk2.1Cre transgene
(Kessariset al, 2009 with the R26ReYFReporter allele (Srinivast al, 2001). In the
Nkx2.T"™*:R26ReYFBP* double transgnic mice, Cre is expressed in AEP, POA and

MGE progenitors, apart from those in the dorsaist MGE (Fogartyet al, 2007), and
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mediates recombination of thB26ReYFPreporter allele resulting in permanent
labelling ofprogenitor cells and their descentiaiVe then crossed these mice with our
newly generatedSatb{®* jine to achieve conditional inactivation &atblin the

MGE lineage and permanent tracing of the mutant cells. The detailed breeding scheme
used to generate the experimentitx2.£"®":R26ReYFB":Satb1*/* (control) and
conditional KO (cKO) Nkx2.£"®*;R26ReYFEF*:Sath{™"* genotypes, the latter

referred to aSatbINkx2.1cKO, is shown irFigure 4.3.

@ 4o

Nkx2.1°%* R26ReYFPiar

Satblfesfies.  Niexp vk
R26ReYFPr

Satb 1 flox/flox NkX2 ] e

R26ReYFPstr”

_ , Satb17ov*
| Experimental matings |

|
- @

Nkx2. 1%+ Nkx2.] =+
R26ReYFPsr” R26ReYFPsr
Satb 1 flox/+ Satb l flox/flox
control Satb1|Nkx2.1 cKO

Figure 4.3 Breeding strategy for the generationof SatbINkx2.1 conditional
mutants. The R26ReYFReporterwas combied with the Nkx2.2Cre transgenidine,
by breeding R26ReYFBPSP with Nkx2.f** mice The resulting
Nkx2.£"®*:R26ReYFBP* double transgenicwere then crossed with ttgathfo¥ o
mice to generate a stock Nkx2.f®*;R26ReYFB°*:Sath** animals Finally, this
stock colony was combinedvith Satbf®/fox
Nkx2.f"®*;R26ReYFBP";Satbf™* and  Nkx2.f"®*;R26ReYFP®";Sath"x

(SatbINkx2.] triple transgenic mice used in our experiments.

mice to generate the control
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SatbINkx2.1cKO mice were born aliveat the expected Mendelian ratior
triple transgenics (1)8and were initily indistinguishable fromcontrol littermates.
Within the first postnatal week though, a developmental delay became evident and by
P15SatbINkx2.1cKO pups were noticeably smaller and weal@npared to controls.
Upon observationn their home cage or mindrandling SatbINkx2.1cKO mutants
developed signs of epileptic seizures, such as loss of postural control and forelimb
clonus (data not shown). Among the four conditional mutants that were allowed to
survive beyond P15, which is the stagf analysistwo died at P23 (two days after
weaning and two managed to survive until adulthood.

Given the early lethality of th8atbINkx2.1pups and for consistency with our
SatbXnull mutant characterisation, we chose P15 aattaysis stageWe first sought
to deermine the functionalty of our Satb{°* allele and to this aim wexamined
whether Satb1 expression is abolisheth the Nkx2.1 progeny, which is faithfully
labelled by the YFP reporter. Ouradysis was conductdd S1BF(4 sections per brain,
Br 0.38- 0.14 mm)by double immunofluorescence for GFP, to detect the YFP reporter
expressing cells, and SATBMWe observeda dramatic reduction of 87% in the
percentage of GFESATB1' cells in the total GFPpopulation ofSatbINkx2.1mutants
(10+0.3%; Figure 4.AC-D and E red bar) compared to controls (83+£1.3%; Figure 4.4,
A-B2 and E greybar), indicatingsuccessful deletiorof Satbl Interestinty, we
observed a significant reduction of 26% in the absolute number of G&R in
SatbINkx2.1cKOs (488+57.2Figure 4.4, F red bawversus controls (660+39.Eigure
4.4, F grey bar which suggestsncreased cell deatin the mutantspossibly as a
consequence of seizure activity. It should be noted thatlkix@.1Cre line also labells
oligodendrocytes, altholigthe majority of these are eradicated in the cortex by P10
(Kessariset al, 2006). The few GFPRoligodendrocytesdentifiedin our sectionshased

on their highly branchedhorphology, were excluded from our countings.
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Figure 4.4 The Satbf™ allele functions as a null allele. (AD) Double
immunofluorescence for SATB1 and GFP at P15 contreBgA and SatbINkx2.1
mutants (GD). Panels B and C are magnifications of the boxed areas in A and D
respectively and merged images of @anB1:B2 and -C2 Arrows indicate double
labelled cells(E) Quantification of thepercentag®f GFP cells expressing SATBIh
controls (grey bars) compared $atbINkx2.1littermates (red bars) reveals a dramatic
reduction in mutants(F) Quantification of theabsolute number of GFFPcells in
controls (grey barsyersusSatbINkx2.1cKOs (red bars) shows a significant reduction
of 26% in the lattern=3 animals per genotypd sections per animaBf 0.38- 0.14

mm). ** indicates p<0.01, *** indicates p<0.001,St u d etntesd @wetailed

distribution, twesample equal variance). Error bars, STDEWale bars 200 um
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We next examined the expressiointhe SST neuropeptida the SatbINkx2.1
cKO mutants,as we know from ourSatbI” analysis thatSatbl regulats SST
interneuron differentiatiorBy performing double immunofluorescence with antibodies
against GFP and SST, we documented a marked decrease of 50% in the percentage of
GFP;SST cells within the total GFPpopulation ofSatbINkx2.1cKOs (17+0.1%;
Figure 4.5, CD and | red bar) compared to control littermates (34+0.6%; Figure 4.5, A
B2 and | grey bar), which is close to the 62% reduction of S&&rneurons observed
in our constitutiveSatbT” animals. We performed the same analysis with GFP and PV
double immunostaining, in order to examine if the RMpulation is affected after
interneurorspecific deletion ofSatbl Our results show a 24% reduction in the
percentage of GFEPV" cells within the total GFP population ofSatbINkx2.1cKO
animals (35+5.7%; Figure 4.5,-B and | red bar) compared to controls (45+2.4%;
Figure 4.5, EF2 and | grey bar), which is greater than the 14% reduction seen in
constitutive SatbI” mice. Notaly, our data sggest that the PVinterneuron defit
observed in our mutants is not secondary to abnormal pyramidal neuron physiology, as
Satbl activity was not affected in pyramidal cells. Taken together, the combined
reduction in SST and PV cells accounts for the 26% loss of GFEells in
SatbINkx2.1cKO mutants, indicating thalis reduction iglue to cell death rather than
loss of SST and PV protein expressibtowever, based on oBatb” findings we
have reason® believethat SST interneuron differentiation defects precede the death
of these cellsAnalysis of ourSatbINkx2.1cKO mutants at ebr postnatal stages
should elucidate thisThis hypothesis is supported by recently published work, which
reports thatSatbtdeficient SST interneuronsexhibit maturation defectsieceive
reduced excitatory inpufail to integrate into cortical networkand are vulnetae to

apoptosigCloseet al, 2012).
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Figure 4.5 (legend at following page)
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Figure 4.5 SST" and PV’ interneurons are significantly affected in SatbJNkx2.1
cKO mutants. (A-D) Double immunofluorescence f&ST and GFP at P15 control
(A-B2) andSatbINkx2.1cKO mutants (GD). Panels B and C are magnifications of the
boxed areas in A and @Bnd merged images of pela B:B2 and C1C2 respectively
Arrows indicate double labelled cell&E-H) Double immunofluorescence for PV and
GFP at P15 control @E2) and SatbINkx2.1 mutants(G-H). Panels F and G are
magnifications of the baed areas in Bnd Hand merged images of pela F1F2 and
G1-G2 respectively Arrows indicate double labelled celld) Quantification of the
percentages of GFReells expressing SST or PV in controls (grey bars) compared to
SatbINkx21 littermates (red bars). Noticéhe significant reduction in both the
GFP';SST and GFP;PV' percentages in mutants=3 animals per genotype, 4 cortical
sections per animaB¢ 0.38- 0.14 mm) * indicates p<0.05, *** indicates @001,

Student 6s -tatled distribution, (twesarople equal variance). Error bars,
STDEV. Scale bars 200 um

In summary, the analysis dfkx2.f®":R26ReYFB°"*:Satb " conditional
mutants reveals that specific deletionSaftblin cortical interneuron progenitors results
in a more severe phenotype compared to that observed in the constaiindaull
mice, at whichSatblactivity is abolished in both inhibitory cortical interneurons and
excitatory pyramidal cells. Ousatbl conditioral studies thus indicate an important
function of SATBL1 in regulating the balance between excitation and inhibition in the
brain, similarly to what has been described in the literature for an@hd#rl
conditional mutant generated using ix5/6-Cre line (Closeet al, 2012), as will be

discussed in section 4.2.1.

144



Chapter 4. Results

4.1.4 Satbl activity is not intrinsically required for the maturation of PV*
interneurons

Analysis of our constitutiveSatbl KO mutants demonstrated a dramatic
reduction of 62% in the number &ST-expressing interneurons in the P15 mouse
cortex and a less pronounced reduction of 14% in tRA¥hexpressing counterparts
(section 3.1.5). Examination oSatbINkx2.1 conditional muants excluded the
possibility that the PVinterneuron defit is due to perturbation of pyramidal neuron
development, therefore two possible interpretations remain: &ttédis intrinsically
required in a small subset of PWterneurons, or alternatively, the modest reduction in
this population could be secondary to the impaired development dfiS®fheurons.
Having established that the newly genersgetb{® allele can be used to successfully
abolishSatblexpressionn a conditional, tissuspecific manner, @ reasoned that by
combining it with a constitutivé®V-Cre knockin line (Hippenmeyeet al, 2005) we
could specifically delet&atblin PV-expressing cortical interneurons and explore the
possibility of Satblacivity being required for thenaturationof a subset of these cells.

Expression of Cre in thBV-Cre mice is driven by the endogenoBs promoter
and therefore should initiate approximately after Pd€l Rio et al, 1999. A recent
study that has used this line reports more than 90% recombination’ imBkheurons
of the visual cortex (Runyaet al, 2010).We thereforeset out to investigate how the
PV-Cre line behaves in the somatosensoryte&x, which is our area of intest by
combining it with theR26ReYFReporter line and analysing YFP and PV expression at
various postnatal stages.

As antcipated, immunofluorescence BV and GFPrevealed no expression of
either the endogenous PVopein, or the YFP reporter e P8 cortex (Figure.@, A).
Notably, PV and GFP cells were obserdin the P8 thalamugFigure 4.6, inset in A)

in accordance with what has been reported in the literéfamahiraet al., 2009) thus
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providing an internal control for outasning Examination of the P15 somatosensory
cortex revealed the anticipated expression of PV protein for this developmental stage,
but YFP reporter activation was quite limited (Figure 4.6, B). We therefore focused at a
later stage, namely P30, and observednanease in the total number of Pyells as

well as more efficient activation of the reporter (Figure 4.6 iCjletail, the fraction of

PV cells that were also labelled with GFP (efficiency) was 79%thadgercentage of
GFP cells expressing PV (speidity) was 73%,in a total of three animals examined.

We also noticed a fraction of GEPV cells, whichcouldlikely correspond to cells that
expressed PV at some earlier point and downregulated its expression later on. The
possibility that these cellsre SST interneurons was ruled out, as double staining with
antibodies against GFP and SST revealed that reporter activation®v4Bee line is
excluded fronSST-expressing cells (Figure 4.6, D). This is in consistence with the fact
that the PV and SS™ subsets of cortical interneurons are fowerlapping (Gonchagt

al., 2008).
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PV ;R26ReYFP*""

Figure 4.6 The PV-Cre line efficiently and specifically labells PV cortical
interneurons when combined with the R26ReYFP reporter. (A-C) Double
immunofluorescence fd?V and GFP on coronal cortical sections from P8 (A), P15 (B)
and P30 (CPV™®":R26ReYFB" animals. Inset in (A) depicts GFP and PV staining
in the thalamus of P8 animals. Arrows indicate double positive cells (B and C), filled
arrowheads (B) indicate P\cells that have not turned on reporter expression and
empty arrowheads (C) indicate GAPV cells. (D) Double immunofluorescence for
SST and GFP at P3®@\®*;R26ReYFP* cortical sections. Notice that GFP
expression is exeded from SSTinterneurons. Scale bars 200 pm.

Based on the above findings, we decided to perform all our analyses at P30 and
proceeded with combining the\V"®*;R26ReYFE* line with the Satblconditional
allele. For increased recombination efficiency we first introducedsdibtnull allele
to the PV"®*;R26ReYFB°* line, generatingP\V*"®*;R26ReYFB°"*:Sath1’" triple
transgenic animals that were then crossed \@&tbI*" mice b generate the
PV R26ReYFBP " Sath1™*  (control) and PV"®*;R26ReYFB°"*:Sath "
(SatbIPv cKO) experimental genotypes (Figure 4.8atb]Pv cKO and control mice

were born at the expectedendelian ratiofor triple transgenics (1/8 or 12.5%).
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Specifically, in a total of 83 pups genotyped at P21, 14% were controls and 12% were
Satb]Pv cKOs. Development of these conditional mutants proceeded normally, in
terms of both growth and behaviour, and pups survafest weaning at P21 and thrived

until adulthood, just like their wt littermates.
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R26ReYF Pslup stop PVLre t

Vcre + Satb 1+ &
R26ReYFPstor*

T
@

Vch t Satb 1 flox/flox
R26ReYFPstor™

Satblh Experlmental matings |

- @
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P LTC t PVcre‘l
R26ReYFPsp*  R26ReYFPr*
Satb 1 flox/+ Satb 1 flox/-
control Satb1|Pv cKO

Figure 4.7 Breeding strategy for the generationof SatblPv conditional mutants.
The R26ReYFPreporterwas combied with the PV-Cre knockin line by breeding
R26ReYFBPSP with PV®* mice The resulting PV*"®*;R26ReYFE* double
transgenicswere then crossed with th&atbl’~ mice to generate a stockf
PV R26ReYFEP*:SathT’" animals Finally, this colony was combinedwith
Sath1"™™* mice to generate théP\VF™®*:R26ReYFFP":Satbf* (control) and
PV R26ReYFE?":Sathf™" (SatbJPv) triple transgenic mice used in our

experiments.
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As in our previous analyses, we examined the S1BF (dreactions per brain,
betweenBr 0.38 and 0.14 mm) We first confirmed the deletion ddatblin PV-
expressing cells by performing double immunofluorescence for GFP and SATB1 and
observed a nearly 100% reduction of the percentage of;GRPB1" cells in the total
GFP population ofSatbJPv animak (0.73+0.2%; Figure 4.8,-D and | left panelred
bar) compared to controls (64+9.9%%; Figure 4.82Aand | left panel,grey bar).To
address a possible requirement ®&tb1for the maturation oPV' interneurons we
quantified the percentage of GAPV" cells within the GFPpopulation of controls and
SatbJPv conditional mutants, after staining with antibodies against GFP and PV. Our
findings demonstrate no significant difference betwegatb]Pv cKO mutants
(73+6.8%;Figure 4.8, GH and | right panelyed baJ and control littermate&’3+5.7%;
Figure 48, E-F2 and ] right panelgrey bar). It should also be noted that the total GFP
population was nagignificantlyaffected in theSatbJPv cKO mice (404+43 in mutants,

336+27 in controlskigure 4.8, )1
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Figure 4.8(legend at followingpage)
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Figure 4.8 Conditional deletion of Satblin PV cortical interneurons does not

affect their maturation. (A-D) Double immunofluorescence for SATB1 and GFP on
coronal cortical sections from P30 controlB&) andSatb1Pv cKOs (GD). Panels B

and C are magnifications of the boxed areas in A and D, and merged images of panels
B1-B2 and C1C2 respectively. Arrows indate double labelled cell$E-H) Double
immunofluorescence for PV and GFP at P30 contreéfZlEandSatblPv cKOs (GH).

Panels F and G are magnifications of the boxed areas in E and H, and merged images of
panels FIF2 and GiG2 respectively. Arrows indate double labelled cellql)
Percentages of GFRells expressing SATB1 or P¥ controls (grey bars) compared to
SatbJPv cKOs (red bars)The percentage of GFSATB1" cells is almost totally
abolished in mutants, however the percentage of "BGRP cells is unaffected,
indicating that loss oBatblactivity does not affect the expression of PV in these cells.

(J) Quantification of thetotal number of GFPcells in controls (grey barsjersus
SatbJPv mutants (red bars) shows no significant reductiothe GFP population of

the latter.n=3 animals per genotypd cortical sections per animails indicates no
statistical significange*** indicates p<0.001, St ud e nt 0 stailéd distibstion, ( t wo

two-sample equal variance). Error bars, STDEVale bars 200 um

Taken together, our preliminary results from the conditional deleti@atiflin
the PV subset of cortical inteeuronsduring the second postnatal week, demonstrate
that Satb1function is not intrinsically required to regulate exgmien ofPv in these
cells. Newertheless analysis of the expression of more molecular markersfantider
investigation of the firingand connectivity properties of PVhterneurongn Satb]Pv
cKO mutantsis needed in ordeto further elucidatehe possible roleof SATBL in

controllingther maturation
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4.2 Discussion

Analysis of Satbl KO mutants revealed an important function ®dtbl in
regulating the maturation of MGé&erived cortical interneurons in the postnatal mouse
neocortex. However, &atblis expressed in both cortical interneurons and pyramidal
cells, selective deletion in the former is needed in order to tease apartetifc sp
effects of loss ofSatb1function in GABAergic interneurons. Furthermore, the results
presented in Chapter 3 demonstrated a pronounced requiremestiidrfunction in
the terminal differentiation of SSTcortical interneurons but a less clear rolethe
maturation of the PVpopulation.Satblablation within the PVsubset should elucidate
if Satblis intrinsically required in these cells.

We have generated here a noSealtblfloxed allele and combined it with the
Nkx2.2Cre andPV-Cre lines to conditionally delet8atblin MGE progenitors and in
the PV subset of cortical interneurons respectively. Our findings are the first to report
the effects of conditionagbatblremovalon cortical interneuron developmaiging the
Nkx2.2Cre andPV-Cre lines. An independent studynat addressed the same question
although byusing different Cralriver lines (Close et al, 2012, came out in the
literature during the course of our studi®8e provide evidence foa more severe
phenotype ofSatbINkx2.1cKO mice compared to constituti®atbl” mutants, with
signs of seizure activity and significant loss of both S&Mid PV interneurons
attributed to cell death. Moreoverumresults from the PV interneurosspecific
deletion ofSatblargue agaist an intrinsicrequirement for this trangption factor for

the matuation of these cells.
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4.2.1 Indications for dtered excitation/inhibition balance after interneuron-specific
deletion of Satbl

Inhibitory cortical GABAergic interneurons are bestowed with the critical role
of maintaining the fine balance between excitation and inhibition in the brain, which
prevents hyperexcitability and at the same time allows the processing of information. It
has long been appreciated that deficits in the development and/or function of cortical
interneurons disrupt the excitation/inhibition balance with severe consequences,
manifested as neuropsychiatric disorders such as epilepsy, schizophrenia and autism
spectum disorders (reviewed in Rossignol, 2011). Epilepsy in particular has been
described in a plethora of mouse models carrying mutations in genes involved in
cortical interneuron development, includihfx6 (Neveset al, 2012),Sox6(Batista
Brito et al, 2009), Nkx2.1(Butt et al, 2008),DIx5/6 (Wanget al, 2010),DIx1 (Cobos
et al, 2005) andArx (Kitamuraet al., 2002).

Inspection of our constitutiv&atbI™ mutants in their home cage and minor
handling or tail suspension did not reveal any sigrseafure activity in these animals,
at least up to P2B25 which is the latest stage we could examine. In contrast though,
SatbINkx2.1cKO mutants examined at the same developmental stages demonstrated
characteristic traits of epileptic seizures such as loss of balance and myoclonic spasms
(Neveset al, 2012) It is presently unclear what caudbss difference in phenotype
severity batveen constitutiveéSatb1 KO and SatbINkx2.1cKO mutants. A plausible
hypothesis would be the followingsatblis expressed in botimhibitory cortical
interneurons and excitatory pyramidal cells and its ubiquitous deletion perturbs both
cortical interneurp differentiation, as our studies show, as well as pyramidal neuron
connectivity (Balamoti®t al, 2012). Specifically, cortical pyramidal cells ®tb1KO
animals show reduced dendritic spine density, an indication that synapse formation is

compromised,as dendrites represent postsynaptic entities where excitatory input is
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received (reviewed in Nimchinskgt al, 2002). Therefore, both components of the
excitation/inhibition balance are compromisied Satb” mutants On the contrary,
conditional deletion oBatblusing theNkx2.:Cre transgenic line only affects cortical
interneurons, leaving the expressiorSatblintact in pyramidal cells and consequently
could have a greater impact on the excitation/inhibitidro rim the brain, shifting it
towards excitation and thus epilepsy.

Although the findings presented herein do not include histopathological or
electroencephalografE EG)-basedevidence to clearly demonstrateileptic activity,
we have documeetl a sigificant reduction in the number of YF&Xpressing cells in
the cortices oSatbhINkx2.1cKO animals, which indicates cell death. Interestingly, the
combined decrease in the numbers of S@fd PV cells in our SatbINkx2.1
conditional mutants can accouinr the total reduction seen in the YFPopulation.
Onre hypothesiss that increased cell death occurren these animals could lze
consequence of seizure activity, as neuronal loss is a common histopathological finding
in human patients and rodent netgl of epilepsy (Henshall and Meldrum, 2012), with
SST interneurons known to be particularly affected by seizures (Costsatt 2001;
Choi et al, 2007). However, a alternatie possibility isthat the loss of cortical
interneurons precedes the ondesaizures eveset al, 2012; Cobogt al, 2005. The
latter hypotheis is supported by findinggom the Fishell groupwhich demonstrate
thatloss ofSatblactivity in DIx5/6-Cre;Satbtflox conditional mutantsesults inSST
interneuronmatumtion defects and apoptosis, the functional implications of which are
reduced synaptic inhibition on layer pyramidal neuronanddevelopment otortical
interictal seizuregCloseet al, 2012).Analysis of our SatbINkx2.1cKO animalsat
early postnatal st@g will help us determine if a differentiation defect precedes the

death of cortical interneurons andatification of the number of YFRells at different
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stages will elucidate whether the loss of cortical interneurons precedes the onset of

seizures or vice versa.

4.2.2 Evidence for noncell-autonomous effects of theSatbl mutation in PV”
interneuron development

The data presented in @pters 3 and 4 of this thesis provide evidence for subtle
but reproduciblelefects inPV-expressing cortical interneurons $étbtdeficient mice.
Analysis of P15 congutive Satb1KO animals revealed a 14% reduction in the number
of PV' interneurons, while the total GABAergic population remained unaffected, thus
indicating a differentiation defect in a small subset of this population. We therefore
aimed to elucidate whether this defect was due to antghsic requirement foBatb1l
adivity in these cells, or secondary to the S$bpulation deficit or the pyramidal
spine density and synapse formation defects of pyramidal neurons (Bala&matis
2012).

We first addressed this question by selective deletiorSatbl in cortical
interneuron progenitors using thidkx2.£®":R26ReYFB"* transgenic line.When
Satblwas deleted in interneurons but unaffected in pyramidal cellsphgerved a
significant reduction of 24%n the percentage of PYGFFP cells inP15 cKO animals
compared to control littermateshich is more pronounced than the 14% reduction in
PV interneurons in constitutivBatbl” mutants Therefore, the PVinterneuron deficit
is unlikely to result from a cehutonomous activity of th8attd mutation in pyramidal
cells. We next investiated a possible intrinsic requiremeat Satb1functionin PV
cortical interneuron maturatidsy combining our newly generat&htb 1% allele with
the PV*"®*;R26ReYFE°"* line. Our findings argueagainst arequirement forSatb1in
regulating expression oPv in cortical interneurons, althougthe full maturation

features, such as membrane properties, firing pattern and connectivity, of these cells
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have not yet been addressed in our stitdshouldalso be noted that deletion 8&tb1
in our experimental system occurs in differentiated B#MIs and therefore we cannot
definitively exclude an intrinsic requirement f&atbl activity in PV interneuron
differentiation.

A plausible hypothesigo explain our findingsould bethat the observed PV
interneurondeficits in both constitutiv&atb1KO and conditionaBatb1KO mice can
be attributed to the dramatic defects observed in*SBfrneurons.This idea is
supported by the latest views in the field, propodimgf abnormal development of a
particular interneuron subset can affect other populations within the network, as these
cells are interconnected and in constant communication with eaagh(Gtissart, 2011).
Moreover, we hypothesise that the exacerbated” R¥Il deficit in SatbINkx2.1
conditonal mutants could be attributed to the overall altered state of
excitation/inhibition in the brain of these animals. Indeed, losPdfexpressing
interneurons has been described in mouse (Bd&ista et al., 2009; Nevegt al, 2012)
and rat (Kobayashi and Buckmaster, 2003; van \lietl, 2004) mutants with epilepsy
phenotypes. In addition, it was recently proposed that electrical activitgritexges at
postnatal stages has a greater impact on themlatering population of PV
interneurons compared to earimaturing subsets (reviewed iGossart, 2011)

Notably, the effects oBatbldeletion inPV-expressing interneurons have also
been destbed elsewhere, using an independently genei@tblfloxed allele (Close
et al, 2012). However, in contrast to our apprqaethich ablatedSatbl from
differentiated PV cells, the Closet al study examined the effect 8atblablation in
PV precursors by combining tieatblfloxed allele with theDIx6a-Cre line and the
G42 reporter, which exclusively labells PMterneurons (Chattopadhyagtal, 2004).
This complementary to ours work shows that although the membrane m®erd

connection probability with pyramidal cells 8htbxdeficient PV cortical interneurons
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remain largely unaltered, the synapses formed onto pyramidal celledgycellsare

less functional, as indicated by smaller inhibitory postsynaptic curr@RISCs)
recorded in the former population (Closteal, 2012).Therefore SATBL plays a small

but important role in regulating some maturation asped®/eéxpressing interneurons.

It would be interesting to investigate how these properties are affected in our
experimental system, whe8atbl function is lost in differentiated PVcells, by
electrophysiological recordings and examination of the expressiels lef a battery of

PV' interneuron maturation markers published in the literature (Oay, 2009) by

gPCR.
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5.1 Results

The findings described in Chapter 3 of this thesis, as well as additional data
presented in our published work (Denaetaal,, 2012), clearly demonstrate a role for
SATBL1 in the maturation of th8ST-expressing subsef @ABAergic interneurons in
the mouse cortexOur in vivo data so far come from the postnatal cortex, at two weeks
after birth. However, igen the factthat expession of SATB1 in the ctex initiates
much earlier, from E15.5 onwards, we wishedet@mine prior stages of cortical
interneuron maturatiorTo this aim we turned our attentionttee K'-ClI” cotransporter
KCC2, the upregulation of which has been linkedhe maturation of neuronal cells
during late embryonic/early postnatal stagesisbriefly discussed bew.

KCC2 belongs to the Slc12a family of CI” cotransporters and constituteg th
only member of this family to be exclusively expressed in neurons (Raaie 1996).

It is widely distributed in the CNS, expressed from the spinal cord all the way to the
olfactory bulbs, and is best known for its function in regulating intracellGlar
concentrations: KCC2 uses the electrochemical gradient,afdterated by the Ri&*
ATPase, to extrude TKand 1Cl from the cell, thus shifting the Tequilibrium
potential to more negative values and governing the switch of GABA from excitatory t
inhibitory signal (reviewed in BeAri et al, 2007; section 1.3.3.3 herein). During
embryonic and early postnatal stages KCC2 is found as a monomer in an inactive
phosphorylated form, whereas its ion transport function in mature neurons is associated
with a dephosphorylated, multimeric form (Blaestal, 2006; Rinehart al, 2009).

Kcc2 genetic loss of function studies have revealed a critical role for this
cotransporter in synapse formation and regulation of neuronal act{it2” mice
exhibit abnormal spontaneous activity in motor neurons recorded from the E18.5 spinal
cord (Hubneet al, 2001) and spontaneous epileptic seizures in the hippocampus at the
same age (Khaliloet al, 2011), although the latter seem to be independent of the ion
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transport function of KCC2. Notably, loss Ktc2 activity resulted in a pronounced
increase in the number of synapses formed in the CA3 region of the hippocampus and
enhanced occurrence of ®Aergic and glutamatergic spontaneous postsynaptic
currents (Khalilovet al, 2011). However, contradicting results have emerged from
studies in cultured hippocampal neurons where reduced levelst (al, 2007) or
complete loss (Gauvaiet al, 2011) ofKcc2 lead to formation of fewer synapses and
reduction in glutamatergic synaptic transmission. Such discrepancies could be attributed
to the different experimental settings and/or analysis -poiets used in different
studies or could possibly reflect fdifential roles of KCC2 in synaptogenesis at
different stages.

Upregulation ofKcc2 expression has been associated with the maturation of
pyramidal cells (Riveraet al, 1999) and GABAergic interneurons in the cortex
(Bortone and Polleux, 2008iyoshi andFishell,2011) as well as in other brain areas,
such as the cerebellum (Simett al, 2007). With regards to cortical interneurons,
increased levels dKCC2 proteinherald the onset of maturation and radial sorting of
MGE and CGE cells within the corticplate, a step that is critical for the integration of
these cells into cortical networkMifyoshi and Fishell 2011). Recent findings suggest
that although MGEand CGEderived interneurons are initially distributed uniformly in
the cortical plate, the fmer start maturing earlier than the latter, as evidenced by the
prompt upregulation oKcc2 and hence initiate their radial sorting at an earlier time
point (Miyoshi and Fishell2011). In addition, variable levels dfcc2expression within
the cortical plate have been reported by other studies, which demonstrated that
upregulation ofKcc2 expression in interneurons of the cortical plate facilitates the
termination of their migration (Bortone and Polleux, 2009; section 1.3.3.3 herein).

The main objectivef this chapter will be to ascertain the functional relationship

between SAB1 and KCC2 in the context of the developing moussencephalon
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Initially, | will examine thepossibleregulation ofKcc2 expression by SATB1, both
duringin vitro overexpression experimental conditiarin vivo, to elucidate whether
SATB1 can control general maturation properties of cortical interneuromdl then
investigate a possible reciprocal regulationSatblby KCC2, as part of an effort to
address e questionof which are the faors that induce or maintain expression of

SATB1 within thelate embryonicortical plate.

5.1.1 SATBL1 is necessary and sufficient to regulakec2 expression

Focal electroporations in organotypic brain slice cultures baea widely used
and now constitute an established method for ectopic expression and gain or loss of
function studies in the developing forebré8tiihmeret al, 2002; Alifragiset al, 2004;
NobregaPereiraet al, 200§. We therefore decided to adopt this experimental strategy
in order to heterochronically express SATB1 in MGE progenitors, whizghnot
normally express this transcription fac{@enaxaet al, 2012; Closest al, 2012), and
examine the effect okcc2expression.

To this aim we used &ATBl-encoding pCAGGSatbhtRFP vector and a
control pPCAGGSRFP vector that were generated in our lab (Demdal, 2012).The
pCAGGS plasmid has the ability to drive high expression levels of a gene of interest by
combinirg the cytomegalovirus (CMV) early enhancer element with the chiéleatin
promoter(collectively referedto as the CAG promoteNiwa et al, 199). Moreover
the presence of an IRHSFP sequence downstream of the racitbhing site (MCS)
results in bicistronic expression of both the gene of interest (cloned into the MCS) and
the RFP reporter, thus enabling the tracing of overexpressing Ealtb. vector was
electroporated into the MGEs of a total of-2® slices from E14.5 wt brains, as
described in the literaturés{Uhmeret al, 2003 and 24 hours later the levels of RFP

fluorescence were evaluated under a fluorescence stereomicroscope. The MGEs
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expressinghigh levels of RFP were subsequently dissociated and FACS purified,
yielding 10,00020,000 cells for each condition. The cells were immediately processed
for RNA extraction and RNA samples were subsequently reseasscribed into
cDNA, which was used igPCRfollowing the TagMan methodologyigure 5.1, A.

Kcc2 mRNA levels were upregulated in MGE progenitors electroporated with the
pCAGGSSatbh1RFP vector, compared to control pCAG&S-P electroporated ones
(Figure 5.1, B and importantly, the relative amant of Sst mRNA transcript was also
considerably elevated in tH@ATB1-overexpressing cells (Figure 5.1, B), providing a
positive control in ouassay since our studies (Chapter 3 herein; Deeiah 2012) as

well as the literature (Balamotet al, 2012) give evidence for the regulation &t

expression by SATBL1.
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Figure 5.1 Overxpression of SATB1 is sufficient to induce Kcc2 expressionin

MGE progenitors. (A) Schematic representation of the experimental approach.
Electroporation of E14.5 wt MGEs with pCAG&S-P or pPCAGGS5ath1RFP vectors

was followed by dissociation and FACS 24 hours later. RNA was extracted from the
purified cells, reverse transcribed into R and used in TagMan qPCR assaiB)

The relative amount of Kcc2 mRNA is enriched in pCAGS&8b1RFP-electroporated

cells (red bars) compared to pCAG®EPelectroporated controls (grey bars).
Upregulation of Sst in the pCAGG&atbtRFP-electroporatedells provides a positive
control. Data are presented as fold change in amounts of mRNA transcript, normalised
to the housekeeping gefleactin, betweerSATB1-expressing cells and controls, from 2
representative experiments for each gene, chosen out dialaofo7 independent
experimentsError bars re@ s e n t &emax and emin values ¢

section 2.3.11. Schematic in A was generated by Hayley Wood, NIMR photographics.
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Given he ability of SATBL to induce expressioof Kcc2in ourin vitro assay,
we wished to examintein vivo hierarchical relationship between these two factors in
cortical interneurons. To this aim, we used Gad67GFP knockin mouse line in
which all cortical GABAergic neurons are labelled by the GFP reporterakbaat al,
2003) and performed immunofluorescence with antibodies specific for SATB1, KCC2
and GFP at E18.5 coronal brain sections. We observed that virtually all 'KCC2
interneurons (KCC2GFP) within the cortical plate express SATBEidure 5.2, A
B3), consistent with a possible regulation Kéc2 expression by SATBIn vivo. To
further explore this possibility we analys&atbI” mutants by immunostaining E18.5
coronal brain sections for KCC2. We observed a marked downregulation of KCC2
protein levels (Figure 5.2,4D1) in the cortical plate dbatbXdeficient mice, compared
to controls (Figure 5.2,C1).

In summary, ourin vivo and organotypic slice culture data demonstrate that

SATBL1 is necessary and sufficient to induce expressi¢tc?.
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| E18.5 GAD67¢"" |

Figure 5.2 SATB1 regulatesKcc2 expressionin vivo. (A-B3) Triple immunostaining

on E18.5 coronal brain sections frdBAD67-GFP embryos, for GFP (Al, B1), KCC2
(A2, B2) and SATB1 (A3, B3). Dashed white lines mark the cortical plate. Panel B is a
high magnification image of the boxed area in A. Panels A and B are merged images of
A1-A3 and B1B3 respectively. Note that virtually all KCCBFP interneurons are
also SATBZI (arrows in BB3). (C-D1) Immunofluorescence for KCC2 on brain
sections fromSatb1’™ (C-C1) andSatb1” (D-D1) E18.5 embryos. Cell nuclei are
stained with DAPI. Pang C1 and D1 show just the KCC2 signal, without the DAPI
counterstain. Note the pronounced reduction in KCE4lls in the cortical plate of
SatbXnull mutants (BD1). Scale ba00 pum for AA3, 50 um for BB3, 100 um for
C-D1. Data collected by MyrtBenaxa.
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5.1.2 Spatio-temporal expression pattern of SATB1 and KCC2 in the embryonic
cortex

The colocalisation of SATB1 and KCC2 proteins dortical interneurons
(Figure 5.2, AB3), as well as the fact that SATB1 regulates the expressidcci
(Figures 5.1 B and 5.2 C-D1) prompted us to investigate the possibility that KCC2
regulates the expression $atblin the cortical plate. This would elucidate the bigger
guestion of what are the factors that indSegblexpression in the cortical plate during
late embryonic stages. One possibility would be that KCC2 ind8edisland then
SATB1 feeds back oKcc2to upregulate its expression levels. Alternatively, SATB1
could induceKcc2 expression in the cortical plate and reciprocally, KCC2 could act to
upregulate the levels &atb1 A third possibility of course could be that KCC2 has no
effect onSatb1

To gain a better understanding of who might be regulating whom, we
investigated the expression pattern of the SATB1 and KCC2 proteins in the developing
embryonic cortex, before E18.5 when we already see quite a big overlap between the
two (Figure 5.2, AB3). To this aim we performed immunofluorescence experiments on
coronal brain sections from E13.5 to E16.5 wt embryos, using antibodies against
SATB1 and KCC2. SATB1 and KCC2 were first observed in the cortex at E15.5, with
highly overlappingexpression patterns dte marginal zone and the subpldietdering
the cortical platgFigure 5.3, C). A fewSATB1";KCC2" cellswere located within the
cortical plate at this stage (Figure 5.3;EE). A day later, at E16.5, there was a
significant increase in the number of SATRells in the cortical plate, the majority of
which were KCC2(Figure 5.3, D and open arrowheads #Z. Although our data do
not distinguish between expressionSATB1 and KCC2n interneurons or pyramidal
cells, they clearly demonstrate that, speally within the cortical plate, expression of

SATBL1 initiates before that of KCCBased on studies frowur lab, we can comment
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that stronglylabelled SATB1;KCC2" cells (Figure 5.3,arrows in FF2) are
interneurons(Denaxaet al, 2012) while SATBI;KCCZ2 cells (Figure 5.3,open

arrowheads in #2) are possiblyortical plate neurons.

E13.5 wt E14.5 wt E16.5 wt

E15.5 wt

Figure 5.3 Expression of SATBL1 in the cortical plate precedes that oKCC2. (A-D)
Double mmunofluorescence for SATB1 and KCC2 at E13.5 (A), E14.5 (B), E15.5 (C)
and E16.5 (D) wt coronal brain sections. Expression of both SATB1 and KCC2 proteins
is first detected in theeacortex at E15.5 (C) and is greatly overlapping, in two streams
of cellsflanking the cortical plate, which is indicated by dashed white lines. By E16.5,
the expression of SATB1 is upregulated within the cortical plate ((®E2) High
magnification images of theubplatecortical plate border at E15.5, stained with SATB1
and KCC2 antibodies. Arrows indicate SATBKCC2" cells, some of which are within
the cortical platePanel E is a merged image of E1 and E2F2) High magnification
images of the€e16.5 cortical plate, stained with SATB1 and KCC2 antibodies. Arrows
indicate ATB1";KCC2" cells. Notice however that most cells in the cortical plate at
this stage are SATBIKCCZ (open arrowheadsPanel F is a merged image of F1 and
F2. SP= subplate, CP= cortical plat&cale bars 20QAm for A-D, 25 pm for EE2 and

50 um for FF2.
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5.1.3 Generation of the pCAGGSKcc2-GFP vector to overexpress KCC2

To investigate the relationship of SATB1 and KCC2 at the functional level, we
generated &CC2-encodingvector with the aim to introduce it ectopically into MGE
progenitors at E14.5, utilising our vitro brain slice electroporation assay. THeC2-
encoding construct was generated by cloning thddualijth coding region of the mouse
Kcc2 gene (IMAGE clondD: 6838880) into the pCAGGS&FP vector. In more detail,
a Sall/Sacl fragment containing the fldhgth cDNA forKcc2 was excised from the
host pYXAsc vector and inserted into the Xhol/$aides of the MCS of pCAGGS
GFP (Figure 5.4B). Restriction engme digests and DNA sequencing (data not shown)
confirmed that we generated a construct expressing thdemgth Kcc2 coding
sequence. In addition, we verified the functionality of the pCA&KB&-GFP vector
by transfection into P19 embryonal carcinomalls; followed by double
immunostaining for GFP and KCC2. Cells transfected with pCABG&-GFP were
labelled by both GFP and KCC2 (Figure ,34D3) and notably, KCC2 protein showed
the characteristic distributiom the cell membranaround the soma (§iure 5.4 D1
inset Gulyés et al, 2001 Hubneret al, 2001). On the contrary, we were unable to
detect KCC2 protein in cells transfected with a control pCA@&FP vector (Figure

5.4, C-C3), as expected.
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Ampicilin
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Figure 5.4 The pCAGGS-Kcc2-GFP expression vector can be used to successfully
overexpresskCC2. (A-B) Maps of the pCAGGS®FP (A) and pBGGSKcc2-GFP
(B) vectors. A SalBacl fragment containing the fiéngth cDNA ofKcc2was cloned
into the XholSaclrestriction siteof the pCAGGSGFP vector, upstream of the IRES
GFP sequenceéo generate the pCAGGKcc2-GFP vector.(C-D3) P19 embryonal
carcinoma cellgransfected with pCAGG&FP (GC3) and pCAGGXKcc2-GFP (D
D3), stained with GFPand KCC2specific antisera, as well d&3API to label cell
nuclei. Cells trasfected with the control pPCAGGSFP vector do not show any KCC2
immunofluorescenceC:C3), whereas all of the pCAG@scc2-GFP-transfected cells
express the KCC2 prein (D-D3). GFPis localised in the cell nucletend KCC2 is

localised in thecell membrandinsets in BD1 respectively). Scale bars 2(a6h.
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5.1.4KCC2 is not sufficient to induceexpressionof Satblin MGE progenitors in
vitro

Having established that the pCAG®8c2-GFP vector encodes fanctional
KCC2 protein, we proceeded with ectopic overexpression studies in brain slices.
Similarly to theSATB1 overexpression approa¢kection5.1.1),the pCAGGSKcc2-
GFP and the control pPCAGGSFP vectors were focally electroporated into the MGEs
of E14.5 wt bain slices, wher&CC2is not normally expresse&i@ure5.5, B-B3), and
24 hours after electroporation we examined the effectsSatblexpression in three
different ways.

First, we investigated a possible upregulatiorSatblby immunofluorescence
on whole brain slices. Specifically, 24 hours after electroporation the slices were fixed,
resectioned and immunolabelleBligure 55, A) using an antibody against GFP to
detect the targeted cells, as well as KE@2d SATB1specificantibodies. Introduction
of the control vector, as well as forced expressioK©@C2 in MGE progenitors gave
similar results: SATB1 protein showed diffuse, rapecific expression around the
electroporation areaF{gure 55, B2 and C2) and & were unabldo detect nuclear
SATB1 localisation within the targeted GFBells (Figure 55, insets inC-C3). We
excluded the possibility that this could result from a technical limitation of the SATB1
antibody by introducing the pCAGGSatb1RFP vector, which is know to drive
expression of SATB1 protein (Denagtal, 2012), in brain slices adjacent to the ones
electroporated with th&CC2-expressing vectoiISATB1-overexpressing cells showed
robust nuclear expression of SATBL1 protein (Figure B-E1), compared tpCAGGs
RFP-electroporated controls which were devoid of SATB1 expression (Figure 5.5, D
D1), indicating that the SATB1 antibody used in our studies can reliably detect nuclear

localised SATB1 in the MGE.
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Figure 5.5 KCC2 is not sufficient to induce expression ofSatbl in MGE
progenitors. (A) Schematic representation of the experimental stral@&¢Z3) MGE
progenitors were electroporated with the pCAGGEP (BB3) or pCAGGSKcc2-

GFP (C-C3) vectors and stained 24 hsuater with antibodies against GFP (B, C),
KCC2 (B1, C1) and SATB1 (B2, C2anels B3 and C3 are merged images -&2B

and GC2 respectively. Unspecific SATB1 staining was observed in both control and
KCC2-overexpressing areas. SATBlcells were frequeht found next to
GFP';KCC2";SATB1 cells (arrows in insets &-C3). (D-E1) MGE electroporations

with pCAGGSRFP (DD1) or pCAGGSSath1RFP (E-E1) vectorsstained 24 hours

later with antibodies against RFP and SATB1. Panels D and E represent the overlay of
RFP and SATBL1 stainings, whereas panels D1 and E1 show SATB1 alone. Notice the

absence of SATB1 in control electroporated slice@) and the charactstic nuclear
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