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Abstract

In the adult brain, the thalamocortical tract corsvesensory information from the
external environment to the cortex. The cortex yres and integrates this information
and sends neural responses back to the thalamusgththe corticothalamic tract. To
reach their final target both thalamocortical amdticothalamic axons have to cover
long distances during embryogenesis, changing tibrecseveral times and passing
through different brain territories. The ventradleteeephalon plays a major role in the
early development of these tracts. At least threerraxon guidance mechanisms act in
the ventral telencephalon. First, two different plagions of pioneer neurons in the
lateral ganglionic eminence (LGE) (LGE pioneer m@&s) and medial ganglionic
eminence (MGE) (MGE pioneer neurons) provide sdéaéfowhich allow growing
corticothalamic and thalamocortical axons to cribes pallium sub pallium boundary
(PSPB) and the diencephalic telencephalic boun{lamB), respectively. Second, the
ventral telencephalon forms a permissive corridor thalamic axons by tangential
migration of Isl1 and Ebfl expressing cells from the LGE into the MGE. Fipall
thalamortical and corticothalamic axons guide eattfer once they have met in the
ventral telencephalon (“handshake hypothesis”).

The Gli3 transcription factor has been shown to be esddatiaormal early embryonic
regionalization of the mammalian forebrain, althougles ofGli3 in later aspects of

forebrain development, like the formation of axor@nnections, have not been



investigated previously. Here, | present the analgé axonal tract development in the
forebrain of theGli3 hypomorphic mutant mouskolydactyly Nagoja (Pdn). These
animals lack the major axonal commissures of tmebi@in: the corpus callosum, the
hippocampal commissure, the anterior commissure thadfimbria. In addition, Dil
injections and neurofilament (NF) staining showesfedts in the formation of the
corticothalamic and thalamocortical tracts. Althbutpe Pdn/Pdn cortex forms early
coticofugal neurons and their axons, these axonsotippenetrate the LGE and instead
run along the PSPB. Later in development, althcaughick bundle ofPdn/Pdn cortical
axons is still observed to project along the PSB&mne Pdn/Pdn cortical axons
eventually enter the ventral telencephalon nawiggsilong several abnormal routes until
they reach thalamic regions. In contraBtn/Pdn thalamic axons penetrate into the
ventral telencephalon at early stages of thalanaict tdevelopment. However, rostrally
they deviate from their normal trajectory, leavitng internal capsule prematurely and
only few of them reach the developing cortex. C#lydan ectopicPdn/Pdn dorsal
thalamic axon tract projects ventrally in the vahttelencephalon not entering the
internal capsule at all. These defects are stgkeoked in newborRdn/Pdn mutant mice
Next, | investigated the developmental mechanisausiog these pathfindings defects.
No obvious defects are present Ran/Pdn cortical laminae formation and in the
patterning of thé>dn/Pdn dorsal thalamus. In additioRdn/Pdn thalamocortical axons
are able to respond to ventral telencephalic guidaiues when transplanted into wild
type brain sections. However, these axonal pathfghdefects correlate with patterning
defects of thé>dn/Pdn LGE. This region is partially ventralized and d&s a reduction

in the number of postmitotic neurons in the mamtee due to an elongated cell cycle
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length of LGE progenitor cells. Finalli?dn/Pdn mutant display an upregulation &fih
expression and Shh signalling in the ventral tedphalon. Interestingly, these
patterning defects lead to the absence of Dil babkHed LGE pioneer neurons, which
correlates with the failure of corticothalamic agorio penetrate the ventral
telencephalon. In addition, ventral telencephahaldamocortical guidance mistakes
happen at the same time of abnormal formationettrridor cells.

Taken together these data reveal a novel roleGid8 in the formation of ventral
telencephalic intermediate cues important for tegetbpment of the thalamocortical
and corticothalamic connections. IndeBdn animals are the first known mutants with
defective development of the LGE pioneer neuroms| #heir study provides a link

between early patterning defects and axon pathfgnoi the developing telencephalon.
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ANR -- anterior neural ridge

AC -- anterior commissure
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Chapter 1: Introduction

The embryonic telencephalon gives rise to the cataortex, the hippocampus and the
basal ganglia. It is within these structures thatscious thought takes place in human
beings. Telencephalic function is dependent on ititerconnections of different
telencephalic structures, such as the olfactorypsaind the two cortical hemispheres
and on its connection with other brain structuresch as the thalamus and the
hypothalamus. Thanks to these connections, théferatt structures work together as
one, collecting and transmitting sensory inform@atimtegrating and memorising them,
creating behavioural responses. Despite its funatioomplexity in adulthood, the basic
organization of the CNS is remarkably conservedndmmpared with other vertebrates.
This conservation validates the use of a wide rarigegganisms from frogs to chickens
and mice to study the mechanisms underlying CN®ldpment.

Insight into the developmental mechanisms undeglyarebrain development may also
help in the molecular and cellular understanding®feral developmental, congenital
and neurodegenerative disorders affecting a nummbluman beings with devastating
consequences. The use of model organisms is eddentis purpose and it may help to
design new strategies for the prevention and treatnof neurological disorders. In
addition it could also help to better comprehendav hmmplicated neural networks

develop and work.
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1.1 First anatomical subdivisions in early telencdmlic development

During vertebrate embryonic development the braigimates from the rostral part of
the neural tube. In the first embryonic brain gemt, the rostral part of the neural tube
divides into three brain vesicles: the forebraihe tmidbrain and the hindbrain.
Afterwards these three primary vesicles will furtlsebdivide: the forebrain will give
rise to the telencephalon and the diencephalonhitidbrain to the metencephalon and
the myelencephalon. The midbrain will become theeneephalon without any further
subdivision. The telencephalic primordium is spedifin mouse approximately at E8.5.
The first division to happen within the telencemmlis between the dorsal and the
ventral telencephalon. The dorsal region of thenetphalon gives rise to the pallium or
dorsal telencephalon, while the ventral region gates the sub-pallium or ventral
telencephalon. The pallium eventually forms thecoetex from its anterior and lateral
regions, while from its posterior and medial regtbe hippocampus, the cortical hem
and the choroid plexus will develop. The subpallivnstead is further subdivided into
the medial ganglionic eminence (MGE), derived frisnmedial domain, and into the
lateral and caudal ganglionic eminences (LGE andE)C@erived form its lateral and
posterior regions and the anterior entopeduncuka/preoptic area (AEP/POa), derived
from its ventromedial regions (Fig 1.1).

The following sections will describe how the maimgnalling centres control

morphogenesis of the telencephalon, affecting whffeal expression of several
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transcription factors. Great focus will be giventhe role ofShh, as it is the up-stream
effector of Gli3, the gene of my interest. Subsequently, it willdescribed how the
different telencephalic structures develop and difee form each other, but also how
they interconnect and connect with other brain cétmes through the major
telencephalic axonal tracts. Finally, the latesbvdedge on the role o6li3 in the

development of the telencephalon will be summatized
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Figure 1.1.

First anatomical subdivisions in early telencephati development

Embryonic mouse (A) and brain indicating plane ofomal section (B) at stage E13.5.
Schematic representation of coronal telencephalit dection of E12.5/E13.5 embryos
(C adapted form ...). In C it is possible to obsetire regional subdivisions of the
telencephalon. The dorsal region of the telencephgives rise to the pallium or dorsal
telencephalon, which is further subdivided in megallium (MP), dorsal pallium (DP),
lateral pallium (LP) and ventral pallium (VP); whithe ventral region generates the
basal ganglia or ventral telencephalon. The pallwentually forms the neocortex from
its anterior and lateral regions, while from itssmior and medial region the
hippocampus, the cortical hem and the choroid @ewil develop. The subpallium
instead is further subdivided into the medial gammgt eminence (MGE), derived from
its medial domain, and into the lateral and caugkiglionic eminences (LGE and
CGE), derived form its lateral and posterior regiand the anterior entopeduncular
area/preoptic area (AEP/POa), derived from its reenédial regions. Different colours
show the distinct progenitor cell domains of th&erieephalon: subventricular zone
(SVZ) and ventricular zone (VZ). Long arrow indica&t the lateral/medial axe. During
development the differential expression of traqgoin factors instructs the different
telencephalic regions to acquire different ideesiti such asPax6 in the dorsal
telencephalonGsh2 in the LGE and\Nkx2.1 in the MGE and AEP/Poa.
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Figure 1.2.

Three signalling centres control the regionalizatio process in the telencephalon
Schematic representation of an E12.5 mouse brawisl the position of the signalling
centres within the forebrairkgf8 and otherFgf family members includind-gf17 and
Fgf18 are expressed in the anterior neural ridge (ANR)¢id). Severalvht and Bmp
genes are expressed in the dorso-madial telena@plial blue) andhh is expressed in
the ventral telencephalon (in green). Arrows intiga the dorso/ventral and
rosto/caudal axes. Abbreviations: Ctx, cortex;ventral telencephalon; ANR, anterior

neural ridge.
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1.2 Three signalling centres control the regionalation process in the

telencephalon

Regionalization is the process that subdividegdlencephalon into its subregions. This
process is mainly controlled by discrete groupsafs known as signalling centres.
Three signalling centres are sufficient to influenthe fate of the surrounding
telencephalic territories by expressi@ Bmp/Wnt genes in the dorso-medial
telencephalon(ii) Fgf8 in the rostro-medial telencephalon or anteriorraktdge, and
(i) Shhin the ventral telencephalon (Fig 1.2).

0] Bmps and Wnts
An important source of signalling molecules necasgapattern the dorsal telecephalon
is the dorsomedial cortex, which gives rise to ¢bdical hem, the choroid plexus and
later to the hippocampus. This region expresses famalies of secreted molecules:
Bmps and Wnts. These molecules are important tacedlorsomedial telencephalic
structures (Lee and Jessell, 1999; Monuki et 80,12 Bmp signalling can induce dorsal
midline features both in vitro and in vivo. Indekdads soaked with Bmp can induce
dorsal midline characteristics in cortical explansich as apoptosis anklisxl
expression, but also suppress cortico-lateral fatgywed by inhibition ofFoxgl
expression (Furuta et al., 1997). In addition, gptation ofBmp signalling, with the use
of an activated Bmp receptor, induces expansigh@florsal midline at the expense of

the cortex (Panchision et al., 2001). In the abseri®mp2 andBmp4 and of theBmp
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receptors the choroid plexus and cortical hem aigsing while dorsal and ventral
telencephalon are normal (Fernandes et al., 208BgH et al., 2002). The roof plate in
the dorso-medial telencephalon disappears togettier\Wnt2b expression (Monuki et
al., 2001). This suggests thant genes collaborate with Bmp genes in organizing the
dorsomedial telencephalon. Indeed, one of the mgsbrtant\Wht signalling sources is
the cortical hem adjacent to the hippocampus pudimon. Wht signals are mediated
through several intracellular pathways, includirnge B-catenin-mediated canonical
pathway, which is the one present in the hippocampanordium (Grove et al., 1998).
The absence diMnt3a results in the failure of hippocampal formatioreéLet al., 2000).
In addition, ectopic activation &kt signalling in areas that would normally give riee
lateral cortical tissues result in ecpotic formatmf hippocampal tissue (Machon et al.,
2007). Furthermore, several Wnt genes are alsoesgpd throughout the cortical
ventricular zone from early stages of telenceplradgelopment (Grove et al., 1998; Parr
et al.,, 1993). It is not known yet whether they édna broader role in patterning the
dorsal telencephalon.

In the absence d&li3 the dorsomedial telencephalon fails to invagineseling to the
absence of dorsomedial structures like the cortlvain, the choroid plexus and
dorsomedial cortex. This is probably caused by dbsence oBmp and Wnt gene
expression (Grove et al., 1998; Kuschel et al.,320theil et al., 1999b; Tole et al.,

20004a).

(i)  Fof
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Another important source of signalling important gattern the telecephalon is the
anterior neural ridge, which is a sourceFaffs. Fgfs are important for patterning the
dorso-rostral telencephalon. A reductionFgf8 levels inFgf8 hypomorphic mutants or
a reduction ofgf8 signaling due to an overexpression of a dominaggative receptor
result in a size reduction of the rostral cortexl @m expansion of the caudal cortex
(Fukuchi-Shimogori and Grove, 2001a; Garel et2003).Fgf8” mutants also display
defects in the formation of rosto-ventral telencdghstructures (Gutin et al., 2006;
Storm et al., 2006). In recent studies it has Ismwn that mice mutant for the tvirgf
receptors Fgfrl and Fgfr2 fail to form the ventelencephalon from a very early stage
of brain development (Gutin et al., 2006), and |#wk expression dilkx2.1 and Gsh2
expression, which are important for the formatiéthe MGE (Sussel et al., 1999) and
the LGE (Toresson et al.,, 2000a; Yun et al., 2008%pectively. In additionfgf8
hypomorphic mutants display a reduction of ventedéncephalic markers including
Nkx2.1 (Storm et al., 2006). Further information comesnfra recent study which
demonstrates the general importanc&gffsignalling in promoting whole telencephalic
character. Peak et al. (2009) effectively abolisRgdsignalling from the telencephalon
with the use of triple mutants for three out off&igf receptorsFgfrl, Fgfr2 andFgfr3.
These mutants completely lack the telencephaloepxior the dorsal-caudal midline
(Paek et al., 2009). This work suggests that tfferdnt Fgf ligands and receptors act in
concert in specifying and organizing the whole riekphalon, rather then working
independently patterning different areas.

Fof signalling acts in a positive feedback loop withh in specifying ventral identity in

the telencephalon. This is demonstrated by thetlfettthatShh is necessary to maintain
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Fof3, Fgf8, Fgfl5, Fgf17, andFgfl8 expression and thkgf receptors are necessary for
the ventralizing effect of Shh (Aoto et al., 20@jtin et al., 2006; Ohkubo et al., 2002;
Rash and Grove, 2007). In addition, an in vitrodgtdemonstrated that ectopgt@f8
expression induces ventral fate within the dorslncephalon wheghh signalling is
interrupted (Kuschel et al., 2003). Howevath controlsFgf gene expression indirectly.
This is shown by the fact th&gf8 expression expands @li3 mutants (Aoto et al.,
2002; Kuschel et al., 2003; Theil et al., 199%Dt8 expansion is not recovered $hh
and Gli3 double null mutants (Rallu et al., 2002; Rash &mve, 2007). This is
probably due to the fact that in normal conditi@hk inhibits Gli3, which inhibitsFgfs,
thereforeShh promoted=gf signalling by indirectly reducin@liR activity.

(iii)  Shh
A crucial molecule involved in patterning the vettelencephalon iShh. In Shh null
mutant mice the telencephalon is severely hypaplastd it is not possible to identify
ventral telencephalic structures anatomically (6giat al., 1996; Ericson et al., 1995;
Ishibashi and McMahon, 2002; Ishibashi et al., 2@/®kubo et al., 2002). This leads to
the absence of ventral telencephalic markers sadik&2.1, Gshl, Olig2, and Lhx6
(Corbin et al., 2000; Corbin et al., 2003). Neatg whole remaining telencephalic
tissue is positive for dorsal telencephalic marksush asmx1 andPax6 (Chiang et al.,
1996; Ohkubo et al., 2002). Importantly, not alhtral telencephalic structures are lost.
This is shown by the reduced expression of dLGEkerar such a&sh2 andER8L. The
ventral telencephalic identity of these territoriesalso confirmed by the expression of

DIx2 (Corbin et al., 2003; Fuccillo et al., 2006a).
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The best-known role ohh in forebrain development is its function as a moigsn.
Shh protein is cleaved in two smaller sub-unite: @iterminal is a protease while the N-
terminal is the part that mediates the signallirggivdies (Bumcrot et al., 1995;
Hammerschmidt et al., 1997). The diffusion of Shbt@n in the extracellular matrix
can control cell fate depending on its concentratiwer long distances (Briscoe and
Ericson, 1999; Jacob and Briscoe, 2003). For exaipl the neural tube progenitor
cells immediately adjacent to a Shh source, therflate (short-range morphogen),
acquire a different fate to those that are overl3Q:ell diameters away (long-range
morphogen) (Briscoe and Ericson, 1999). There #fereint sources of Shh within the
developing embryo that control neural developmanitially the notochord immediately
underneath the neural tube, and subsequentlydbepfate in the ventral neural tube and
the prechordal plate immediately rostral to theonbbrd and ventrally to the forming
brain (Fuccillo et al., 2006a). Once forebrain tstdo form it contains itself additional
sources of Shh: the mantle of the MGE, the preoptiea, the amygdala in the
telencephalon, and the hypothalamus and the zondatis intrathalamica in the
diencephalon. Interestingly, the expression ofviiatral telencephalic markéikx2.1 in
the ventral telencephalon preced#&sh expression (Shimamura et al., 1995). This
implies that the specification of the ventral telephalon relies on an extra telencephalic
and non-neural source of Shh, probably coming ftbe prechordal plate. The later
ventral telencephalic expression of Shh, after veatral telencephalon has been
specified, is necessary for the maintenance ofrakmientity. This was shown by
abolishing Shh expression after the initial ventral telencephalatterning has been

completed, leading to a reductionix2.1 expression in the ventral telencephalon (Xu
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et al.,, 2005). The timing of exposure to Shh alsenss to be important for the
specification of MGE identity versus LGE identitfdqhtz et al., 1998). The temporal
window in whichShh specifies ventral telencephalic identity seemsddétween E9.5
and E12.5. This is demonstrated by experimentShanconditional knockoutsSmo is a
Shh co-receptor necessary for the activation of irgatar Shh signalling (see chapter
1.12). Machold et al. (2003) use®@o"™ Nestin® line that completely remové&no in

the ventral telencephalon after E12.5: the vertglncephalon was specified in these
mutant mice. Fucillo et al. (2004) instead combitieelSmo"™ allele with aFoxg1“'®
allele that completely remove3no from the telencephalon by E9.5. These embryos
displayed reduction of the ventral telencephalord aan expansion of dorsal
telencephalic markers. These experiments reveal tdmaporal competence of
telencephalic cells to respond to Shh.

Upregulation ofShh and Shh signalling in the telencephalon also showed tlifé¢rént
telencephalic regions are differentially competentespond tchh (Rallu et al., 2002).
Indeed, in embryos infected with viruses expressingactivated form of Smo or full
Shh protein, lateral telencephalic regions, such.@g, lateral cortex and the septum
can upregulate the MGE markgkx2.1. However, more dorsal and medial regions, such
as the dorsal and medial cortex can only up regula¢ pan-ventral gen&ssh2 and
DIx2 (Rallu et al., 2002). The upregulation of theseegealso depended on the antero-
posterior axis beeing more prominent rostrally (iRak al., 2002). This also suggested
that an intrinsic pattern of competence to Shh hadn already established in the

telencephalon by E9.5, the earliest time of vinéction in this work.
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1.3 Several transcription factors are involved in ptterning the

different telencephalic regions

How these signalling molecules exert their actiom the morphogenesis of the
telencephalon is still poorly understood. Howe\ar,intermediate requirement is their
influence on the activation of transcription fastoburing development the differential
expression of these regulatory genes instructsdifferent telencephalic regions to
acquire different identities.

The beginning of telencephalic development is ddemt with the expression of the
forkhead transcription factor gerfeoxgl (Shimamura et al.,, 1997; Shimamura and
Rubenstein, 1997; Tao and Lai, 1992). SubsequetdlyFoxgl expression the
telencephalic primordium will divide further intoare distinct territories, which differ
from each other in their gene expression patteatalso in their anatomical structures
and in growth characteristics.

However, Foxgl expression does not seem to be the first steptdlmncephalic
induction. Indeed, surgical removal of the anteriwgural ridge prior toFoxgl
expression leads to the failure lBbxgl induction (Shimamura and Rubenstein, 1997).
Shimamura and Rubenstein (1997) also showed thi#-dégked beads are able to
induce Foxgl expression in anterior neural ridge explants. diditton, reduction of

Foxgl in Fgf8 null mutants also indicates th&gf8 may positively regulaté-oxgl
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(Storm et al., 2006)This may suggest that the anterior neural ridgdresady competent
to respond té-gf8 by inducingFoxgl expression.

Foxgl probably plays a more direct role in inducing vahtelencephalic fate. IRoxgl
null mice the ventral telencephalon is absent (Mearga et al., 2005; Xuan et al., 1995).
Foxgl induces ventral telencephalic fate, acting in evapon with Fgfs. Indeed it
inducesFgf8 expression. This also suggests thgii8 andFoxgl influence each other in
a positive feedback, at least during ventral tedphalic development (Martynoga et al.,
2005).

Foxgl expression is also indirectly dependentSbh expression. Irghh” mutant mice
Foxgl expression is lost. However, this is probably thuan increase ifsli3R activity
(Rash and Grove, 2007). Indeed, in doulflexgl™ Gli3" mutants the whole
telencephalon is lossuggesting an essential requirement @li3 and Foxgl in
maintaining telencephalic structures (Hanashina.e2007).

Foxgl is also important for cortical development and Imigooperate with=gf8 in
patterning the dorsal telencephalon. Foxgl knockout mice the two cerebral
hemispheres are reduced in size (Xuan et al.,, 1998) the remaining cortex is
caudalized (Hanashima et al., 2007; Martynoga et28105; Muzio and Mallamaci,
2005).

It has been shown th&bxgl also has a role in confining the development efdbrsal
midline region. The dorsal telencephalon is spitbitwo domains: the dorso-medial
midline not expressingoxgl, and the cerebral cortex expressifigxgl. Foxgl™
mutants display an expansion of dorsal midlineaegiand its marker genBsp4 (Dou

et al., 1999; Martynoga et al.,, 2005) and Wnt3a diduand Mallamaci, 2005). In
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addition, Bmp4 and Bmp2 repredsoxgl expression in telencephalic explants
(Panchision et al., 2001).

Another gene important in the discrimination ofg@éwo regions ithe Lhx2 homeobox
gene which is cell autonomously required to repress amexdial fate in the developing
cortex, as shown byhx2 chimeras and_hx2 null mutants, which both display a
reduction of cortical fields and a great expangbthe cortical hem and choroid plexus
(Mangale et al., 2008; Monuki et al., 200lLhx2 seems to be important for cortical fate
specification not only repressing dorso-medial ,fiet also repressing ventral pallium
expansion (Assimacopoulos et al., 2003).

Another key gene in the early patterning of theebesl cortex isPax6. Pax6 is
expressed in the dorsal telencephalon, in a cormgriary manner tblkx2.1. After E9.5
Nkx2.1 and Pax6 expression domains are separatedssly2 expression (Corbin et al.,
2000).Pax6 andGsh2 cooperate in specifying the boundary between #tikeum and the
subpallium (PSPB) (Corbin et al., 2000; Stoykovalet2000; Toresson et al., 2000b;
Yun et al., 2001)Pax6™"*¥ mutants (small eye mutants) revealed the roleax6Hn
patterning the dorsal telencephalon (Hill et a@89; Stoykova et al., 2000). Indeed,
Pax6™* displays a dorsal expansion of ventral markerghsasDIx1 and Vaxl
(Stoykova et al., 1996), a phenotype oppositghts” mutants. Interestingly, removal of
Pax6 inShh”” mutants partially compensates f@h loss (Fuccillo et al., 2006b). This
may suggest thaGli3 and Pax6 cooperate in specifying the dorsal thelencephalon.
Indeed, whileGli3 is not necessary fd?ax6 expression at early stages of development,
it is indirectly required to maintain its high rosfateral to low caudo-medial

telencephalic gradient (Aoto et al., 2002; Kusehedl., 2003).
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The gene that could linkPax6 and Gli3 functions within the developing cortex is
probablyEmx2, expression of which is strongly reducedGh3 mutants (Theil et al.,
1999b; Theil et al., 2002; Tole et al., 2000&1x2, together withEmx1, is involved in
the patterning of the dorsal telencephalon (Yoskdal., 1997). They show a nested
pattern of expression in the dorsal thelencephalwh the absence of one is partially
compensated by the other (Yoshida et al., 1997ever, Emx2”~ mutants display a
stronger phenotype th&mx1” mutants Emx1” mutants are viable even if they lack the
corpus callosum and display a reduction in thektiess of the cerebral cortex and of the
size of the hippocampus (reviewed in(Zaki et @003. In contrast, thEmx2” mutants
die shortly after birth displaying a strong sizeluetion of cortical hemispheres and
olfactory bulbs. In addition, several other abndities have been observed fmx2"
mutants, including defects in several cortical atoronnections, such as the corpus
callosum, fimbria and fornix, a heterotrophic chidrplexus, disorganized cortical layers
and an abnormally broad cortical ventricular zote cortical hem expands at early
steps of development although its size is redutéatexr stages (reviewed in(Zaki et al.,
2003). InterestinglyPax6 is upregulated ifEmx2”" mutants.Indeed,Pax6 and Emx2
antagonize each other in patterning the corticaradeepithelium (Bishop et al., 2003;
Bishop et al., 2000; Mallamaci et al., 2000; Muznd Mallamaci, 2003)Emx2 is
expressed in a high dorso-medial to low rostrorédtgradient, which is opposite to the
Pax6 expression patternPax6 and Emx2 mutants also display opposite cortical
phenotypes: in th€mx2”™ mutants the caudal and medial cortex is lost resuin a
caudal and medial shift in rostral and lateral titers. Conversely, ifPax6”" mutants

rostro-lateral cortical identity is lost resulting a rostro-medial shift of caudal and
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medial areas (Bishop et al., 2000). In additiorthi®ax6 andGli3 double mutants and
Pax6 andEmx2 double mutants display a reduction of the cortek @n expansion of the
cortical hem and sub-pallial regions (Fuccillo ét 2006b; Muzio et al., 2002).
ThereforeGli3 may indirectly affecPax6 expression by affecting the expression of its
antagonisEmx2 in the cerebral cortex.

Once dorsal and ventral telencephalon are specifederal other genetic and

morphological mechanisms further increase the cexifyl of these structures.

1.4 Cellular and molecular mechanisms in the devegbonent of ventral

telencephalon

The ventral telencephalon has been anatomicalipetbfs follows:

0] The LGE is the bulge that forms between the coatek MGE.

(i) The MGE is the bulge that forms between the LGEthrdseptum while the
CGE is the caudal part of the LGE. However, thesere clear anatomical
landmarks that allow the discrimination betweersé®vo regions.

(i)  The POa is the region immediately in front of thio recess, at the border
between the telencephalon and the diencephalon.

Although most of these definitions are based oriaanigal landmarks, such as sulci and
bulges, they are very imprecise. Indeed, theseommeal limits are based on
morphological criteria that continuously changeinigithe development of the brain. In

addition, these structures are transient (Marin &ubenstein, 2001). Moreover,
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anatomical boundaries do not necessarily coincidié wolecular landmarks. For
example, the ventral pallium (VP), which is postifor pallial markers, is located
slightly ventral to the sulcus that anatomicallyices the boundary between the pallium
and subpallium. Consequently, pallial markers aggessed in the region that would be
defined anatomically as the LGE (Puelles et al002@Gtenman et al., 2003b).

More recent studies divide the subpallial regiont idifferent progenitor domains
according to their gene expression profiles. Fangxe, the progenitor region of the
subpallium is precisely delineated by the expressidDIx2 andMashl (Bulfone et al.,
1993; Puelles et al., 2000). The expression ofetlyeses starts around E9.5. The LGE
and MGE can be further discriminated by the abseridekx2.1 andthe presence of
Gsh2 expression inthe LGE (Puelles et al., 2000). The LGE itself dan further
subdivided in more molecular sub-domains: the ddt&E (dLGE) and ventral LGE
(VLGE); the dLGE is delimited by the expressionB81 and high levels of Gsh2
expression (Yun et al., 2001). The dorsal-most pathe LGE abuts with the ventral
pallium (VP), which is characterized by co-expressof Pax6 andGsh2 before E 11.5
At E9.5Pax6 is strongly expressed in the pallium (Stoykovalet 1996; Stoykova et
al., 1997) whileGsh2 is expressed in subpallial progenitors (Hsieh-tiak, 1995).
These two genes play important complementary riolgsatterning the progenitor cells
flanking the pallial- subpallial boundary (PSB) (Yt al., 2001). IPax6” single
mutants the most ventral area of the developingeraacquire LGE identity, while in
Gsh2” mutants the dLGE is transformed into cortical (Goret al., 2000; Stoykova et
al., 2000; Toresson et al., 2000b; Yun et al., 2001Gsh2” andPax6”" double mutants

the PSPB is partially restored (Toresson et al.00a), suggesting additional
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mechanisms in maintaining and positioning this lolaup and the specification of the
VP. By E11.5 in the mouse, the gene expression olowiathe VP is distinct: the
expression domain dDbx1 overlaps with those ofbr2 and Ngn2 and fills the gap
betweerEmx1 in the dorsal telencephalon a@dh2 in the ventral telencephalon (Yun et
al., 2001). Therefore, although the VP is posittbirea region that anatomically would
be defined as ventral telencephalon, its origimad entirely ventral telencephalic;
indeed it is negative foDIx2 expression (Puelles et al., 2000; Yun et al., 200his
anatomical and genetical complexity also demoresrdtow difficult it is to clearly
define brain regions based only on anatomical oagieins. However, these analyses
only begin to point out the heterogeneity of th#edéent progenitor cell types in the
ventral telencephalon. A recent study identified ledst four different progenitor
domains (pLGE1 to pLGE4) in the developing LGEgefprogenitor regions in the MGE
(PMGE1 to pMGEDS) and two progenitor regions in B@a at E13.5, characterized by a
complicated code of differential gene expressidar(ies et al., 2007).

This complex scheme of differential gene expressmouarious regions of the ventral
telecephalon reflects the multiple roles playedthis region in several aspects of
forebrain development. The ventral telencephalmesyrise to multiple neuronal types
that form the basal ganglia and part of the amygdald septum, but also to several
different types of olfactory and cortical internens, also contributing to dorsal
telencephalic development (Marin and Rubensteii1 2Bleasure et al., 2000).

It has been shown that tangential migrations couatei substantially to neural diversity

within distinct telencephalic regions (Andersonatt 2001). Neurons originating in
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restricted regions of the developing ventral teégri@lon migrate over long distances to
populate different telencephalic regions.

A large number of different neurons originatingle MGE preferentially migrate up to
the cortex (Anderson et al., 2001; Wichterle et E399; Wichterle et al., 2001). Indeed
Nkx2.1 mutant mice display a reduction of 50% of GABAierghterneurons when
compared to wild type (Sussel et al., 1999). Twitexknt types of interneurons arise
from the MGE, one containing parvalbumin and anotoataining somatostatin  (Butts
et al., 2005; Wichterle et al., 2001). These twifedent populations together contribute
60% of cortical interneurons (Gonchar and Burkmalt#997; Kawaguchi, 1997).
Another source of interneurons is the CGE. Theerdbait CGE-derived interneurons
take to colonize the cortex is not clear yet, altfioit seems quite clear that a proportion
of CGE interneurons express calretinin (Lopez-Bendt al., 2004a; Lopez-Bendito et
al., 2004b), while another proportion also expravalbumin and somatostatin but not
calretinin (Nery et al., 2002). Therefore the CGBduces a more heterogeneous set of
cortical interneurons than the MGE. This is alsoantordance with the molecular
identity of the CGE, which displayskx2.1 expression in its ventral region a$h2
andERS8L1 in its dorsal domain, acquiring molecular charastes of both the MGE and
the LGE. The contribution of cortical interneurdnsm the LGE is thought to be much
more modest compared with the MGE (Anderson et2801; Wichterle et al., 1999;
Wichterle et al., 2001). However it still does puods cortical GABA-ergic interneurons
(Anderson et al., 2001), and almost all the GABAieinterneurons in the hippocampus

originate from the LGE (Pleasure et al., 2000).
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In contrast to the vast wave of dorsally migratmgurons originating in the ventral
telencephalon, cells of the lateral cortical streamgrate from the dLGE (which
corresponds molecularly to the cortico-striataldeoy to more ventral region of the
ventral telencephalon (reviewed in(Corbin et @0Q2, Molnar and Butler, 2002). These
cells colonise the basal telencephalic limbic sysiacluding the amygdala and the
piriform cortex (Stoykova et al., 2000; Toressomlet2000a; Yun et al., 2001). (Carney
et al., 2006) analyzed in more detail the mecharuttheir ventral migration and their
cell composition, showing that most of these nesirarePax6’. In addition, they also
show a genetic requirement fGsh2 in their formation, emphasizing the interactivéero
of Pax6 andGsh2 at the corticostriatal boundary.

It is known that calretinin expressing neuronsagated in different regions of the LGE
colonize the striatum and the olfactory bulbs (8tan et al., 2003a). Studies from Jan
Stenman and Campbell (2003) provide more intergsémidence of how different
progenitor pools contribute differentially to thel@nization of particular areas of the
telencephalon. They demonstrated that the dLBIE2{ ER81") gives rise to olfactory
interneurons, while the vLGHED(x2" I1l1" ER81) gives rise to striatal neurons.

The ganglionic eminences also play an importane rol the guidance of the
corticothalamic and thalamocortical axonal pro@asi, but this will be discussed at a

later stage of this introduction (chapter 1.7).
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1.5 Cellular and molecular mechanisms in the devebment of the

cerebral cortex

Neurogenesis in the dorsal telencephalon happésrsttean in the ventral telencephalon.
The first post-mitotic neurons in the developingter are seen at E10.5, originating
from the cortical ventricular zone and forming fireplate. Subsequently the preplate is
split into the marginal zone on the surface andstiteplate just above the intermediate
zone. The cortical plate starts to develop in betwinese two layers. Within the cortical
plate the later born neurons, coming from the pndge region of the ventricular zone,
migrate over the early born neurons forming a legiestructure in an inside-out fashion.
Therefore, the deepest cortical layer VI formstfasd the upper layer Il last (reviewed
in (Molyneaux et al., 2007). Eventually the cerélmartex is composed of 6 neural
layers. The process of formation of these differaartical layers is known as cortical
lamination. The only layer that escapes this insideprocess is the marginal zone, or
layer 1, which is the first one to form. Layer keif is important for the lamination
process, as it contains Cajal-Retzius cells sexydtie reelin glycoprotein that directs
cortical lamination (Tissir and Goffinet, 2003)deed, the inside-out layer organization
is lost in the Reeler mutant mouse and cortical layers are inverted rrgduand
D'Arcangelo, 1998; D'Arcangelo et al., 1995; Ogawal., 1995). The formation of the
different cortical layers can be investigated tlgamé the identification of different

lamina markers, such @ux1 (layer II/1ll), Torl (layer VI, Cajal-Retzius cells and at
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low levels in layers II/Ill),Ror-B (layer 1V), Sox5 (layers VI and V), CTIP2 (layer, V
corticospinal neurons) and Satb2 (strong expregsiteyer II/lll and low expression in
layers IV and V, callosal neurons) (reviewed in daaux et al. 2007)

Different types of progenitor cells give rise taethomplex structure of the laminated
cortex. So far, 3 different types have been ideif(i) neuroepithelial cells (i) radial
glia cellsand (iii) basal progenitors(Gotz and Huttner, 2005; Molyneaux et al., 2007).

0] Neuroepithelial cells are the first progenitors to appear in tleeetbping
cortex and they will divide symmetrically to givise to new progenitors and
asymmetrically to produce the first post mitoticirans in the preplate (Gotz
and Huttner, 2005; Smart, 1973).

(i) As neurogenesis progresses neuroepithelial pragenitecomeadial glia
cells (Hartfuss et al., 2001; Malatesta et al., 2002)diRl glia cells extend a
long process towards the pia surface and a sha&tamchors them at the
ventricular surface. These cells progress throdnghcell cycle maintaining
their cell bodies within the ventricular zone aheéyt divide asymmetrically
at the ventricular surface producing another raglial cell and a post mitotic
neuron or an intermediate progenitor (see next goaph). Postmitotic
neurons and intermediate progenitors subsequen#ythe long radial glial
processes to migrate radially outside the venticabne. Therefore, radial
glia cells, thanks to their processes, also support radial atar of
differentiating neurons during the process of caitilamination (Rakic,

1972; Rakic, 2003a; Rakic, 2003b). Recently anotjyge of progenitor has
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been identified as a subtype of radial glia cellkis sub-population was
called“short progenitor”, because although they are positive for radial glia
specific markers such us RC2 and Glast, they dohawé radial processes
(Gal et al., 2006).

(i)  Eventually the last type of progenitors to form dtee intermediate
progenitors found in the cortical subventricular zone. In @istudies reveal
that radial glial cells not only form a post-mitotieuron and a new radial
glial progenitor by asymmetric cell division, butely also produce in
alternate divisions intermediate progenitors (Mb a&., 2007). The
intermediate progenitor migrates into the subveular zone before going on
to further divide and produce two post-mitotic reng (Gotz and Huttner,
2005; Molyneaux et al., 2007). Contrarily to radgila cells,they do not
have long processes and divide away from the \aerdni surface, hence their
name. Indeed the subventricular zone significantigtributes to the number
of post-mitotic neurons in more superficial cortitayers at later stages of
cortical development (Bayer et al., 1991; Sma&t,3).

However, to date it is still not possible to lirketdifferent progenitors to the different
post-mitotic neurons within the different layers Ateresting example Bux1, which

is a marker for upper layer cortical neuro@six1 is also expressed in intermediate
progenitors in the subventricular zone when thentdron of the last cortical layers is
taking place (Nieto et al., 2004; Tarabykin et 2001; Zimmer et al., 2004). However,

Cuxl expression in the ventricular zone already statt$£11.5, suggesting that the
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specification of the later forming neurons may adhe be taking place as early as E11.5.
However, further studies are still needed to ingese these possibilities.

Cortical lamination is also important for the fotma of the major axonal tracts.
Indeed, neurons located in different cortical layeonnect their axons to different
targets. For example, only neurons within layer With a small population in layer V,
project axons towards the thalamus, while neurorayiers 1l/11l, V and VI connect the

two cerebral hemisphere extending axons acrossotipels callosum.

1.6 Development of the corpus callosum

In the adult brain, the corpus callosum is the magmmissural tract, which connects
the two cortical hemispheres. This axonal tract Has function to integrate and
exchange information between the two sides of thieg. The development of the
corpus callosum does not stop at birth and it ool to grow postnatally (Richards et
al., 2004). To reach their final target area, aloaxons follow a complicated course
with several changes of direction. Callosal neummagect their axons ventrally from the
cortical layers Il/lll, V and VI into the intermeatie zone. Afterwards callosal axons
make a sharp turn projecting medially towards thetr@alateral cortex. They pass over
the midline region making another sharp turn, amentally reach their final target
through the same number of changes of directiorhinvithe contralateral cortex
(Richards, 2002). It has been proposed that theagee molecule Sema3a repels

callosal axons from the marginal zone pushing tirethe direction of the intermediate
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zone (Polleux et al., 1998). However, it is stifit clear what makes callosal axons

project medially or laterally within the corticaltermediate zone. Indeed, the molecular

mechanisms controlling the development of distsdbtypes of neocortical projecting

neurons are only starting to emerge. For exan§8T2 null callosal neurons project

subcortically instead of projecting their axons m#y within the cortex (Alcamo et al.,

2008). In addition, inSox5” mutants the production of corticofugal neurons is

accelerated leading to abnormal cortical innervatibdifferent subcerebral targets (Lai

et al., 2008).

Once they reach the midline, callosal axons aréeglito the contralateral side by a

number of intermediate targets: (he glial sling (Silver et al., 1982), (iipioneer

neurons originating from the cingulate cortex (Rash andhards, 2001) and (iii) the

midline glial populations (Richards, 2002; Shu and Richards, 2001) and{RBEY

0] The glial sling is located immediately ventrally to the corpudasalm and
provides a substrate on which callosal axons n&viga cross the midline
(Silver et al., 1982). Although it has been pregigudescribed as a glial
structure, hence its name, it has been subsequaathonstrated that cells
within the glial sling are neurons (Shu et al., 200
(i) The first cortical axons to project across the mallare those frorpioneer

neurons of the cingulate cortex. These axons intimatekgriact with later
arriving callosal axons and have been proposed dkenthe route to the

contralateral side (Rash and Richards, 2001).
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Figure 1.3.

Schematic representation of a coronal brain sectioof an E18.5 embryo showing
the developmental stages in corpus callosum formain.

In red a callosal neuron is shown, in green acartieuron projecting laterally. 1, 2, 3,
4, 5 and 6 are decision points for callosal axdsteach their final target area, callosal
axons follow a complicated course with several gesrof directions (1-6). During this
course, growing callosal axons are guided to thetrotateral cortex by several
intermediate intermediated targets, which are tidime glial populations and pioneer
neurons originating from the cingulate cortex. Adhations: CgC, cingulated cortex;
IGG, indusium griseum; GW, glia wedge; MZG, midlmper glia.
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@ii)  Midline glial populations, such as thendusium griseum and theglial

wedgeexpress the repulsive guidance molecdé&d/2 and channel cortical
axons through the midline (Richards, 2002; Shu &hdhards, 2001).
Cortical neurons expressing the Robo receptorgegrelled from the glial
wedge and do not project into the septum but pssgte the contralateral
side. (Richards, 2002; Shu and Richards, 2001).

A necessary requirement for callosal axons to cthesmidline is the fusion of the

dorsal midline. A failure in this process will réisin the absence of the territories in

which callosal axons navigate (reviewed in (Pawlet2007). It is still largely unknown

how this process happens, but it has been proghaednother midline glial population

is necessary for this process: thelline zipper glia (Richards, 2002; Shu and Richards,

2001).
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Figure 1.4.

Schematic representation of a coronal brain sectioaf E14.5 embryo, showing the
complex course that both thalamocortical and cortiothalamic (in blue) axons have

to cover to reach their final target areas.

Thalamocortical neurons (red) send their axonsraéyptfrom the dorsal thalamus to the
DTB where they change direction to penetrate thetraé telencephalon (VT).
Afterwards, thalamocortical axons navigate untieythreach the PSPB where they
change direction a second time to invade the @rtiegion. Axons from cortical
neurons (blue) follow a reciprocal pathway to tleesdl thalamus, growing through the
same territories as thalamocortical axons but & dpposite direction. Abbreviations:
PSPB, pallium subpallium boundary; DTB, diencephaélencephalic boundary; ht,
hypothalamus; dt, dorsal thalamus.
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1.7 Formation of the corticothalamic and thalamocatical tracts

The corticothalamic and thalamocortical tracts @@minent tracts within the forebrain.
In the adult brain, the thalamocortical tract comvesensory information from the
external environment to the cortex. The cortex yres and integrates this information
and sends neural responses back to the thalamosgthrthe corticothalamic tract.
During embryonic development, neurons in the thakmand cortex connect with one
another by sending out axons in a coordinated marif@ example, neurons in the
caudal cortex (the visual cortex) connect with dtateral regions of the thalamus
(called the dorsal lateral geniculate nuclei, dLGMNurons from the medial cortex (the
somatosensory cortex) connect with the mediolategibn of the thalamus (called the
ventral basal, VB); finally axons coming from theorital cortex connect with
ventromedial regions of the thalamus (called theiaidasal, MB) (Lopez-Bendito and
Molnar, 2003; Price et al., 2006).

The complex function of these two tracts is refectin their intricate developmental
program: both thalamocortical and corticothalamdores have to cover large distances,
changing direction several times and passing throdgferent brain territories.
Thalamocortical neurons send their axons ventfediyn the dorsal thalamus to the DTB
where they change direction, to penetrate the aktetencephalon (VT). Afterwards,
thalamocortical axons navigate until they reachRB&B where they change direction a
second time to invade the -cortical region. Theyalfin migrate through the

“intermediate” zone of the developing cortex uritiey innervate target neurons in
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cortical layer 4. Axons from cortical neurons fell@a reciprocal pathway to the dorsal
thalamus, growing through the same territories redamocortical axons but in the
opposite direction (Fig 1.4). A detailed analysik tbe timing of progression of
corticothalamic axons from the cortex until theiral target has been achieved with the
use of aGolli tau-green fluorescent protein mouse line (Jacobs et al., 2007). In this
study it is shown how corticothalamic axons progreser the pallium-sub-pallium
boundary and the diencephalic-telencephalic boynidaat multi step fashion, pausing at
different points along their path at different ga@f development.

The ventral telencephalon is an important structdih@t thalamocortical and
corticothalamic axons have to navigate throughrdento meet each other and connect
to their final target (Garel and Rubenstein, 208dipt et al., 2003). At least three main
axon guidance mechanisms have been proposed to iexithe VT, which guide
thalamocortical and corticothalamic axons at ddfgrtime points during embryonic
brain development: (iPioneer axonswithin the VT provide scaffolds for growing
thalamocortical and corticothalamic axons (Metin &odement, 1996) (i) The VT
forms apermissive corridor important for thalamocortical axon pathfinding flez-
Bendito et al., 2006)(iii) Thalamortical and corticothalamic axons guidach other

once they have méhandshake hypothesis”’(Molnar and Blakemore, 199%Fig 1.5)
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corridor cells

E12.5 E145 E18.5

Figure 1.5.

Schematic representation of ventral telencephalimitermediate cues required to

guide thalamocortical and corticothalmic axons toweds their final target areas.

At least three main axon guidance mechanisms haga proposed to exist in the VT
that guide thalamocortical and corticothalamic axan different time points during
embryonic brain development. (Ajioneer axonswithin the VT provide scaffolds for
growing thalamocortical (in red) and corticothalanfin blue) axonsTwo different
populations of pioneer neurons are present in émglgonic eminences, one in the LGE
(in purple) and one in the MGE (in yellow). (B) TR& forms apermissive corridor,
which is important for thalamocortical axon pathimg The MGE is normally
repulsive for the growth of thalamic axons. Thenpissive corridor in the MGE is
derived from cells migrating tangentially from th&E into the MGE. Corridor cells,
LGE and cortex express attractive guidance molecfde thalamocortical axons. (C)
Thalamortical and corticothalamic axons guide eatier once they have met, as
described by the“handshake hypothesis”. Once thalamocortical axons and
corticothalamic axons meet, they interact stronglyd connect intimately. This
interaction has been hypothesized to be requireddth sets of axons to reach their
final target. Abbreviations: Ncx, neocortex; LGRtdral ganglionic eminence; MGE,
medial ganglionic eminence; Str, striatum; GP g®lpallidum; dTH and TH, dorsal

thalamus.
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0] Pioneer axons
The first known axonal cues that thalamocortical aarticothalamic axons meet before
they penetrate the VT are two different populatiohpioneer neurons in the ganglionic
eminences (GEs) (Metin and Godement, 1996). At garbc day E13.5, corticofugal
axons make a pause just after passing over thelpalbpallial boundary in the LGE
(Jacobs et al., 2007) while thalamocortical axoagsehalready navigated through the
MGE. At this age, corticofugal and thalamocortiealons have not yet made contact
with one another. It has been proposed that thégwopathways formed by early
projecting axons in order to reach their later @éésdMetin and Godement, 1996; Molnar
et al., 1998; Tuttle et al., 1999). These earlyjgmting axons are defined as pioneer
neurons; they only rely on messages (i.e. secrgeilance molecules) from
neighbouring territories to extend axons in theyéararea. Later-arriving cortical and
thalamic axons can use pioneer axons to orienteg& tirection of growth in the
invading regions. The VT-Pioneer neurons are tearispopulations, which appear at
E12.5 in the embryonic mouse brain (Tuttle eti999).
The MGE pioneer neurons provide a scaffold thagrgates growing thalamic axons
across the diencephalic-telencephalic boundary (DTBey are located in the ventral
MGE and project axons from the telencephalon tadieacephalon (Tuttle et al., 1999).
In contrast, the LGE pioneer neurons, which aratiet in the LGE, provide an axonal
scaffold for cortical axons to pass over the PSHBti( and Godement, 1996).
Not much is known about these populations: there @@ markers available to

distinguish them, they can only be identified byl Dijections into the cortex and
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thalamus at early stages of thalamocortical andicothalamic development (E12.5)

when thalamic and cortical axons have not reached/T yet. At this embryonic stage,

groups of neurons along the thalamocortical andaathalamic pathway project their

axons to the developing thalamus and cortex ang &ne transiently associated with
later growing thalamic and cortical axons (Metim &odement, 1996).

Evidence that pioneer neurons are probably impbifancorticofugal axon guidance

and orientation came from work on embryonic hamatet mouse brains (Metin and
Godement, 1996). These experiments involved cuitigacortical explants together

with VT (LGE plus MGE), in the absence of reciprottealamocortical axons. In these
experiments the authors show that the LGE is capabbrientating cortical axons. In

these cultures cortical axons tend to converge emall region in the MGE, growing

through the whole LGE in an ordered fashion. Thiep @o-cultured explants from the
cortex with different regions of the VT (the LGEbaé and the MGE alone) and with the
brainstem. They showed that this orientating efisconly maintained when cortical

explants are co-cultured with LGE explants: coftiagaons grow through the LGE

orientating their axons to the end of the expldtite ventral region of the LGE). In

contrast, co-culture of the cortex together with B1Gr brainstem fail to support long

distance growth and to orientate corticofugal axdndeed, once cortical axons have
penetrated the MGE they immediately converge oaiat in the middle of the explants.

Instead, cortical axons are repelled by the bramstvhich preferentially directs cortical

axons along the edge of the explants. This meatthly the LGE is able to support an
orientated growth of corticofugal axons towards M@BE. Metin and Godement suggest

that this is due to the presence of pioneer neurotise LGE. However, so far there is

a7



no evidence in vivo that the absence of LGE piomemirons results in a failure of
corticofugal axons in projecting their axons tovgtide ventral telencephalon.
Metin and Godement also hypothesized that the \&ypthe same role in the guidance
of early projecting thalamocortical axons acros® tHiencephalic-telencephalic-
boundary. The best evidence of a guidance roléfGE pioneer neurons comes from
the analysis oLhx2 knockout andMashl-deficient mice (Lakhina et al., 2007). In these
mice, thalamic axons do not penetrate the venttehtephalon. This effect correlates
well with the absence of Dil back-labeled MGE pieneeurons. In these mutant mice
only few thalamocortical axons appear to enterwéetral thalamus, thalamic axons
instead run along the diencephalic-telencephalimbary.

(i) Permissive corridor cells
After E12.5 thalamocortical axons penetrate in®\hntral telencephalon, passing over
the DTB. Subsequently, they have to change dinegirojecting dorsally into the MGE
channeling through the internal capsule (IC) amohthavigating into the LGE, until they
reach the PSPB and eventually the cortex. In agaalestudy, Lopez-Bendito et al.
(2006) demonstrated that thalamocortical axons gueled through the ventral
telencephalon by a permissive channel in the MGtg¢hvotherwise would be repulsive
for the growth of thalamic axons. This channel @sipve for Il1 and Ebfl, but
surprisingly is negative folNkx2.1 expression, which normally characterizes the
surrounding MGE (see chapter 3). Indeed,|#f channel in the MGE is derived from
cells migrating tangentially from tHel1" region in the LGE. The authors demonstrated
that blocking this tangential migration and thesduent formation of thgl1” channel

resulted in failure of the thalamocortical tractamrrectly navigate through the ventral
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telencephalon. The important finding that tH&" corridor cells guides thalamocortical
projections through the ventral telencephalon dilsked together different aspects of
telencephalic development, such as tangential togrand axon guidance. In addition,
the discovery of the permissive corridor in guidthglamocortical axons is starting to
partially explain the thalamocortical phenotypes mitants mice in which the
development of this tract is effected, such aBax6” mutants (Simpson et al., 2009).
(i)  Handshake hypothesis

Between E14.5 and E15.5, thalamocortical axonscartitothalamic axons meet for the
first time in the VT (Lopez-Bendito and Molnar, Z)Molnar and Blakemore, 1995). It
has been observed that once they reach one otégririteract strongly and connect
intimately. This interaction has been hypothesizete required for both sets of axons
to reach their final target. This hypothesis is wnoas the “handshake hypothesis”
(Molnar and Blakemore, 1995), indicating that thaia projections are introduced to
cortical axons in ventral telencephalon. After theve “shaken hands”/growth-cones
(which is the distal tip sensitive to guidance mncales at the end of the axons,
responsible for axonal navigation) they use eableraio innervate the reciprocal target
area. This idea comes from the observation thdanacortical and corticothalamic
projections are closely opposed inside the inteosgdsule and they do not occupy
separate compartments. Good evidence supportiagyipothesis comes from the study
on () Thrl, (i) Gbx1 and (iii) Pax6é mutant mice (Hevner et al., 2002).

(i) Thrl is expressed in the cortex but not in the dotsalaimus. Therefore mice

mutant forTbr1 should display defects in cortical development emidical axons,

but not in thalamic axons. Indeethrl knock-out mice have defects in cortical
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neurons and consequently in descending corticathealéibers: at E14.5 cortical
axons have not reached the IC, but they deviatsatlgrwithin the LGE and at
later stages (E16.5) they never cross the dientieptedencephalic boundary
(DTB). In these mutants, thalamocortical axons @s® not able to reach the
cortex and they deviate laterally through the 1@ aaver reach the PSPB growing
into the external capsule instead.

(i) Gbx2, in contrast, is expressed specifically in the dbthalamus and not in
the cortex. The absence of this gene affects tlielolgment of neurons within the
dorsal thalamus and consequently the thalamocbgicgection. The number of
thalamic axons and their growth is severely reduaed14.5; at later stages
(E16.5) few thalamic axons enter the subpalliunt,progressing further dorsally
than the boundary between LGE and MGE. Howeverthm absence of the
thalamocortical tractGbx2”™ cortical axons also fail to reach the dorsal timais
(DT). Interestingly,Gbx2™ cortical axons grow out normally from the cortex a
E14.5 into subpallial region and they reach thelb@,then very few penetrate the
diencephalon, entering instead the cerebral peduncl

(i) Pax6 is expressed in the cortex, in the VT and in thesalothalamus. This
implies thatPax6™*® mice might not only display defects in the braémritories
from which cortical and thalamic neurons originbté also defects in territories
along which axons have to navigate. Rax6 mutant mice most of the
thalamocortical axons grow towards the hypothalaatus16.5 and only very few
thalamic axons cross the DTB at later stage of garhc development (E18.5),

but most of these axons in the VT are deflectedcatde the amygdaloid region.
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No Pax6®® thalamic axons ever reach the cortex (Pratt et 2000b).
Reciprocally, Pax6™*®¥ corticothalamic axons do not reach the thalamus, b
interestingly they make similar innervation mistalas thalamic axons avoiding
the IC and growing along the edge of the striatawards the amygdaloid region.
This suggests that even misrouted thalamic anitabexons may still interact.
The limitation of these analyses is the fact thasinot possible yet to completely
exclude defects in cortical axons @bx2” mutants and/or thalamic axons Tirl™
mutants. Moreover, some ventral telencephalic defecdependently affect
thalamocortical and corticothalamic axonsPex6™**Ymutants. The use of conditional
knockouts would help in these respects. Howevdigvitng this line, the comparative
analyses of other mutant mice further corroborhte handshake hypothesis. Indeed,
Emx2, Mashl, FezZl and Nkx2.1 mutant mice(Hevner et al., 2002; Jones et al., 2002;
Komuta et al., 2007; Lopez-Bendito et al., 200tPet al., 2000b; Tuttle et al., 1999)
all display defects in the reciprocal axonal conioes between cortex and thalamus.
The majority of these mistakes happen in the vetgtancephalon before thalamic and
cortical axons reach their final target. Though patving the handshake hypothesis,
these findings suggest at least that those tractsotl develop independently from each
other.
In this complex scenario a number of guidance nubschave been shown to guide
thalamocortical and corticothalmic axons to themaf targets, attracting or repelling
axons at different points along their path. Netrimds been shown to attract rostro-
medial thalamocortical axons and to repel cauderdht thalamocortical axons,

topographically sorting them within the internalpsale (Powell et al., 2008).
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Accordingly, the loss of Netrinl results in failupé thalamocortical axons to reach the
cortex (Braisted et al., 2000). Ephrins also havel@ in sorting thalamocortical axons
in the internal capsule during their journey to toetex (Bolz et al., 2004; Cang et al.,
2005; Torii and Levitt, 2005). Slit and Robo inteffans that result in repulsion of the
growth cone, also seem to push thalamocortical xasay from the hypothalamus into
the telencephalon, and corticothalamic axons poskginto the CGE in the direction of
the incoming thalamocortical tract (Bagri et alQ02; Lopez-Bendito et al., 2007).
Netrin-1 is also required to guide thalamocortieabns towards the cortex and to
promote the growth of thalamocortical axons (Beaistt al., 2000; Metin et al., 1997).
However, its guidance effects on thalamocorticarsxhave only been demonstrated in
vitro. In vitro studies also show Semaphorin isofoD acts as chemorepellent and
inhibits axonal branching of corticothalamic axd®gnard 1998. In the same study;, it
has also been shown that another isoform SemapBdsrattractive for corticothalamic
axons, showing multiple guidance roles for Semaphiamily of guidance molecules
(Bagnard et al., 1998). A recent study also shosefdcts in a subset of thalamocortical
axons (coming from the dLGN) in reaching their imat target in Semaphorinba

mutants (Little et al., 2009).
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1.8Gli3 is a key regulator of forebrain development

GLI3 encodes a zinc finger transcription factor, exgices of which starts early (around
E7.5) in embryonic development Hui 1994. It is kechon chromosome 17pl3 in
humans and its murine homologue is located on cbsome 13 (Vortkamp et al.,
1991). There are oth@&@LI genes in human and other mamm@&kil andGLI2. GLI2
and GLI3 have been identified thanks to their sequencelaiityi to GLI1. All GLI
genes have a high degree of homology with thbitus interruptus (ci) gene in
Drosophila (Orenic et al., 1990), aratt in thesonic hedgehog (Shh) and Hh pathway in
vertebrates and Drosophila, respectively (Inghaoh ecMahon, 2001; Litingtung and
Chiang, 2000a; Litingtung and Chiang, 2000b; Rupetal., 1990; Wang et al., 2000).
GLI3 operates at different time points during developimand in different organ
systems. The best-characterised site&Ildf3 expression and function are the central
nervous system (CNS) and the limb bud. Indeed sé@i3 mutations are associated

with head and limb defects in humans.

1.9 Different Gli3 mutations cause several human syndromes

GLI3 is mutated in the following human syndromes: @Gr€ephalopolysyndactyly
Syndrome (GCPS) (Biesecker, 2006; Johnston e2@03; Vortkamp et al., 1991; Wild

et al., 1997), Acrocallosal Syndrome (ACS) (Elsbale 2002), Pallister-Hall Syndrome
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(PHS) (Biesecker, 2006; Bose et al., 2002; McCaniale 2006) (Biesecker, 2006;
Biesecker and Johnston, 2005), Polydactylysyndrqa®-A, PAP-A/B, PPD-1V) and
Crossed Polydactyly Type | (Cheng et al., 2006).

GCPS and ACS patients display similar defects. dddéoth GCPS and ACS patients
display pre- and postaxial polydactyly and crargah abnormalities, manifested as
macrocephaly and hypertelorism with an enlargecalnbsdge (Elson et al., 2002;
Johnston et al., 2003). However, patients with A@&k the corpus callosum and are
severely mentally retarded (Elson et al., 2002)ilevpatients with GCPS prevalently
display a normal intellectual development, even sgmetimes, cases of mental
retardation have been reported in GCPS patientagBcet al., 1997). GCPS and ACS
are often caused by deletions of B&I3 gene that involve the zinc finger coding
region, but also frameshift, nonsense, splice ait@ translocation mutations have been
found (Biesecker, 2006; Johnston et al., 2003; kéorp et al., 1992; Vortkamp et al.,
1991; Wild et al., 1997). However, it has been ssggd that mutations in ACS patients
could also involve other genes flanking ti&13 coding region, explaining the
differences between ACS and GCPS patients (Johestah, 2003). Otherwise, it could
be that these two syndromes are different mantfestof the same disorder. Recently,
an ACS patient has been shown to have a point iontat theGLI3 gene (Elson et al.,
2002). This mutation affects a conserved amino aesulting from a G to C
substitution, but how this affects the proprietafsthe Gli3 protein is still unclear.
However, because of their similarities these symd® are sometimes confused and a
patient classified with ACS could instead be a G@R&nt and vice-versa.

In contrast, the clinical features of PHS have dimiyted similarities with those of ACS
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and GCPS (Biesecker, 2006; Bose et al., 2002; keaaf), 1997). These patients display
central or postaxial polydactyly, hypothalamic hawmaa, bifid epiglottis, pulmonary
segmentation anomalies and imperforate anus. PH&sally caused by nonsense and
frameshift mutations in the 3’ region of the gemattlead to truncation mutations
(Biesecker, 2006). These kinds of mutations arepssgd to interfere with the
posttranslational modification @GLI3.

Polydactyly syndromes (PAP-A, PAP-A/B, PPD-IV) arearacterized by a postaxial
extra finger and toe in the hands and in the feegpectively. These mutations are
caused by deletions in tl@&13 gene that lead to frameshift mutations and then&ion

of truncated proteins (Biesecker, 2006; Bieseckdrzhnston, 2005).

Crossed Polydactyly Type | (CP Type 1) is also ebtgrized by polydactyly, but in
these patients postaxial polydactyly of the handoisibined with preaxial polydactyly
of the feet (Cheng et al., 2006). A recent repbaves the presence of a point mutation
in 28 members of a Chinese family affected by CB€elly This mutation is supposed to
lead to a truncated GLI3 protein. Moreover, thisding enlarges the spectrum of
different malformation caused by mutations in 8el3 gene (Cheng et al., 2006).
However, it is still unclear how all these diffeteBLI3 isoforms caused by all these

different mutations produce such a large spectriphenotypes.
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1.10 Different mouse models are available for theawly of Gli3in vivo

To gain insight into the role d&LI3 in vivo, several mutant mice f@li3 have been
used. The best characteriz€ti3 mouse mutant to date is tegtra-toes (Xt’) mutant
(Johnson, 1967a)t’ mutants have a deletion of 51.5 Kb that includag pf the zinc
finger coding domain of th&li3 gene and the complete &ding region (Maynard et
al., 2002). These mutants completely I1&tk3 function.

A secondGli3 mutation Kt") is known that results in loss of part of the proenaind 5’
coding region (Schimmang et al., 1992; Schimmara).efl993; Vortkamp et al., 1991).
This mutation does not lead to any functional teaips and theXt” has an almost
identical phenotype t&t’. Both these mutantXt’ andXt", are considered as a model of
GCPS (Hui and Joyner, 1993).

A third allelic mutation is known foGli3 in mouse that is calleBolydactyly Nagoja
(Pdn) (Hayasaka et al., 1980), which is caused by mbegration of a retrotransposon
into the third intron of thésli3 gene and which results in a reduced level of wifzke
Gli3 transcripts and in the formation of two classesa¥el transcrips by alternative
splicing (Thien and Rither, 1999) and (Fig 1.6asS | transcripts contain out of frame
insertion, which lead to three truncated proteimat tdo not contain the zinc finger
domain, and therefore should not maintain any tiapisonal activity (Fig 1.6). Class I
transcripts contain in-frame insertion that leadwio longer proteins containing the zinc

finger domain (Fig 1.6). However, it is unknown e these longer isoforms maintain
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any transcriptional activity. Due to the reductminGli3 wild type transcripts and to the
qualitatively similar but quantitatively weaker ptotypes compared t¥t’/Xt’ mutants
thePdn allele is regarded as hypomorphyc allele (Thiesh Rather, 1999).

A fourth mutation is known to exist for th8li3 gene in mouse: thadd allele was
generated by the insertion of a transgene in tmgter region that leads to a reduction
of Gli3 gene expression (Schimmang et al., 1993). The qtfge@ of this mutant is
weaker in comparison with the others.

It is possible to generate an allelic seriesGtiB mutants by crossingt’/+ and Pdn/+
mutants. The result is the production of mutantslitatively similar but with
increasingly weaker phenotype, witkt’/Xt’ having the strongest anldn/Pdn the

weakest phenotype (Kuschel et al., 2003)
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Figure 1.6.

The Polydactyly Nagoya (Pdn) mutation is caused by retrotransposal integration
into the Gli3 gene

The Pdn mutation is caused by the integration of a retwtgposon into the third intron
of theGli3, gene which leads to alternative spicing and acalu in the wild-typeGli3
transcript level. In addition, novel classes ohseripts are producedPdn-Sl to Pdn-
). The first type is predicted to produce truncapedteins that are non-functional,
because they lack the zinc finger domaiRdn-S3 to Pdn-S5). The second type of
transcript encodes longer proteins with an insertd 56 or 61 amino acids in the N-
terminal domainRdn-S1 andPdn-&2); these isoforms contain the zinc finger domain (in

blue) and could act as transcriptional regulators.
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1.11Gli3in forebrain development

Great progress in the clarification of the role@f3 in brain development has been
achieved by the analysis ¥t"/Xt’ mutants (Johnson, 1967b). However, these studées a
limited to the embryonic stages &%’ mutants because these mice die perinatally.
Moreover, these studies are also complicated byattethat these mutants show a high
level of exencephaly, a failure to close the netubk in the most rostral regions of the
brain (Grove et al., 1998) where the neural tisstaets to over-grow abnormally. This
defect has a high correlation with the genetic gamknd of the mice.

In mutant mice that do not display exencephalystinengest and most evident defect is
the failure to invaginate the dorso-medial telemedpn leading to the absence of the
hippocampus, the choroid plexus and the corticah.n€he olfactory bulbs are also
missing (Theil et al., 1999b). The use Xif/Xt’ mutantsmice has revealed th&li3
plays an important role in the regionalization leé dorsal telencephalon, by controlling
the establishment and the maintenance of two ofthinee telencephalic signalling
centres expressirgmp/Wnt, Fgf8.

The cortical hem is an important siteWwft andBmp gene expression in the forebrain. It
is also important for the development of the higpopus (Grove et al., 1998) and a
source of Cajal Retzius cells (Meyer et al., 200@YXt’ mutants display an absence of
the expression o¥Wnt2b, 3a and 5a (Tole et al., 2000b) which are expressed in the
territories corresponding to the cortical hem (&t al., 1998)Wnt8b and Wnt7b are

still (also if abnormally and weekly) expressedtfire dorsal telencephalon &#’/Xt’
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mutants, but expression afonductin, which is a direct target o¥Wnt canonical
signalling, is absent from the dorsét’/Xt’ telenecphalon suggesting the absence of
canonicaMnt signalling (Theil, 2005)Xt’/Xt’ mutant also lack the expressionBufip2,

4, 6 and7. These genes are normally expressed in the cholexdgpand cortical hem of
wild type embryos, which are also missingr¥Xt’ mutant (Theil et al., 1999b; Tole et
al., 2000b).

The Xt’/Xt’ dorsal telencephaladisplays ectopid=gf8 expression (Theil et al., 1999b).
Starting from E 8.3-gf8 and its direct target ger@drouty2 are expressed at the rostal
end of the telencephalon in the anterior neurageidAoto et al., 2002; Theil et al.,
1999b). InXt/Xt’ mutants Fgf8 and Sprouty2 expression is expanded in the dorso-
medially telencephalon from E9.5 (Aoto et al., 20BRschel et al., 2003; Theil et al.,
1999D).

Dorso-ventral patterning in the telencephalon & affected inXt’/Xt’ mutants.Gli3
mutants display a ventralization of the dorsalrtedghalon (Kuschel et al., 2003; Tole
et al., 2000b). Several genes suchviashl, DIx2, DIx5 andld1, whose expression is
normally restricted to the ventral telencephaloe actopically expressed in dorsal
telencephalon oXt’/Xt’ mutants. This effect is particularly dramatic e trostral region
of the telencephalon, spatially and temporally cmiimg with Fgf8 up-regulation (Aoto
et al., 2002; Kuschel et al., 2003; Tole et alQ@{f). Interestingly, at least until E12.5,
Shh expression is restricted to the ventral telenclphéAoto et al., 2002; Theil et al.,
1999b; Tole et al., 2000b). Also, at E9.5 exprassibShh target gendatchedl (Ptcl)

remains restricted to the ventral telenecphaloheffTet al., 1999b; Tole et al., 2000b).
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In addition, inXt/Xt’ mutants the boundary between the dorso-medialdefg#ralon and
the diencephalon is compromised (Theil et al., 898ading to the mixing of di- and
telencephalic cells (Fotaki et al., 2006). The ab&li3” chimeric mice has recently
demonstrate thaBli3 is required cell-autonomously to repress dienceptwal ventral-
telencephalic fate for dorsal telencephalic caladquire cortical identity (Quinn et al.,
2009). Thext’/xt’ dorsal telencephalon displays a strong reductioBno2 expression
in the dorsal thelencephalon from E8.5 (Theil et B999b; Tole et al., 2000bEmx1
expression instead is completely lacking from Xt#Xt’ dorsal telencephalon (Theil et
al., 1999b; Tole et al., 2000b). TKe/Xt’ dorsal telencephalon also displays a disruption
of thePax6 high dorso-lateral and low dorso-medial gradi&ut¢ et al., 2002; Kuschel
et al., 2003) and a slight reduction ©fx1 (Theil et al., 1999b). Previous studies on
Xt/Xt mutants also started to investigate the rolé&h8 in the ventral telencephalon
(Yu et al., 2009a). In this work it has been shahat Xt/xt mutants display an increase
in ventral telencephalic neural differentiation aa@optosis at E10.5, leading to
abnormal growth of the ventral telencephalon anasequently anatomical distortions
of the telencephalon.

Several studies have reported severe defects ipriheess that leads to the layered
structure of the cerebral cortex@®@hi3 mutant mice (Fotaki et al., 2006; Friedrichs et al
2008; Kuschel et al., 2003; Theil, 2005; Theil &t 4999b).Xt”/Xt’ mutants display
defects in the early steps of cortical laminatianjch involve the organization of the
marginal zone, the cortical plate and the earlyptatb. TheXt/Xt’ developing cortex
does not form layers but cortical progenitors ararayed in clusters losing their apical-

basal cell polarity (Theil, 2005). In this studigese defects correlate with a reduction in
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number and an organization into clusters of CagtlzRs cells. However, the size of the
Xt'/Xt’ cerebral cortex is strongly reduced in size anchpletely degenerates in
newborn mice. These defects are too severe to atlesstigation into the role @li3 in
later aspects of brain development including themédion of the different cortical
layers. The hypomorphic mutatin is more appropriate for studying the roleGh3 in
cortical lamination. As mentioned before, by crogskt’/+ and Pdn/+ mutants it is
possible to generate an allelic seriessif3 mutants In Xt"/Pdn embryos dorso-ventral
telencephalic patterning and ventralization of tharsal telencephalon are not as
severely affected as t”/Xt’ (Kuschel et al., 2003). For exampt¢’/Pdn mutants do
not diplay mixing of diencephalic and telencephakdls, forming molecular separation
between the dorsal telencephalon and the diencaph@friedrichs et al., 2008).
However,Wht2b expression in the cortical hem is still missingthese mutants while
Bmp4 expression is strongly reduced (Kuschel et alQ320Xt/Pdn mutants display
severe defects in cortical lamination with abnormstribution of Sox5, Thrl, Cuxl,
Ror-f expressing neurons, which remain in the cortiealtsicular zone Friedrichs 2008.
The early developingt’/Pdn cortex also displays clusters of Cajal-Retziusscatid of

radial glial fibres (Friedrichs et al., 2008).

1.12 Gli3 is involved in the Shh signalling pathway

Gli3 together withGlil andGli2 is a downstream effector of tisbh signalling pathway

(Murone et al., 1999). In the presenceShh all threeGli genes act as transcriptional
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activators, activating transcription 8fih target genes (Ruiz i Altaba, 1998; Sasaki et al.,
1999). InterestinglyGli3 also works as a transcriptional repressor in bszace ofhh,
repressinghh target genes (Persson et al., 2002; Ruiz i AlthBag).

Different regions of th&li3 protein encode different transcriptional activifiesth the
N-terminal region encoding transcriptional repressdivity, while the activator activity
resides in the C-terminus (Aza-Blanc et al.,, 200@gham and McMahon, 2001).
Proteolytic cleavage, which occurs in the abserfic@loandwhich removes the Gli3 C-
terminal activator domain, controls the transitibetween theGli3 transcriptional
activator form and the repressor form (Marigo et #096; Wang et al., 2000). Gli3
repressor is most prominent in the dorsal telenglgphwhereShh signalling is absent,
while GIli3 activator is more abundant in the vehtedencephalon (Fotaki et al., 2006).
Therefore, it is probably the ratio between these forms that is important in patterning
the dorso-ventral telencephalon. To ultimatelyvatgGli genesShh has to bind to the
membrane receptor Ptcl (Goodrich et al., 1996)s Timding relieves the repression
that Ptcl has on the associated receptor smootti8nea), activating the signal cascade
that result inGli activation and nuclear translocation (Murone gt1899; Taipale et al.,
2002; Zhang et al., 2001).

Several studies link cilia witBhh signalling (Han et al., 2008; Huangfu and Anderson
2005; Liu et al., 2005). Cilia are microtubule-béseibcellular organelles, which have
recently beemmplicated in a wide variety of developmental fuans, such akeft-right
asymmetry and limb, kidney, pancreas, and skel&onation (Bisgrove and Yost,
2006). In addition, in the developing nerveystem, mutant embryos with aberrant cilia

formationdisplay defects in neural patterning and in closafrthe neural tube (Caspary
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et al., 2007; Houde et al., 2006; Huangfu and Asaler2005; Huangfu et al., 2003; Liu
et al., 2005; May et al., 2005; Murcia et al., 20@0llaredt et al., 2008). Interestingly,
Smo receptor localizes on the cilia in respons8hh pathway stimulation Corbit K C
2005. In addition, the thre€li proteins are also localized at the distal tip bfac
(Haycraft C J 2005; Chen M-H, Chuang P-T 2009)ebd] mutant embryos in which
cilia formation is affected photocopies the telgsfgic defects of thet/Xt’ mutant
embryos (Willaredt et al., 2008). Also, the cleawdigat transform&li3 activator into
Gli3 repressor has been suggested to occur withiniltaeTaken together, these studies
suggest a role for these structures in detecBigmolecules in the environment and
transducing its signal in central nervous systeri(iféld, 2004; Willaredt et al., 2008).
Although all threeGli genes function downstream #fih, Gli3 appears to be the major
player in dorsal telencephalic development for prowr cells responding to low levels
of Shh signalling.Glil is probably redundant with the oth@&ti genes, becausélil
mutants do not show any obvious forebrain phenotjperk et al., 2000). On the
contrary, the role o6li2 is necessary for the formation of the floor pldeughout the
CNS, in regions responding to high levels of Shynailing, including the ventral
telencephalon, busli2 mutants mice do not have any dorsal telencepipalenotypes
(Ding et al., 1998; Matise et al., 1998; Park et 2000; Yu et al., 2009b). In addition,
the importance ofli3 in dorsal telencephalic cells is shown by the sgvef dorsal
telencephalic defects oXt’/Xt’ mutants, where none of the oth&li genes can
compensate for its absence (Theil et al., 1999Le &bal., 2000Db).

XtYIXt” mutants do not seem to display severe defectsermpétiterning of the ventral

telencephalon. However, until a very recent workYayet al. (2009) it was not even
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known whether Gli activators are required for paitey the ventral telecephalon. This
work showed that in the absence@il andGli2 the ventral telencephalon laddkx2.1
and Nkx6.2 expression in two subgroups of progenitors on lsittes of the sulcus
separating LGE and MGE (Yu et al., 2009b). In additthe PSPB 0f5li2/3 double
mutants displays a dorsal expansiorGah2 andDIx2 expression into the lateral cortex,
while the Gli2/3-/- ventral telencephalon displays a reduction of \&rilencephalic
markers, including_hx6, Ebf1 and GAD67 (Rallu et al., 2002; Yu et al., 2009b). It is
therefore likely that inXt/Xt’ mutantsGli2 can compensate for the loss of the Gli3
activator form during ventral telencephalic devehgmt and vice versa Gli3 activator
form compensates for the loss of Gli2Gh2 mutants, as it happens in the spinal cord
(Park et al., 2000). Interestingly, this study abows the importance &hh signalling
which is completely abolished iGli2/3 double mutants, for patterning different sub-

regions of the ventral telencephalon (Yu et alQ9tf).

1.13 Gli3 and Shh counteract each other in patterning the ventral

telencephalon

Importantly, several studies have shown an antagapirole of Shh and Gli3 in
different organ systemgor example in the spinal cord and limb birteed, removal of
one copy ofGli3 in Shh null mutants rescues many of the ventral defettthé Shh”
spinal cord (Litingtung and Chiang, 2000b; Parklet2000). A similar rescue was also

observed in the limb bud (Litingtung et al., 200Rgmoval ofGli3 in Shh” mutants and
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Smo” mutantslargely restores the ventral telencephalic patterning, iomirig thatGli3

and Shh antagonize each others effects in patterning émtral telencephalon (Rallu et
al., 2002). This result also shows that a mechamisnking in parallel taShh could be
important in patterning the ventral telencephalancandidate molecule that mediates
this alternative patterning process could Fi#8 (Gutin et al., 2006; Kuschel et al.,
2003). Howeverfgf8 also is indirectly regulated I8hh throughGli3 repressor form (in
fact Fgf8 is up regulated Bli3 mutants). In this scenario it is probable that eRif8
directly promotes ventral telencephalic fat&h indirectly promotes ventral
telencephalic fate by restricting Gli3R activity.

In both Gli3 andShh mutants the dorsomedial telencephalon fails teebbgv(Chiang et
al., 1996; Grove et al., 1998; Theil et al., 1999B)owever, the dorsomedial
telencephalon is not rescued@hi3 and Shh double mutants, as a dorsal expansion of
severalFgfs, such ud=gf15 andFgf8, persists (Rash and Grove, 2007). These data point
away from an involvement &hh in dorsomedial telencephalic defects suggesting Gl
repressor and Fgf signalling as better candidatgsatterning this region. In addition,
removal ofPax6 from Shh null mutant seems to rescU¢nt8b andBmp4 expression in
the dorsomedial telencephalon, suggesting Pa6 upregulation may be partially

responsible for the dorsomedial phenotyp&hh null mutants (Fuccillo et al., 2006b).
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1.14 Aims of the thesis

The role ofGli3 in the regionalization of the telencephalon islwabwn, thanks to the
use of theGli3 null mutantsXt’. However, defects iXt/Xt’ mutants are too severe to
allow the analysis of later roles @li3 in forebrain development, like the development
of the major axon tracts in the forebrain. In aiddit mutations in th&LI3 gene have
been found in human patients with ACS. These pistiick the corpus callosum and are
severely mentally retarded (Elson et al., 2002)s Bhggests thatl33 may be involved

in the formation of the corpus callosum and po#diytin the formation of other axonal
tracts projecting from or connecting to the cerebaatex. For these reasons | started to
study telencephalic development in B3 hypomorphic mutan®dn. Such an analysis
may also provide additional insights into the patkechanisms of ACS.

The first aim of the work presented here is to yweakthe formation of the major axonal
tracts in the forebrain of thedn/Pdn hypomorphic mutants. Indeed, evaral experiments
revealed, together with the absence of the corpllsstim, several axonal guidance
mistakes of thalamocortical and corticothalamic rexoln the following two parts, |
addressed the possible molecular and cellular nmésing leading to defects in the
Pdn/Pdn thalamococtical and corticothalamic tracts. Talut | investigated the correct
formation of thePdn/Pdn cortex and thalamus from which cortical and thataaxons
originate, respectively. No major defects in theedepment of thé>dn/Pdn cortex and

thalamus were found. In contrast, abnormalitiesewfeund in the formation of some
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ventral telencephalic axon guidance cukesherefore characterized patterning of the
Pdn/Pdn ventral telencephalon, defects in which may explabnormalities in the
formation of these intermediate targets. | couldniify growth and regionalization
defects in thePdn/Pdn LGE. Finally, these patterning defects correlateith an

upregulation of Shh signalling in the ventral telephalon ofPdn mutants.
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Chapter 2: Materials and Methods

2.1 Animals

2.1.1 Animal husbandry

Pdn heterozygous animals were kept on a C3H/He backgreand were interbred.
Heterozygous and wild-type embryos did not showlitpievely different phenotypes
and were indiscriminately used as control embryesghated aBdn/+ unless otherwise
stated. In case of quantitative analyses, wild-tgpePdn/Pdn embryos were compared
to have a more accurate quantification of potegtmibtle defects. For each marker and
each stage, 3-5 different, non-exencephalic embmgye analysed at rostral, medial and
caudal levels of the developing forebra@olli-tau-GFP (Jacobs et al., 2007) amal-
GFP mice (Pratt et al., 2000a) were crossed With heterozygous animals and kept on

a mixed background.

2.1.2 Preparation of embryos

For the isolation of staged embryos, embryonic &y 0.5 was assumed to start at
midday of the day of vaginal plug discovery. On i@y at which embryos were
required, pregnant females were sacrified by cahddslocation and the uteri removed
from the abdomen. Embryos were dissected out of treziduas into cold PBS using
forceps. For retrospective genotyping embryo taigse placed in a separate 1.5 ml tube

for genomic DNA extraction (see 2.2.1). Embryoseviéxed in 4% Paraformaldehyde
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(PFA) for two hours on a tumbler to ensure evemtion. Alternatively, embryonic
tissue was transferred into liquic ldnd stored at -8C until further preparation (e.qg.
RNA isolation).

All mouse experiments were performed in accordamte Home Office guidelines on

animal welfare.

2.1.3 Brain/heads preparation

Whole embryonic heads (until E14.5) or brains weissected away from their skulls
(from E16.5 to PO) and were placed in 4% PFA/PB&might at 4°C and then prepared
according to the requirement of the technique ofiseing.

For vibratome sectioning fixed samples were washed several times in PB& wi
shaking at room temperature and then positionedmioiten 4% low melting
agarose/ddbD and allowed to set on ice. Either 100 um or @260thin sections were
cut coronally using a VT 1000S vibratome (Leica).

For cryostat sectioning fixed samples were washed once in PBS at roomdsahpe

and then placed in a 30% sucrose/PBS solution ayldrat 4°C. The day after, samples
were embedded in OCT (sigma) and then frozen imdiaqitrogen. OCT embedded
heads were sectioned at 15-25 pm using a CM305¢Stet (Leica). Sections were
collected onto Superfrost Plus (VWR Internatiorsdifles and allowed to dry over night
at4°C.

For microtome sectioning fixed samples were washed once in PBS at room

temperature and then placed in 70% ethanol (EtQ@H}@ solution overnight at 4°C.
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Subsequently, samples were embedded in paraffin wamng an automated tissue
processor (Tissue-Tek, VIP, Sakura). Wax embeddads were sectioned coronally in
12.5 um using a microtome (Reichert, Jung 2050ti@es were floated (from a water
bath at 55°C) onto Superfrost Plus (VWR Internalpislides and allowed to dry over

night at 37°C.

2.2 PCR

2.2.1 Mouse genotyping

Mouse ear clips or embryo tails were digested il 10of DirectPCR Lysis Reagent
(Tail) from Viagen containing 20Qug/ml proteinase K at 5& for 2 hours in an
thermomixer (Eppendorf) at 1400 rpm. To heat invaté proteinase K, this solution was
incubated at 8% for 45 minutes. Il of this solution was directly used in PCR
reactions.

All PCR reactions were performed in a total voluofe25 pl containing il 10mM
dNTPs, 5ul 5X Green GoTaq Reaction Buffer (which includes M of MgCh), 0.25

pl GoTaqg DNA polymerase (5 ul) from Promega, 16.0l sterile ddHO, and 0.5l of
each primer at a concentration |18l (Table 2.2).

For Pdn genotyping the thermal cycling conditions were@kws: hot start at 9% for

3 minutes, followed by a 30 cycle reaction with hate denaturing at 9€, 1 minute

annealing at 5%, and 1 minute extension at°?, plus 7 minutes at 72.
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For Golli tau GFP genotyping the PCR conditions were as follows:dtatt at 98C for

3 minutes, followed by a 30 cycle reaction with $6conds denaturing at 92, 30

seconds annealing at ®D, and 30 seconds extension at@2plus 7 minutes at 7€.

This analysis did not allow discrimination betweeitd-type and heterozygous animals

and embryos.

The PCR products were loaded on 2% agarose getaicmy 1X TAE buffer including

SYBR Safe (Invitrogen). After 30 minutes electropss at 110V products were

visualized under ultraviolet light.

Table 2.1 PCR Primers for genotyping

Allele Primer Sequence Band size
bp
Gli3 F5 5-GTTCAAGTTCGTGCATAGCTACCAGGTTCC-3'| 214
PdnR6 5-TGTTTCCCATTGTCCAACCCTACCC-3’
Pdn Pdn Etn 11F 5-TTGAGCCTTGATCAGAGTAACTGTC-3 180
PdnR6 5-TGTTTCCCATTGTCCAACCCTACCC-3’
Golli - | GFP 3119 | 5-GTCGGCCATGATATAGACGTT-3’ 1100
GFP TAU 2070 | 5-GAGAGGTGAATCTGGGAAATC-3’
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Tau-GFP mice and embryos were genotyped by direct observatf the mouse ear
clips and embryonic brains under a fluorescent osicope. All the genotypeGFP
animals and embryos were heterozygous because kgows embryos dies at

gastrulation (MacKay et al., 2005).

2.2.2 Quantitative RT-PCR

Embryonic brain tissue was dissected from the aém@lencephalon of E12:6/+ and
Pdn/Pdn embryos including LGE and MGE. Total RNA was egteal using an
RNAeasy Micro kit (Qiagen, Valencia, CA) according the manufacturer's
instructions. The RNA concentraction was measursthgua NanoDrop (Thermo
Scientific) Using ImProm-1l Reverse Transcriptaggofnega) to generate cDNA, 500
ng of RNA was reverse transcribed with oligo (dB)drimers (Promega, Madison, WI)
according to the manufacturer’s instructions.

To quantify specific gene expression, | used qtetnte RT-PCR (QRT-PCR) on ventral
telencephalic cDNA from wild-type anBdn/Pdn mutants. gqRT-PCR was done using
Qiagen Quantitect SYBR Green PCR Kit as descrilyeithé® manufacturer’s instructions
and a DNA Engine Opticon Continuous Fluorescencée®er (Genetic Research
Instrumentation, Essex, UK). Target cDNA was ndized to the control house
keeping gene glyceraldehyde-3-phosphate-dehydrsge@APDH) (Table 2.2) and
expression levels were calculated from standardesugenerated from a concentration
series of cDNAs isolated from the ventral telenaph of wild-type brains. The PCR

was as follows: hot start at 95 for 15 minutes, followed by a 40-45 cycles raatti
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with 15 seconds denaturing at°@4 30 seconds annealing at°6Q and 30 seconds

extension at 7L.

Table 2.2 gRT-PCR primers.

Gene RefSeq NCBI| Sequence Transcript
region

Glil NM_010296. | For: 5-"GTTATGGAGCAGCCAGAGAG-3 316-505
2 Rev: 5-GAGTTGATGAAAGCCACCAG-3

Ptchl NM_008957. | For: 5-GCATTCTGGCCCTAGCAATA-3’ 3945-4096
2 Rev: 5-CAACAGTCACCGAAGCAGAA-3’

Shh NM_009170. | For: 5-ATTTTGTGAGGCCAAGCAAC-3 2037-2140
2 Rev: 5-CAGGAGCATAGCAGGAGAGG-3

GAPDH | XM_0014767 | For: 5-AGGTTGTCTCCTGCGACTTCA-3 747-891
23.1 Rev: 5-CCAGGAAATGAAGCTTGACAAAG-3’
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2.3 Histology

2.3.1 Cresyl violet staining

Heads were prepared and processed as outlinedtiors2.1.3. Paraffin sections were
de-waxed in xylene with 2 washes of 15 minutes eetd/drated through an alcohol
series in ddRO (100% EtOH, 96% EtOH, 90% EtOH, 70% EtOH, 50% Et@dH,O 1
minute each). Sections were washed in Potassiurfit $60% Potassium Sulfit in
ddHO) for 15 minutes at room temperature, then in MIF2 times for 1 minute.
Sections were immerged in Cresyl violet solutiorb% Cresyl violet in acetate buffer:
245ml HO + 2.5ml 1M sodium acetate + 2.5ml 1M acetic afd)20 minute at room
temperature, then washed 2 times in acetate bigifer minute. Differentiation reaction
was performed to eliminate the excess of Cresyllevidorm the sections in
differentiation solution (ddkD with few drops of glacial acetic acid) for 30-g€conds
and repeated if necessary. Sections were then dahygdhrough an alcohol series (50%
EtOH, 70% EtOH, 90% EtOH, 100% EtOH 1 minute eawid xylene 2 times for 10

minutes) and mounted in DPX.

2.3.2 Immunofluorescence on vibratome sections

Heads were prepared and processed as outlinedciiors€.1.3. 100 um vibratome
sections were blocked using blocking solution (FBS/6 TritonX-100 + 20% sheep
serum) for lhour at room temperature. Primary adiigs diluted (Table 2.3) in

blocking solution were added to the sections areh tstored overnight at room
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temperature. Sections were washed 3 times forihQtes in PBS and then Cy2- and/or

Cy3-conjugated secondary antibodies diluted (T@¢ in blocking solution + 0.2 uM

TOPRO3 were added and stored 2 to 4 hours at reampdrature. The sections were

washed 3 times in PBS for 10 minutes and subselguaoiunted in Mowiol (polyvinyl

alcohol 4-88) (Fluca) plus some crystals of 1,4zdiAcyclo 2.2.2 octane (Dabco) to

avoid bleaching.

Table 2.3 Primary antibodies used in this thesis

Antibody Origin Dilution on | Dilution on | Dilution on | Company
vibratome cryo paraffin
sections sections sections

Neurofilament | Mouse 1:10 1:10 1:3 DSHB

(2H3)

GFP Rabbit 1:1000 1:1000 - ABCAM

Glast Guinea 1:5000 1:5000 - CHEMICON

Pig

Isletl/2 Mouse 1:200 1:100 1:200 DSHB

(39.45)

reelin Mouse - - 1:2000 Provided by And
M. Goffinet

Thrl Rabbit 1:2500 1:2500 1:2500 CHEMICON

Gsh2 Rabbit 1:2000 1:2000 1:2000 Provided by
Kenneth Campbel

Pax6 Mouse 1:200 1:200 1:200 DSHB

Tujl Mouse 1:1000 1:1000 1:500 Sigma

pHH3 Rabbit 1:200 1:200 1:200 Upstrate

BrdU Rat - 1:50 1:50 ABCAM

IdU/BrdU Mouse - 1:50 1:50 BD bioscience
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Table 2.4 Secondary antibodies used in this thesis

Antigen Conjugated Origin Dilution on cryo, Company

with paraffin and

vibratome sections

Rabbit 1gG Alexa647 goat 1:200 Molecular Probes
Mouse IgG Alexa647 goat 1:200 Molecular Probes
Rabbit 1gG Biotin goat 1:400 only on wax DAKO
Mouse 1gG Biotin goat 1:400 only on wax DAKO
Rabbit IgG Cy2 donkey 1:100 Jackson/Dianova
Mouse IgG Cy2 donkey 1:100 Jackson/Dianova
Rabbit 1gG Cy3 donkey 1:100 Jackson/Dianova
Mouse IgG Cy3 donkey 1:100 Jackson/Dianova
Guinea pig 1gG Cy3 donkey 1:100 Jackson/Dianova
Mouse IgM Cy3 donkey 1:100 Jackson/Dianova
Rat IgG Cy3 donkey 1:100 Jackson/Dianova
DIG Alkaline Sheep 1:1000 only for in| Roche

Phosphatase situ hybridization

2.3.3 Immunofluorescence on cryostat-sections

Heads were prepared and processed as outlinecttiors®.1.3. Slides were washed

three times in PBS, incubated with 10% sheep/PB8nsdor 1 hour. Subsequently,

slides were incubated with primary antibodies (€ghB) diluted in 10% sheep serum in

PBS overnight at room temperature. Slides were t@shed 3 times in PBST and the

Cy2- and/or Cy3-conjugated secondary antibodiebléra.4) were applied for 4 h at

room temperature in PBS + 1% sheep serum. Slides washed once in PBS. Sections

were incubated with 0.2 uM TOPRO3 in PBS for 1 tonBiutes. The sections were
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washed 3 to 5 times in PBS and mounted in Mowiolyjgnyl alcohol 4-88) (Fluca)

plus some crystals of 1,4-diazabicyclo 2.2.2 oc{@uabco) to avoid bleaching.

Fluorescence imaging was carried out on a Leica RC®onfocal microscope. Images
were processed and mounted using Photoshop 6.0bé)\dd-or double antibody
staining, to avoid cross-reactivity of secondartiadies, primary antibodies from two

different species were selected.

2.3.4 Imunohistochemistry on wax sections

Heads were prepared and processed as outlinedciiors®.1.3. Sections were de-
waxed with 3 washes in xylene of 7 minute each @ahydrated through an alcohol
series (100% EtOH 2 times for 2 minutes and théx #OH, 90% EtOH, 70% EtOH,
50% EtOH, ddHO 1 minute each). Sections were microwaved for 19 im 10mM
sodium citrate buffer (pH 6). Subsequently, endogsmeroxidase activity was blocked
using 3% hydrogen peroxide in methanol.

Sections were encircled with an ImmEdge fat penc{delaboratories), incubated in
blocking buffer (20% sheep serum in PBS) for 1 hanad followed by incubation with
primary antibody (Table 2.3) diluted in blockingftam at room temperature overnight.
Slides were washed 3 times in PBS and were tharbated in secondary biotinylated
antibody (Table 2.4) diluted in 1% sheep serumBSRor 1 to 4 hours, followed by
Avidin and Biotinylated horseradish peroxidase mawlecular Complex (ABC)
(Vector Laboratories) for 30 minutes. Slides wegashed 3 times in PBS and were then

stained with 3, 3’-diaminobenzidine (DAB) (SigmasE&AB tablets) (Sigma). The
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reaction was stopped in,8. Sections were dehydrated through an alcohots€50%
EtOH, 70% EtOH, 90% EtOH, 100% EtOH 1 minute eaufd xylene 2 times for 10

minutes) and mounted in DPX.

2.3.5 In situ hybridization on wax sections

2.3.5.1 Generation of DIG-labelled riboprobes

DIG-labelled antisense RNA riboprobes were gendratefollows; 1 pl of 1 pg/ul of
the linearized plasmid was mixed with 1 pl 10x seiption buffer (Roche, Germany),
1ul DIG RNA Labelling Mix (Roche, Germany), 0.25 RNAsin (40 U/ ul) (Promega)
and 1 pl of either T3, T7, or Sp6 (20 U/ul) polyame (Roche) to a final volume of 10
pl. The reaction mix was incubated for 4 hourevernight at 37°C.

RNA riboprobes were precipitated over night at Q@fsing 5 pl 20M NBAc and 40ul
100% EtOH. The precipitation mixes were centriflige 13200 rpm for 30 minutes at
4°C and the supernatant discarded. The RNA rib@wqiellets were then washed in
100 pl of 70% EtOH and centrifuged at 13,000 rpm Tfominute, the supernatant
discarded, and the RNA riboprobes were re-suspeimae2bpl of Solution | (50%

formamide/2x SSC, pH 4.5) and stored at -20°C éoesal months.
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Table 2.5 In situ hybridization probes used in thighesis

Gene RNA Linearization Plasmid reference Brain regions marked
polymerase
Gli3 T7 Notl T. Theil lab Telencephalic
ventricular zone
(vz)
Gbx2 T7 HindllI (Wassarman et al., Thalamus mantle
1997) zone (mz)
Ngn2 T7 BamHI (Gradwohl et al., 1996) Thalamic and
dorsal-
telencephalic vz +
thalamus mz
Lhx2 SP6 Sall EST2101448 telencephalic vz
thalamus mz
Emx2 T7 EcoRI (Simeone et al., 1992) dorsal-
telencephalic vz
DIx2 T3 HindllI (Bulfone et al., 1993) Ventral
telencephalon
Ebfl SP6 Xhol (Lopez-Bendito et al., | LGE mz
2006)
Nkx2.1 T3 BamHI (Lazzaro et al., 1991) MGE
Nor IG T7 Notl (Lopez-Bendito et al., | Dorsal-
2006) telencephalic vz
Ror-8 T3 Xhol (Hevner et al., 2003) Cortex, layer IV
Cux2 T3 Notl (Zimmer et al., 2004) Cortex, layers IV
/11
Sx3 T7 Xbal (Oliver et al., 1995) Ventral
telencephalic vz +
lateral cortical
stream
Dbx1 T3 EcoRI (Yun et al., 2001) Ventral pallium
Nkx6.2 T7 BamHI (Flames et al., 2007) Ventricular zone
between LGE and
MGE
Gshl SP6 EcoRl (Valerius et al., 1995) MGE vz
Shh T3 HindllI (Echelard et al., 1993) MGE mz
Glil T7 HindllI (Hui et al., 1994) vz between LGE
and MGE
Ptcl SP6 Sphl (Goodrich et al., 1996 MGE vz
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2.3.5.2 In situ Hybridisation

Heads were prepared and processed as outlinedtiors.1.3. Sections were de-waxed
with 3 washes in xylene of 7 minute each and redigdr through an alcohol series in
ddH,O (50% xylene/50% EtOH 2 times for 2 minutes, 108®H 2 times for 2
minutes and 96% EtOH, 90% EtOH, 70% EtOH, 50% EtQHninute each), then
washed twice in PBS for 5 minutes. Slides were thited in 20pg/ml Proteinase
K/PBS for 5 minutes at 37°C. To inactivate Progsim K, slides were placed in 0.2%
glycine/PBS for 5 minutes and washed for 5 mind&dsmes in PBS. Sections were
post-fixed in 4% PFA/PBS + 0.2% GluteraldehydeZ®rminutes and again washed for
5 minutes twice in PBS. Sections were encirclechveih ImmEdge fat pen (Vector
laboratories) and pre-hybridizaded with 50-8@ hybridization buffer (50%
formamide/2x SSC, pH 4.5 supplemented with fidd®oehringer Block, 1Qd 0,5M
EDTA, 100ul 10% Tween20, 100l CHAPS, 20@l 50mg/ml tRNA, and 41 50mg/mi
heparin) for 2 hours at 70°C in a humidified chambentaining 50% formamide in
ddHO. RNA riboprobes (Table2.5) were diluted in hyiration buffer, denatured for
5 minutes at 95°C and then placed on ice for 1 tainbefore adding onto the sections
(5 to 7.5ul per brain section). Sections were then hybrdlize the same humidified
chamber overnight at 70°C.

Post-hybridization washes consisted of 2 incubati®olution | (50% formamide/5x

SSC, pH 4.5) for 15 minute at 65°C, and washednigiin PBS + 0.1% Tween20
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(PBT) at room temperature for 10 minutes each. ti@ec were incubated for 1 hr in
20ug/ml Boehringer Block in PBT/10% sheep serum (BeR)oat room temperature and
then incubated in anti-digoxigenin-antibody (TaBlé) diluited in B-Block at 37°C for
2 hours. Slides were washed 3 times for 5 minetBBT and once for 10 minutes in
NTM (100 mM NaCl, 100 mM Tris-HCI pH 9.5, 50 mM Mg at room temperature.
For the detection of the DIG-labelled RNA’s NBT/BTktock solution (Roche) was
diluted 1/50 in NTM and sections were incubatedhwilis staining solution until
adequate colour development was observed. Theaurcoéaction was stopped using
several washes in PBS, and slides were mountedjuatex mounting agent (Merck)

before imaging.

2.3.6 BrdU and IdU-labelling of S-phase nuclei focell cycle kinetic analysis

For IdU and BrdU double labelling, pregnant femalese intraperitonally injected with
200ul of 1dU solution (10Qug/ml in 0.9% NaCl), and after 1.5 hours later wa0ul of
BrdU solution (100pug/ml in 0.9% NaCl). Females were sacrificed 30 rtenu

subsequently to the second injection.

2.3.7 Enumeration of BrdU- and IdU-labelled nucleffor cell cycle kinetic analysis
Evenly spaced sections throughout antero-postedionension of the embryonic
telencephalon were immunofluorescently stained 2s@el) and imaged with a confocal
microscope. For each section images were acquiréarée channels (appearing red for

BrdU labelling, green for BrdU + IdU labelling, atdue for TOPRO-3 staining in all
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the figures) as separated files. These images therestaked with Photoshop software

and used for the enumeration of the labelled eslldescribed in Chapter 5.

2.3.8 Statistical analyses and graph plotting
Data were statistically analysed and graph plowét the two computer applications

Excel (Microsoft) and SPSS (SPSS software).

2.4 Microscopy

2.4.1 Light microscopy
Slides were viewed using a Leica DMLB upright commpd microscope (Leica,
Nussloch, Germany). Images were taken using aoheitbleica DSC480 digital camera

and the images processed using Leica IM50 imageagement software.

2.4.2 Fluorescence microscopy

Fluorescent staining was observed using a Leica BMgmpound microscope
associated with the Leica TCS NT Confocal systeimgukeica “Lite” software to take
images. Alternatively, fluorescent staining wasmed using epifluorescence on a Leica
DMLB upright compound microscope with a TRITC filtémages were taken using an
attached Leica DSC480 digital camera and the imggesessed using Leica IM50
image management software. Dil=red, DiA=green, TOBRblue, Cy2=green,

Cy3=red, Alexa-fluor 647=red.
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2.5 Axon tracing with Dil and/or DIA

Different methods were used to label the thalanmtamadrand corticothalamic tracts,
depending on whether the crystals were injecteal il dorsal thalamus or the cortex.
Heads were fixed as described in section 2.1.3-digttadecyl-3,3,3’,3'-tetramethyl-
indocarbocyanine perchlorate (Dil) crystals andde(4-dihexadecylamino)styryl-N-
methylpyridinium iodide (DiA) crystals were placedlocations that would contact and
label axons.

For cortical injections, single crystals of theolghilic tracer Dil were injected into the
cortex of whole brains left intact at three or fasymmetrical positions along the
rostrocaudal extent of the cortex. For Dil/DiA dtaitabelling only two crystals were
injected into each cerebral hemisphere: one ofrida the caudal cortex and one of DIA
into the medial cortex.

For thalamic injections, caudal parts of the braiwese removed with a coronal cut to
expose the caudal surface of the dorsal thalamjestions of single crystals were made
at one to three positions along the dorsoventredrgof the dorsal thalamus, depending
of the size of the brain.

For callosal axons labelling, rostral parts of tinains were removed with a coronal cut
to expose the cortical laminae, crystals were fgéajected into the coronally sectioned
cortex, above the ventricular zone.

All injections were made by picking up single Drlystals with pulled glass capillaries
and lancing the tissue at each desired locatiatepmsit the crystal. Dyes were allowed

to diffuse at room temperature for 4 (for E12.5itsato 8 (for E14.5 to PO brains)
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weeks in 4% PFA in PBS at room temperature foricalrand thalamic injections or for

8 days at 37C for labelling of callosal axons. After Dil and/@iA diffusion, heads
were placed in 4% agarose and 10® thin sections were cut at the VT 1000S
vibratome (Leica). Sections were cleared in 1ytegjlol:PBS solution overnight at@,

and then further cleared in 9:1 glycerol:PBS solutcontaining the nuclear counter-
stain TOPRO3 (0.2 uM) overnight atG Subsequently, sections were mounted in 9:1
glycerol:PBS solution on glass slides and sealed mail polish. Allowed to dry O/N at

RT and stored at°€.

2.6 Organotypic co-cultures

E13.5 embryonic brains were dissected and were edbsim Krebs solution
(supplemented with 0.5ml Hepes, 0.5ml Pen-StrefmbDGentamicin) in a Petri dish at
4°C before positioning them in molten (at 43°C) 48« melting agarose/PBS (Sea
Plague Agarose) (Lonza) and allowed to set on 38um thin sections were cut
coronally using a VT 1000S vibratome (Leika). Brasfices were cultured on
polycarbonate culture membranequf8 pore size; Corning Costar) in organ tissue
dishes (BD Bioscience, Falcon Organ culture dishes)taining 1 ml of medium
(Neurobasal/B-27 supplemented with 0.5% Glucosepl 1Ben-Strep and 10
Glutamine) (Gibco). Explants were removed from datigsue with the use of surgical
knifes,and transplanted on recipient slices directly olygarbonate culture membranes.

Slices were cultured for 72 hours, fixed with 4%APE hours at 4°C, vibratome
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sectioned (80 um) using the VT 1000S vibratomek@eand processed for anti-GFP

immunofluorescence as described in section 2.3.2.
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Table 2.6 Common solutions used in this thesis

Solution

Preparation

10x PBS(pH7.4)

A 2-liter stock can be prepared by diss@\160 g NaCl, 4
g KClI, 28.8 g NaHPO, and 5.4 g KHPQ, in distilled water
and topping up to 2 liter. The pH is ~6.8, but whldated to
1x PBS it should change to 7.4. Check pH of 1xtsmiu
before using.

4% PFA

Pour 100ml of 1x PBS into a conical flask contagny of
paraformaldehyde. Place flask on top of the hotpdtitrer
inside the fume cupboard and set the heat comtiaighest
temperature with moderate stirring. Allow the PIeA t
dissolve. When cooled, transfer the PFA solutioa®o
(store 1 week) or to -20°C (store several months).

50% TAE (pH7.6-7.8)

A 1-liter stock can be prepared by dissolving 248g,
100mL of 0.5M EDTA pH 8.0, 57.1ml Glacial Acetic iic
and enough water to dissolve solids. pH can bestetj
with 1M HCl to 7.6-7.8, then top up to 1 liter.

Mowiol

Pour 20ml of 1x PBS into a conical flask containtiggof
Mowiol and stir overnight at room temperature. Tlaed
10ml of Glycerol and stir overnight at room tempere.
Centrifuge Mowiol solution for 15 minute at 120Qéhr and
aliquot supernatant in 2 ml Eppendorf tubes anezizeat -
20°C (store several months).

20x SSC(pH4.5)

A 1-liter stock can be prepared by dissolving i@®0 of
distilled water 175.3g of NaCl and 88.29g of sodicitrate.
pH can be adjusted with 1M Citric acid to 4.5 thep up
to 1 liter.

10x Krebs

A 1-liter stock can be prepared by dissolving 7N&gI,
1.87g KCI, 1.66dNaHPO: (monobasic), 2.44g Mg&l3.68g,
then top up to 1 liter. Sterilize by autoclavingoi®@ 1 month
at 4°C.
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Chapter 3. Axon guidance defects in the forebrain fo Pdn

mutants

3.1 Introduction

Despite the well-known role @li3 in the regionalization of the telencephalon, iha
fully known whetherGli3 may also play a role in later aspects of brainetgment
including the formation of axonal connections. Hoere the defects ixXt/Xt’ mutant
are too severe to allow such an analysis.

For this reason, | have started analyzing the génmworphology and axonal tract
formation in the forebrain of théli3 hypomorphic mutant moudeolydactyly Nagoja
(Pdn) (Hayasaka et al., 1980). The general morphodogyregionalization processes in
Pdn/Pdn mutant brains are not as severely affected a&’ixt’ mutant brains (Kuschel
et al., 2003; Naruse et al., 1990). Therefétdn/Pdn mutants allow the study of later
aspects of forebrain development, like the forrmabbthe major axonal tracts. Previous
studies have already revealed the absence of ttpuscallosum in these mutants
(Naruse et al., 1990). However, it is completelknown whetherGli3 is involved in
the development of other axonal tracts within trelbrain.

In this chapter strong evidence is provided foroke rof Gli3 in the development of
commissural, corticothalamic and thalamocorticalreat connections. First, the general

brain morphology oPdn/Pdn newborn (P0) brains was revealed with the usaesyt
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violet staining. Secondly, investigation of thevel®epmental timing and trajectories of
the major axonal tracts iRdn/Pdn brains was carried out with the use of neurofilame
(NF) immunostaining and Dil axonal tracing techmguFinally, the development of the
corticothalamic tract was analyzed with the usésofii tau-green fluorescent protein
(tau-GFP) transgenic mice, which express tau-GFP proteithiwiearly projecting
cortical neurons and their axons (Jacobs et al.7R0

These experiments reported agenesis of the cogdlesem, as well as of the anterior
commissure and the hippocampal commissure at Isteges ofPdn/Pdn brain
development.

Moreover, these analyses showed that although Rth&@Pdn cortex forms early
projecting neurons and their axons at E14.5, dutirgyfirst steps of corticothalamic
tract formation some cortical axons do not penettae lateral ganglionic eminence
(LGE) and instead run along the pallial-subpalliabundary (PSPB). Later in
development, a thick bundle &dn/Pdn PO cortical axons is still observed to project
along the PSPB in the direction of the amygdal@gion. In addition, som@dn/Pdn
cortical axons eventually enter the ventral telphedon navigating until the
diencephalic-telencephalic boundary (DTB) and reeghhalamic regions. However,
once in the ventral telencephalon these other apoogct through several abnormal
routes within the striatal region and ventral te thternal capsule.

In addition, at E14.5, rostrallygdn/Pdn thalamic axons also deviate from their normal
trajectory along their path within the medial gaogic eminence (MGE) and do not
reach the developing cortex yet. Caudally, an ectayon tract projects ventrally within

the ventral telencephalon not entering the inteoagdsule at all. At PO, thedn/Pdn
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thalamocortical tract displays several guidance takes within the ventral

telencephalon. A thick axon bundle is still obserte project ventrally in more caudal
regions. Also several axons diverge from the irgkrwapsule describing abnormal
trajectories. However, in newborPdn/Pdn brains it is possible to observe a partial
recovery of these axon tracts abnormalities regylin the appropriate connections

between differenPdn/Pdn cortical and thalamic areas.

3.2 Cresyl violet and NF stainings reveal defects ithe major axonal

tracts in newborn Pdn/Pdn mutant brains

Investigations into the general anatomy of PO wijee andPdn/Pdn brains were carried
out with the use of cresyl violet and neurofilametatining (Fig. 3.1). Cresyl violet is a
cationic dye that binds to negatively charged madks; such as DNA and RNA on
ribosomes in the cytoplasm. On brain sections traslet staining reveals general brain
morphology by labelling cell bodies and showingirtldistribution within the tissue.
With this method it is also possible to reveal radily the major fibre tracts, which will
remain pale due to the low cell body density witthiese structures.

Based on the observations that the gross anatommogbhology ofPdn/+ brains is
identical to wild type brains, in the following eximents both genotypes were used as

controls, unless specifically stated otherwise.
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Figure 3.1.

Cresyl violet staining showing the structures of te PO wild type (A-J) andPdn/Pdn
(K-T) brain. B, D, F, H, J are higher magnifications of A, C,& |, respectively; L, N,
P, R, T are higher magnifications of K, M, O, Qr&pectively. From A and B to | and
Jand from K and L to S and T are serial sectiogarmized form rostral to caudal (see
also figures 1.1)Pdn/+ brain coronal sections show a thick cerebral gotemprised

of layers of densely organized cell bodies, lying @axon fibres running within the
intermediate zone (A to J). In more rostral seditite corpus callosum is crossing the
midline connecting the two cerebral hemisphere®JAn medial sections it is possible
to observe the choroid plexus, the anterior comumesand the hippocampal commissure
(C, D). Caudal sections show the hippocampus (Evilhy the different hippocampal
fields CAl1, CA2, CA3 and the dentate gyrus (H,Qaudal sections also reveal the
internal capsule and the striatum (ERJn/Pdn mutant coronal sections reveal a general
disorganization of brain morphology (K-T). The dma cortex appears thinner,
particularly in more caudal sections, while theetat ventricles are enlarged (O-T).
However, the dense cell body layers lying on th&erinediate zone can still be
discriminated (O-T). In medial regions the chor@igxus appears hypertrophic and
dysmorphic (O-T). The hippocampal and the antecmmmissure are missing (K-P).
The hippocampal architecture is disrupted (O-T) Tarpus callosum is also absent and
cortical fibres never cross the midline (K-P), bustead form large Probst bundles
(arrowheads in N, P). The internal capsule is amadly broad and the striatum
disorganized containing thick fibre bundles (Q, RJjth a prominent bundle also
running along the PSPB (arrowhead in R) (n=4) &balr in A 250um; applays to C,
E,G LK M,O,Q,S) (Scale bar in B 2pfh; applaysto D, F, H, J, N, L, P, R, T).
Abbreviations: CC, corpus callosum; Ctx, cortex;, iateral ventricol; iz, intermediate
zona; Cp, choroid plexus; AC, anterior commissilD@; dorsal thalamus; ic, internal
capsule; hip, hippocampus; Str, striatum; HC, hgamopal commissure; DG, dentate

gyrus; Pb, probst bundle.
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Observations of cresyl violet stained coronal sedtiofPdn/+ brains show the general
anatomy at PO (Fig. 3.1; A-L). It is possible toselve a thick cerebral cortex,
comprised of layers of densely organized cell b&diging on axon fibres running
within the intermediate zone (Fig. 3.1; A-F). In maorostral sections the corpus
callosum is crossing the midline connecting the tecebral hemispheres (Fig. 3.1; A-
D). The ventricles are quite tight and the striaggion bulges out. In mid-rostrocaudal
sections it is also possible to observe the choptestus, the anterior commissure and
the hippocampal commissure (Fig. 3.1; C, D). Fipalh more caudal sections the
hippocampus is clearly visible lying between thaldimus and the cortex (Fig. 3.1; G-
L). The different hippocampal fields CA1, CA2, CABd the dentate gyrus are already
formed inPdn/+ newborn mouse brains (Fig. 3.1; L). At caudaklsvt is also possible
to observe quite clearly the internal capsule &edstriatum (Fig. 1; E-L). Overall, from
rostral to caudal, the midline invagination hasetakplace and the two cerebral
hemispheres are tightly fused in the dorso-med@¢tmegions of the cerebral cortex.

In POPdn/Pdn mutant mouse brains, cresyl violet staining rex@al disorganization of
brain morphology (Fig. 3.1; M-V). Th@dn/Pdn cerebral cortex appears thinner, in
particular in more caudal sections, (Fig. 3.1; Saxyl the lateral ventricles are enlarged
(Fig. 3.1; M-R). The dense cell body layers lymg the intermediate zone can still be
discriminated (Fig. 3.1; M-T). In mid-rostrocaudabions the choroid plexus appeared
hypertrophic and dysmorphic (Fig. 3.1; Q-T). Moregvthe hippocampal and the
anterior commissure are missing. Finally, the hggpopal architecture looks abnormal,

although the hippocampal fields start to form amel dentate gyrus is present (Fig. 3.1;
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V). In addition, the corpus callosum is absent emdical fibres never cross the midline
(Fig. 3.1; M-P), but instead form large Probst Hesdt the midline particularly evident
in mid-rostrocaudal and caudal sections (Fig. ®1R). Probst bundles are axonal
bundles longitudinally orientated that indent densedial regions of the cortex, often
observed when the corpus callosum is absent (Babt684).

This analysis also revealed an abnormally broadrmal capsule and a disorganized
striatum containing thick fibre bundles. A promibdmundle also runs along the PSPB
(Fig. 3.1; S-T). All these general abnormalitieg @ccompanied by midline fusion
defects.

Overall cresyl violet staining revealed an abnormmadrphology of Pdn/Pdn mutant
brains, particularly in the formation of the magon tracts. Therefore, further analyses
were focused on the investigation on these axamal tefects. NF immuno-staining
was performed on PRdn/+ andPdn/Pdn brains (Fig. 3.2). The NF antibody exclusively
labels axons revealing their organization withie tissue. This method provides the
advantage of directly staining the axonal tractsictv were only indirectly revealed with

cresyl violet.
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Figure 3.2.

Neurofilament staining showing the major axonal trats of the PO wild type (A-H)
and Pdn/Pdn (I-P) brain. B, D, F, H are higher magnifications of A, C, E, G
respectively; J, L, N, P are higher magnificatiofs, K, M, O respectively. From A and
B to G and H and from | and J to O and P are sedetions organized form rostral to
caudal.

Pdn/+ coronal brain sections show the presence axonsmwetich side of the cerebral
cortex that project medially to form the corpusasim (A-D) and laterally to form the
thalamocortical and corticothalamic tracts (C-Fpalbmocortical and corticothalamic
axons run within the ventral telencephalon loos@iganized within the striatum, but
more densely packed within the internal capsulé-YOn medial sections, it is possible
to observe corticothalamic and thalamocortical axaraking a second sharp turn at the
DTB, entering the diencephalon (C-F). Rostral anddia sections also show the
presence of the anterior commissure, the fimbrzhthe hippocampal commissure (A-
F).

Pdn/Pdn mutant coronal brain sections reveal agenesiq@fcorpus callusum (I-N).
Cortical axons are running within the intermediab@e of thePdn/Pdn cerebral cortex
in the direction of the midline, but do not projéethe contralateral side (J, L), resulting
in Probst bundles in more caudal sections (arrodéea L). The anterior and the
hippocampal commissures are also missing (I-P)ti€halamic and thalamocortical
connections are present (I-P). However, fewer axasasunning within the striatum (K-
N), and a thick axon bundle runs along the PSPBWdread in N). The internal capsule
is abnormally broad and the striatum appears disorgd, with axons running in
several abnormal directions (arrowheads in P). (iiSbale bar in A 25Qm; applays to
C,E G, I, K M, O) (Scale bar in B 2%0n; applaysto D, F, H, J, N, L, P)
Abbreviations: opt, optic tract; PFP, perforatiraghway.

96



Coronal sections oPdn/+ brains immunostained for NF revealed the majornako
tracts at PO (Fig. 3.2; A-H). In rostral sectioagpns within each side of the cerebral
cortex project within the intermediate zone in theection of the dorsal midline and
pass over to the contralateral side via the cogali®esum (Fig. 3.2; A-D). The same
sections also show the presence of the anteriormissare, the fimbria and the
hippocampal commissure (Fig. 3.2; A-F). Laterally mid-rostrocaudal to caudal
sections axons are running within the intermedisdae and projecting through the
striatum making a sharp turn from the dorsal tovinatral telencephalon (Fig. 3.2; C-F).
Thalamocortical and corticothalamic axons are mgnvithin the ventral telencephalon
loosely organized within the striatum, but more sy packed within the internal
capsule (Fig. 3.2; C-F). In mid-rostrocaudal sewjoit is possible to observe
corticothalamic and thalamocortical axons makingeaond sharp turn at the DTB,
entering the diencephalon (Fig. 3.2; C-F).

NF immunohistochemical analyses of P@n/Pdn mutant brains reveal agenesis of the
corpus callusum, as shown by cresyl violet stair(ifig. 3.2; 1-P). Cortical axons are
running within the intermediate zone of tRdn/Pdn cerebral cortex in the direction of
the midline, but do not project to the contralateside (Fig. 3.2; L, N), resulting in
Probst bundles in more caudal sections (Fig. 3)2; N

In addition to callosal defects, NF immunostainggpws the absence of the anterior and
the hippocampal commissures, which were never lde&lithin thePdn/Pdn PO brains

in accordance with cresyl violet staining (Fig.;3-P).
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Interestingly, NF staining also revealed defects Fdn/Pdn corticothalamic and
thalamocortical connections. Although these tragtpeared to be present, there are
fewer axons within the striatum making a sharp fuom the cortical intermediate zone
towards the ventral telencephalon (Fig. 3.2; I, ®AP); moreover a thick axon bundle
runs along the PSPB (Fig. 3.2; P). The internalsalpis abnormally broad and the
striatum appears disorganized with axons runningeiveral abnormal directions (Fig.
3.2; T). However, the dorsal thalamus shows aivelgt normal innervation pattern
(Fig. 3.2; R).

Taken together, these analyses revealed severahlagonnection abnormalities within
the newborn (PO) brains dPdn/Pdn mutant animals. In particular, commissural
connections comprising the corpus callosum, theerammt and the hippocampal
commissure are absent. The connections betweercdttex and the thalamus also
appear severely impaired at the internal capsute vaithin the striatal region, with

ectopic axon bundles running along the PSPB.

3.3 Dil injections in newborn brains show absence fothe corpus
callosum and guidance mistakes in thalamocorticalral corticothalamic

tracts of Pdn/Pdn mutants

Although NF and cresyl violet stainings revealeel gleneral morphology and the pattern
of the major axon tracts within the brain, thes¢hods do not allow investigation of the

trajectory of isolated axon tracts. Further invgstions were aimed to reveal the
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trajectory defects observed in the corpus callossnwell as the thalamocortical and
corticothalamic tracts. To characterize abnornedinf these axon tracts Dil injections
were performed within the cortex and thalamud$df/+ andPdn/Pdn PO brains (Fig.
3.3). Dil is a lipophilic and fluorescent dye, whidiffuses along the cellular membranes
of cells including their axonal processes. Injecdted a specific part of the brain, the Dil
stains the cellular membrane of the neurons arfdsgi§ along the axons showing their

trajectory in the brain.

Dil injections within thePdn/+ cerebral cortex revealed the corpus callosum of PO
coronal brain sections (Fig. 3.3; A-B). Dil injedtento one of the cerebral hemispheres
diffuses along callosal axons until the contraktbemisphere, showing that in newborn
brains callosal axons have formed and already dtessdorsal midline, where they
strongly fasciculate forming one of the largestraddract within the brain (Fig. 3.3; A-
B).

Dil injections in Pdn/Pdn brains show the absence of the corpus callogean/Pdn
cortical axons normally project towards the midibat they are unable to cross it and
remain ipsilateral (Fig. 3.3; C-F). Insteaddn/Pdn callosal axons project caudally
within dorso-medial regions of the cerebral cortéorming Probst bundles already

visible with NF and cresyl violet staining (Fig33E-F).
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Figure 3.3.

Dil injections showing medially projecting callosal axons in Pdn/+ (A-B) and
Pdn/Pdn (C-F) PO brains A, C and E coronal brain sections are contrastiwigh TO-
PRO. B, D and F display only Dil labelled axonshasiit contrastaining. C, D and E, F
are serial sections organized form rostral to chuidwas injected in the dorso-rostral
cortex (asterisk in A) of th&dn/+ brain revealing the corpus callosum (A-B). Dil
injections in Pdn/Pdn brains show the absence of the corpus callosur®)(@il
injected in thePdn/Pdn dorso-rostral cortex (asterisk in C) reveals ttatical axons
normally project towards the midline, but they ameable to cross it and remain
ipsilateral (C-D). In additionPdn/Pdn callosal axons project caudally within dorso-

medial regions of the cerebral cortex, forming RBtdiundles (arrowheads in E and F).

(n=4) (Scale bar in A 20am; applays to all pannels).
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In newborn Pdn/+ brains thalamocortical and corticothalamic axorveh entirely
completed their journey to their final targets. @@ axons have navigated until the
dorsal thalamus; they have passed over the PSPBignalsharp turn to enter the striatal
region, channelled through the internal capsulssga over the DTB making a second
change of direction, and eventually navigated ihi® dorsal thalamus. Also thalamic
axons, from opposite directions, have covered #mesdistances with several changes
of directions, and reached their final target arethe developing cortex (reviewed in
(Lopez-Bendito and Molnar, 2003). Therefore, in P@n/+ brains, cortical Dil
injections anterogradely label the corticothalantact and retrogradely label the
thalamocortical tract (Fig. 3.4; A), while dorsatamic injections anterogradely label
the thalamocortical tract and retrogradely label ¢brticothalamic tract (Fig. 3.4; B-C).
Coronal sections dPdn/+ PO brains reveal labelling of both the entire icothalamic
and thalamocortical tracts, nicely showing paratkejanized fibres within the striatum
and highly fasciculated axons within the interrgbsule (Fig. 3.4; A-C). However with
this method is not possible to discriminate betwenatamocortical and corticothalamic
tracts.

Coronal section of cortical and thalamic Dil inegtPOPdn/Pdn mutant brains reveal
several abnormalities (Fig. 3.4; D-F). Although Dijected in the cortex diffuses into
the dorsal thalamus, showing that sofae/Pdn cortical and thalamic axons undertake
the normal route within the ventral telencephalonilithe diencephalon, fewer axons

are labelled within the striatum, the internal edpsand the diencephalon (Fig. 3.4; D).
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Figure 3.4.

Dil labelling of thalamocortical and corticothalamic tracts in PO Pdn/+ (A-C) and
Pdn/Pdn brains (D-F). B, E and C, F are serial sections organized frostral to
caudal.

Dil is injected in the lateral cortex (asterisk &) of the Pdn/+ brains reveals
thalamocortical and corticothalamic axons over RSB making a sharp turn between
the striatal region and cortex, channelling throubh internal capsule and making
another sharp turn at the DTB between the theldradep and diencephalon (A). Dil is
injected in thePdn/+ dorsal thalamus (asterisk in C) reveals paralighnized cortical
and thalamic fibres within the striatum and theticat intermediate zone (B, C) and
highly fasciculated axons within the internal cdpqC).

Dil injected in the lateral cortex (asterisk in Bf) the Pdn/Pdn brains reveals several
axonal abnormalities (D). Although Dil injected tine cortex diffuses into the dorsal
thalamus, fewer axons than FPdn/+ are labelled within the striatum, the internal
capsule and the diencephalon (D). Most of Rde/Pdn Dil labelled axons ectopically
runs along the PSPB (arrowhead D). Dil injectedthe Pdn/Pdn dorsal thalamus
(asterisk in F) reveals several axonal abnormalifieF). Dil diffuses along the axons
from the dorsal thalamus through the DTB to thetrarielencephalon and the striatum
(E-F). However, a number of axons leave the intecagsule and project ventrally
bifurcating in thick fascicles along the tractsjpoting directly toward the PSPB rather
than dorsally toward the cortex (arrowheads inz¥éysal thalamic injections also reveal
an ectopic bundle running along the PSPB (E). Imentaudal sections, a thick bundle
of axons projects ventrally growing through thebgle pallidus in the direction of the
amygdala (white arrow in F). Finally, very littleiiDabeled axon fibres are present in
the dorsal most region of the cortex; this defeehore severe caudally (yellow arrow in

F). (n=6) (Scale bar in A 20@m; applays to all pannels).
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Unlike in Pdn/+ sections, most of thiedn/Pdn Dil labelled axons do not turn within the
striatal region and a thick axon bundle runs aliwegPSPB (Fig. 3.4; D).

In Pdn/Pdn PO mutant brains, the Dil injected into the thalanalso reveals dramatic
axon guidance mistakes (Fig. 3.4; E-F). The dyrisifs along the axons from the dorsal
thalamus through the DTB reaching the ventral mdphalon. In rostral sections, axons
channel through the internal capsule (Fig. 3.4;bk}, once axons penetrate the ventral
telencephalon, Dil labelling reveals several bifttians. A number of axons leave the
internal capsule and project ventrally bifurcatinghick fascicles along the tracts. More
dorsally within the striatum several axons projéicectly toward the PSPB rather than
dorsally toward the cortex (Fig. 3.4; F). Dorsall#mic injections also reveal an ectopic
bundle running along the PSPB (Fig. 3.4; E). Inencaiudal sections, a thick bundle of
axons projects ventrally growing through the glolpadlidus in the direction of the
amygdala, never channelling through the interngsoke (Fig. 3.4; F). Finally, very
little Dil labels axon fibres in the dorsal mosgien of the cortex; this defect is even
more severe caudally, where only few labelled axaesdetected behind the PSPB (Fig.

3.4; F).

Cortex and thalamus innervate each other in a ggdone-dependent and stereotypical
pattern. During development, different corticalearénnervate different thalamic nuclei.
For instance, cortical axons located in the caadetkx (the visual cortex) connect with
neurons located in a dorso-lateral area within dioesal thalamus, the geninculate

nucleus (dLGN). More rostral regions within the tear (the somatosensory cortex)
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connect with a more ventro-medial neuronal areaiwithe dorsal thalamus, the ventral
basal nucleus (VB) (reviewed in (Lopez-Bendito &molnar, 2003; Price et al., 2006).
Injections of the differently coloured fluorescatytes Dil and DiA, which fluoresce red
and green respectively, into the putative visual aomatosensory cortex, aimed to
clarify whether the abnormalities in the axonalmections between cortex and thalamus
in Pdn/Pdn mutant brains are the result of a subset of @rand thalamic neurons
being unable to connect with each other.

By injecting small crystals of Dil and DiA into di&rent regions of th@dn/+ PO cortex,

it was possible to trace putative cortico-visuabm@s connecting with the dLGN and
putative somatosensory axons connecting with theoiBhe same brain section (Fig.
3.5; A-D). Dil injected in thePdn/+ putative visual cortex revealed axons connecting
within the dLGN (Fig. 3.5; A, C-D), and DiA injedein the Pdn/+ putative
somatosensory cortex labels axons connecting witienVB (Fig. 3.5; B, C-D). The
same experiment performed Bdn/Pdn mutant brains shows that the different cortical
areas connect with the appropriate target aredsnadiorsal-thalamic regions (Fig. 3.5;
E-H). However, a difference is found in the sizeha labelled thalamic nucld?dn/Pdn
brains display a reduction in the size of labetiegions within the thalamus (Fig. 3.5; E-
H). Specifically, the VB and the dLGN labelled byADand Dil, respectively, show
fewer axons connecting cortex and thalamus irP&@Pdn brains, when compared to
POPdn/+ brains (Fig. 3.5; D, H). In addition, tiReIn/Pdn dLGN was particularly small
in comparison to th&dn/+ dLGN (Fig. 3.5; D, F) This result was in accordance with
previous analyses that revealed corticothalamic taathmocortical guidance mistakes

are more severe caudally than rostrallfdm/Pdn mutants.
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Dil |

Figure 3.5.

Visualization of the pattern of innervations betwea dorsal thalamus and cortex by
double Dil and DiA injections into different regions of the Pdn/+ and Pdn/Pdn PO
cortex. A and E show Dil injections in the visual (caudedrtex diffusing until the
dLGN. B and F show DIA injections in the somatosegs(medial) cortex diffusing
until the VB. C and G merged picture of A, B andH:respectively. D and H are higher
magnification of C and G, respectively.

Dil injected in thePdn/+ visual cortex revealed axons connecting withindh&N (A,
C-D), and DiA injected in thé>dn/+ somatosensory cortex labels axons connecting
within the VB (B-D).

Dil injected in thePdn/Pdn visual cortex revealed axons connecting within dh&N

(E, G-H), and DiA injected in théPdn/Pdn somatosensory cortex labels axons
connecting within the VB (F-H), revealing thatn/Pdn mutant brains show a correct
pattern of innervations between cortex and thalaniimswvever, Pdn/Pdn thalamus
displays a reduction in the size of labelled VB #@mel dLGN labelled by DiA and Dil,
respectively (compare D with H). Abbreviations: diGdorsal lateral geniculate
nucleus; VB, ventral basal (n=3) (Scale bar in A 20n; applays to B, C, E, F, G)
(Scale bar in D 20Am; applays to H).
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Altogether, these analyses show thatHe®/Pdn mutants display severe abnormalities
within the connections between cortex and thalaribs. most severe guidance defects
are actually observed during their navigation witthie ventral telencephalon and at the
PSPB. Several corticothalamic and thalamocortic@na deviate from their normal
path, running along the PSPB. Others project vintamd laterally within the ventral
telencephalon deviating form the internal capsulg farm the striatal region. However,
the Dil/DiA injections showed that Fedn/Pdn cortical and thalamic tissues maintain or

eventually recover their capacity to connect tcheatber.

3.4 Dil injections and NF staining reveal guidancemistakes at early
stages of thalamocortical and corticothalamic tractdevelopment in

Pdn/Pdn mutant brains

Gli3 may play an important role in the establishment aofrticothalamic and
thalamocortical connections within the developingity, in this case abnormalities in

these tracts should be observed early during dpredat.
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Figure 3.6.

NF staining (A-B) and Dil injections (C-J) revealing the developing thalamocortical
and corticothalamic tracts in Pdn/+ and Pdn/Pdn brains. E and F are higher
magnification of C and D, respectively. G, H and hre serial sections organized form
rostral to caudal.

NF staining on coronal sections of E1488n/+ embryos reveals NF+ axons in the
developing thalamus, ventral telencphalon and gofserowhead in A). Also, the
internal capsule within the ventral telencephalwhich contains a high density of NF+
axons, and the striatum with more loosely organeeohs (A). E14.5°dn/Pdn coronal
brain sections show NF+ axons within the thalamnd wentral telencephalon (B).
However, the internal capsule is broader and axensn a more disorganized manner
within the striatum (B). Interestingly, iARdn/Pdn mutants it is not possible to detect any
NF+ axons within the developing cortex (B).

Dil injections in the E14.3°dn/+ developing cortex (asterisk in C) show that caitic
axons have entered the intermediate zone and ptoj@ards the ventral telencephalon
(C and E). Cortical Dil injections into E14F%In/Pdn mutant cortex (asterisk in D) show
that no cortical axons have entered the ventrahtephalon (D, F); Dil injections in the
E14.5Pdn/+ thalamus (asterisks in G and I) show that thalaaimns have penetrated
the MGE, passed over the DTB, navigated throughrnieenal capsule and the LGE and
started to enter the cortex (G, 1). Dil injectianghe E14.9Pdn/Pdn thalamus (asterisks
in H and J) show thalamic axons passing over thB [H and J). However, as soon as
thalamic axons enter the ventral telencephalon rabygiidance mistakes are clear.
Rostrally, axons funnel through the internal capsudut subsequently defasciculate
projecting in more lateral directions, but not todsathe cortex (arrowhead in H). In
more medial and caudal regions, axons project aiytrnot entering the internal
capsule, but going towards the amygdaloid regiorithi opposite direction of their
natural route to the cortex (arrows in H and #=6) (Scale bar in A 100m; applays to

B-D and G-J) (Scale bar in E 10n; applays to F).
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The following experiments were aimed to verify wiest the first steps oPdn/Pdn
cortical and thalamic axonal navigation were a#dcbr whether only later arriving
axons were not able to innervate the appropriatetarea.

To reveal the major axonal tracts at an early st#gdevelopment NF staining was
performed on coronal sections of E1Rd/+ andPdn/Pdn brains (Fig. 3.6). NFaxons
were present in the developing thalamus, ventiehtephalon and cortex &fdn/+
embryos. This analysis also revealed the internapsele within the ventral
telencephalon, which contains a high density of Mikens, and the striatum with more
loosely organized axons (Fig. 3.6; A).

Pdn/Pdn coronal brain sections also show NF+ axons with& thalamus and ventral
telencephalon (Fig. 3.6; B). Although these axdm®wsa similar pattern, the striatum
and internal capsule are broader and axons seeumtm a more disorganized manner
within more dorsal regions of the LGE (Fig. 3.6; Biterestingly, inrPdn/Pdn mutants it
was not possible to detect any NF+ axons withindéeeloping cortical regions, NF+
axons within the ventral telencephalon stop befoeePSPB with no axons coming from
or arriving at the E14.Bdn/Pdn cortex (Fig. 3.6; B).

Although NF staining showed the general patterthefdeveloping axon tracts within
the E14.5Pdn/+ andPdn/Pdn brains, this method did not allow the investigataf the
trajectory of the first-projecting thalamocorticahd corticothalamic axons. During
embryonic mouse development, thalamocortical andticothalamic axons start
navigating within the ventral telencephalon at abi13.5/E14.5 (Lopez-Bendito and
Molnar, 2003). To reveal the trajectories of theady navigating axons Dil injections

were performed in E14.5 developing cortex and thakofPdn/+ andPdn/Pdn brains
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(Fig. 3.6; C-L). At this stage irPdn/+ brains, cortical axons have entered the
intermediate zone and project towards the vergtahtephalon, just starting to cross the
PSPB, having covered approximately only one thirdhe total distance to their final
target, the dorsal thalamuBdn/+ thalamic axons instead of coming through from the
ventral side of the dorsal thalamus, have penetrdte MGE passing over the DTB,
channelled through the internal capsule, navigafetb dorsal regions of the LGE and
started to enter the developing cortex. Therefoogtical Dil injections intoPdn/+
E14.5 brains anterogradely label the corticothatatréct and retrogradely label the
thalamocortical tract (Fig. 3.6; C, E). The Dilfdded along axons from the cortex to
the ventral telencephalon revealing a sharp chahgkrection of cortical and thalamic
axons at the PSPB. In sub-pallial regions it isspme to observe the striatum and highly
fasciculated axons within the internal capsulettfg DTB, axons make another sharp
turn towards dorsal thalamic territories (Fig. 3BE).

Dorsal thalamic Dil injections int®dn/+ E14.5 brains, instead, preferentially reveal
anterogradely labelled thalamocortical axons, beeatortical axons have not reached
the dorsal thalamus yet (Fig. 3.6; G; I). Dil ldbdlthalamic axons coming from the site
of injections make a sharp turn at the DTB. Subsetiy highly fasciculated thalamic
axons are funnelled through a narrow internal dapsnd navigate towards the
developing cortex (Fig. 3.6; G, I). In dorsolateradjions of the developing cortex, it is
possible to observe a few Dil labelled axons fiprgsgite probably thalamocortical
axons, which have already reached the cortex &&3.E, G).

Interestingly, cortical Dil injections into E14.Bdn mutant brains showed that no

cortical axons had entered the ventral telencephgét (Fig. 3.6; D, F); this analysis
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revealed cortical axons navigating through thermegliate zone and projecting along
the PSPB towards the amygdaloid region insteacht#rimg the LGE (Fig. 3.6; F). The
fact that it was not possible to retrogradely label thalamocortical tract also suggested
that corticothalamic axons and thalamocortical axbave not met yet in the ventral
telencephalon and/or that thalamic axons haveeaithed the cortex yet. This was also
confirmed by thalamic injections of Dil (Fig. 3.8, L). In Pdn/Pdn mutant brains the
Dil diffused from the dorsal thalamus to the vehtedencephalon, revealing thalamic
axons passing over the DTB and making a sharp(kign 3.6; H). However, as soon as
thalamic axons enter the ventral telencephalonrabgeiidance mistakes happen (Fig.
3.6; H). In more caudal regions, axons project nadyt not entering the internal
capsule, but going towards the amygdaloid regiothéopposite direction to what was
observed irPdn/+ thalamic axons (Fig. 3.6; H-L). More rostrally,cas funnel through
the internal capsule, but subsequently defasceyedjecting in more lateral directions,
but not towards the cortex (Fig. 3.6; H). No Ddsgiive fibres were actually found in
the Pdn/Pdn E14.5 cerebral cortex, indicating that no thalasmons are entering the

cortex yet.

In conclusion, these data reveal strong abnorraslitin thalamocortical and
corticothalamic tract development at the early estagf their navigation in th€dn
mutants. Surprisingly, the earliest projectiRgn/Pdn cortical axons are not able to
penetrate the ventral telencephalon, but projestead along the PSPBdn/Pdn
thalamic axons penetrate the MGE, but in caudabnsgthey miss project ventrally

towards the amygdaloid region. In more rostralisast thalamocortical axons are first
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channelled through the IC, but they subsequentfasdeculate and do not reach the
cortex. These data also suggest ®adi/Pdn cortical and thalamic axons have not met
yet within the ventral telencephalon, where in nalrgircumstances they are supposed
to interact in order to guide each other.

Interestingly, NF immuno-staining also shows theseaize of NF fibres within the
Pdn/Pdn cortex. This may suggest that cortical neuronsdatayed in the production of
axons or the in production of NF within their axofisis also possible that a delay
occurs in the production of early cortical projagtheurons.

However, the methods used so far did not allowitivestigation of the formation of
Pdn/Pdn early cortical projecting neurons and their axadgreover, it was still not
possible to completely discriminate between guidashefects of the corticothalamic and

thalamocortical tracts within tifedn/Pdn developing brain.

3.5 Pdn/Pdn Golli tau-GFP mice display guidance migkes in early

projecting corticothalamic axons

As mentioned above, NF staining and Dil injectiare not selective for either the
thalamocortical or corticothalamic tracts. PO @attiDil injections, indeed, revealed that
cortical and thalamic axons intermingle and/or ttietlamic axons have reached the
cortex, but the behaviour of corticothalamic ax@bsne was still unknown ifPdn

mutants. For these reasons, further investigatieeded to be done in order to

discriminate corticothalamic from thalamocorticalefects within the Pdn/Pdn
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developing brain. The next experiment aimed to akRen/Pdn corticothalamic axonal
trajectories at later stages of development amtisicover whether cortical axons are part
of the ectopic bundles running along the PSPB.ds$ wtill unknown whethePdn/Pdn
cortical axons were eventually able to penetragevidntral telencephalon and project in
the direction of the diencephalon. In additionwds unclear whethd?dn/Pdn mutants
were affected in the formation of early projectsupplate and cortical plate neurons and
their axons. Such a clarification could provide amderstanding of whether axon
guidance mistakes observed in corticothalamic &athimocortical tract formation are
the result of defects in the neural developmenthaf Pdn/Pdn developing cortex,
affecting corticothalamic axonal outgrowth andtmalamocortical axonal ingrowth.

To visualize exclusively corticothalamic axonsHdn/+ andPdn/Pdn brains, theGolli
tau-green fluorescent protein (tau-GFP) mouse line was used. In these animalsgthie
promoter element of the myelin basic protein gerieed the expression of a tau-GFP
fusion protein, which labels cell bodies and axofghe earliest projecting cortical
axons within the subplate and cortical plate (Jacetbal., 2007). Adn/Pdn Golli tau-
GFP mouse line was produced by crossiRgn/+ animals with Golli tau-GFP
homozygous transgenic mice (Jacobs et al., 2007).

GFP expression in PRdn/+ Golli tau-GFP brains was detected with the use of a GFP
antibody on 10Qum thick coronal vibratome sections (Fig. 3.7; A-Cpronal sections
of these brains showed GFP expression in the odlilels of cortical neurons (Fig. 3.7,
A-C), in particular within layers 5 and 6 and withsubplate neurons (Jacobs et al.,

2007). Corticofugal GFPaxons navigate across the PSPB revealing théustriand the
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internal capsule. They also pass over the DTB iagcthe dorsal thalamus, entirely
completing their trip to their final target (Fig.73 C).

Coronal sections oPdn/Pdn Golli tau-GFP embryos showed the presence of GFP
positive neurons within lower layers and the suteptd the cortex of PO brains (Fig. 3.7;
D-F). The GFP antibody also staind®tin/Pdn cortical-cortical projecting axons,
confirming results from work described earlier ¢ve tabsence of the corpus callosum
(Fig. 3.7; D-F), with GFP positive callosal fibrésrming Probst bundles in dorso-
medial regions of the cortex (Fig. 3.7; E). Latgratortical axons start to project along
the anterior commissure, but they never reach tméralateral side, again confirming
NF and cresyl violet staining (data not shown)adtdition, the cerebral cortex appeared
to be thinner especially in more caudal sectiong. F7; E-F).

Some Pdn/Pdn GFP positive corticothalamic axons extended towaite thalamus.
Indeed, they grow through the PSPB, the striatuch the internal capsule until they
cross the DTB and enter the diencephalon (Fig. 3:-F). However, cortical axons do
not reach the dorsal-most regions of the dorsdhmhas, unlike irPdn/+ Golli tau-GFP

PO brains (Fig. 3.7; F). However, several cortigaluaxons make several guidance
mistakes within the ventral telencephalon (Fig, E+). Only a small number of GPF
positive axons make a sharp turn within the stnatand several corticofugal axons
result in ectopic bundles running along the PSHB. & 7; E). Some of them eventually
enter the ventral telencephalon from more ventoaits, after they have projected in the

direction of the amygdaloid region.
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Figure 3.7.

GFP staining on coronal sections of P®dn/+ Galli tau-GFP (A-C) and Pdn/Pdn
Goalli tau-GFP (D-F) brains. From A to C and D to F are serial sections orgahfpem
rostral to caudal.

In bothPdn/+ Golli tau-GFP andPdn/Pdn Golli tau-GFP brains GFP+ cortical neurons
are present (A-F). These neurons are located ticablayers 5 and 6 and in the cortical
subplate. However, thedn/Pdn Golli tau-GFP cerebral cortex appeared to be thinner,
especially in more caudal sections (campare E andiB and C).

GFP staining also revealBdn/+ Golli tau-GFP GFP+ corpus callosum, anterior
commissure and fimbria (A, B). IRdn/Pdn Golli tau-GFP brains the corpus callosum
and fimbria are absent (D-E), with GFP positiveddbforming Probst bundles in caudal
regions of the dorso-medial cortex (arrow in E, F).

In Pdn/+ Golli tau-GFP brains GFF corticofugal axons have navigated across the
PSPB revealing the striatum and the internal capéB), and passed over the DTB
reaching the dorsal thalamus (C). IRdn/Pdn Golli tau-GFP brains GFP+
corticothalamic axons extended through the PSRBsthatum and the internal capsule
until they cross the DTB and enter the diencephé#). However, cortical axons do
not reach the dorsal-most regions of the dorsdmhias (arrow in F). In addition, fewer
GPF+ axons enter the striatum, but they navigateutih several abnormal routes
(arrowheads in F). Several corticofugal axons taawgctopic bundles running along the
PSPB (E). Some ventrally projecting GPF+ axons ®adly enter the ventral
telencephalon from more ventral points (arrowheadg). (h=4) (Scale bar in A 200
pum; applays to all pannels). Abbreviations: f, farrii, fimbria; V/VI, layers V/VI; sp,

subplate.
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This also results in fewer and more disorganizbre§ entering the striatum, especially
in more caudal regions where cortical axons nagigat the direction of the
diencephalon through the ventral telencephalongusaveral abnormal routes (Fig. 3.7;
F).

To check the first steps of corticothalamic tractnfation, GFP staining was also
performed on coronal sections of E1436lli tau-GFP and Pdn/Pdn Golli tau-GFP
mouse brains (Fig. 3.8). At this embryonic stagd>@Fexpressed within the cell bodies
and axons of the first projecting neurons withia gubplate and cortical plate (Jacobs et
al., 2007) (Fig. 3.8; A-F). In controls, GFP immstaining shows that corticothalamic
axons have just passed over the PSPB and starpeh@trate the ventral telencephalon
(Fig. 3.8; D, F). To visualize the boundary betwettwe dorsal and the ventral
telencephalon the glial fibres delimiting the PSk&e stained with an antibody against
Glast (Fig. 3.8; B, E, H, K). Indeed several GFRifree cortical axons were observed to
grow across the Gldstibres extending within the LGE (Fig. 3.8; F).

Coronal sections of E14.Bdn/Pdn Golli tau-GFP brains reveal the presence of GFP
positive neurons and their axons within the sulgplahd cortical plate of these
embryonic brains (Fig. 3.8; D, F, L, N). AlthoughFB cortical neurons are normally
forming within Pdn/Pdn Golli tau-GFP developing cortex, it was not possible to detect
any GFP positive corticofugal axons projecting otlee PSPB, labelled by Glast-
positive glial fibres (Fig. 3.8; I, L), and enteginhe LGE (Fig. 3.8; L), confirming the
Dil data. In addition a long branch of GFP+ coftiaons extended ventrally along the

PSPB, toward the amygdaloid region (Fig. 3.8; I).
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Figure 3.8.

GFP staining on coronal sections of E14.Bdn/+ Golli tau-GFP (A-F) and Pdn/Pdn
Golli tau-GFP (G-L) brains. A, D, G, J are sections revealing GFP staining .0B|\E,

H, K are sections revealing glast staining onlyar@ F are merged picture of A, B and
E, F, respectively. | and L are merged picture pH&nd J, K, respectively. D, E, F and
L, K, L are higher magnification pictures of A, 8,and G, H, |, respectively.

GFP staining reveals the presence of GFP posigeams and their axons within the
subplate and cortical plate Btin/+ Golli tau-GFP and Pdn/Pdn Golli tau-GFP brains
(A,C,D,F, G, I,J,L).

In both Pdn/+ Golli tau-GFP and Pdn/Pdn Golli tau-GFP the boundary of glial fibres
delimiting the PSPB was stained with glast antib@@yE, H, K and arrowheads in E
and K). GFP immunostaining shows thdn/+ Golli tau-GFP corticothalamic axons
have just passed over the PSPB and started torpentite ventral telencephalon (D, F).
Several GFP positive cortical axons are observedjraww across the glastibres
extending within the LGE (F). On the contrary, iasvnot possible to detect any GFP+
Pdn/Pdn Golli tau-GFP corticofugal axons projecting over the PSPB (Galhelled by
glast-positive glial fibres entering the ventrdeteeephalon (I and arrowheads in L). In
addition a long branch of GFP+ cortical axons eagéehventrally along the PSPB,
toward the amygdaloid region (arrowhead in I). (ngScale bar in A 10@um; applays
to B-C and G-1) (Scale bar in D 1@@n; applays to E-F and J-L).

Abbreviations: hem, cortical hem; LGE lateral gamgk eminence.
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After E15.5,Pdn/+ cortical axons progress through the internal clapsntil they reach
the DTB. Indeed, they will stop here until E17.5emtthey will progress over the DTB
(Jacobs et al., 2007).

To check at which stagedn/Pdn cortical axons penetrat the ventral telenceph&don
the first time, GFP antibody staining was perforeedE16.5Pdn/+ Golli tau-GFP and
Pdn/Pdn Golli tau-GFP brain coronal sections (Fig. 3.9\t this embryonic stage,
Pdn/+ Golli tau-GFP axons reach the DTB through the internal capgtie 8.9; D, F);
again the PSPB was labelled by Glast antibody is@i(Fig. 3.9; B, E). In addition, at
this age it is already possible to reveal the @rterommissure and corpus callosum
axons positive for GFP immunostaining (Fig. 3.9,

E16.5 Pdn/Pdn Golli tau-GFP brain coronal sections do not have any GFP pesitiv
axons entering the ventral telencephalon and chiameéhrough the internal capsule
(Fig. 3.9; L, N); instead cortical axons run aldhg PSPB, delimited by Glast positive
glial fibres (Fig. 3.9; H, M), not entering the ‘el telencephalon yet (Fig. 3.9; I, N).
Only one out of three analyzed E1®8n/Pdn brains show the presence of a few axons
just starting to penetrate the LGE in the mostrabsections, but these axons do not
grow far within the ventral telencephalon. A thislindle of GFP+ cortical axons run
ectopically along the PSPB towards the amygdalegion (Fig. 3.9; I).

Taken together, these experiments showed in gedatl dhe timing and patterning of
the axonal processes Bén/Pdn early projecting cortical neurons. TRdn homozygous
mutant cortex is able to produce early projectimgirons and their axons within the

cortical sub-plate and cortical plate. At E14#8n/Pdn corticothalamic axons are not
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able to penetrate the ventral telencephalon, btiterathey grow along the PSPB
confirming the Dil data. At E16.Bdn/Pdn cortical axons have not reached the DTB yet,
and only in one of three analyzed brains it is fided0 observe some axons entering the
LGE in rostral sections. Interestingly, at PO tlkereal phenotype is partially recovered,
as observed with Dil injections, showing corticabas having reached the thalamus in
the diencephalon. However, several guidance mistake still observed in tiedn/Pdn
ventral telencephalon. High numbers of axons ren@githe PSPB and do not enter the
LGE. Moreover, the cortical fibres entering the tvahtelencephalon project towards the

thalamus, following abnormal routes.
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Figure 3.9.

GFP staining on coronal sections of E16.Bdn/+ Golli tau-GFP (A-F) and Pdn/Pdn
Golli tau-GFP (G-L) brains. A and C are serial sections organized form rostal
caudal; as well as B and E, C and F, G and J, HKandand L. A, D, G, J are sections
revealing GFP staining only. B, E, H, K are sedioevealing glast staining only. C and
F are merged pictures of A, B and E, F, respectideand L are merged pictures of G,
H and J, K, respectively.

GFP staining reveals the presence of GFP positeams and their axons within the
subplate and cortical plate of dtdn/+ Golli tau-GFP and Pdn/Pdn Golli tau-GFP
brains (A,C,D, F, G, |, J, L).

At this embryonic age it is already possible to esie the formation of the GFP+
anterior commissure and corpus callosunPdm/+ Golli tau-GFP brains (A, C). No
corpus callosum and no anterior commisure are ptesePdn/Pdn Golli tau-GFP
brains (G, I).

In both Pdn/+ Golli tau-GFP and Pdn/Pdn Golli tau-GFP brains the glial fibre
boundary delimiting the PSPB was stained with gledibody (arrowheads in B, E, H,
K). Pdn/+ Golli tau-GFP axons reach the DTB passing through the striatyn€Cj and
in more caudal section the internal capsule (D,N9.GFP+Pdn/Pdn Golli tau-GFP
axons enter the ventral telencephalon passing tiver PSPB (arrowheads in L)
channelling through the internal capsule (G, 1).1In addition a thick bundle of GFP+
cortical axons run ectopically along the PSPB talsathe amygdaloid region

(arrowheads 1). (n=4) (Scale bar in A 10@; applays to all pannels).
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Table 3.1
Different axon defects observed ifPdn/Pdn mutans at different embryonic stages

Fibre  tracts in
E14.5 E16.5 PO
Pdn/Pdn mutans
Corpus callosum - Absent Absent (resulting
in probst bondles
in caudal sections)
Anterior - Absent Absent
commissure
Hippocampal - Absent Absent
commissure
Corticothalamic Not entering the VT Not entering theReaching the DTB
tract VT
Thalamocortical Prematurely leaving | - Guidance mistakes
tract the ic and not reaching int eh striatum,
(rostral) the cortex reching the cortex
Thalamocortical Projecting ventrally | - Projecting
tract (caudal) toward the amigloid ventrally toward
region the amigloid region
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3.6 Discussion

In this chapter | reveal several axon abnormalitreghe Gli3 hypomorphic mutant
Pdn/Pdn (also see table 3.1AIll the major axonal commisures of the telencephaloe
missing in Pdn/Pdn newborn brains, including the corpus callosum, Hrgerior
commissure and the hippocampal commissure. Integhgt callosal axons are present
and navigate in the intermediate zone ofRde/Pdn cerebral cortex in the direction of
the midline, but do not project to the contraldterde and form Probst bundles in more
caudal sections. Therefore, although dn/Pdn cerebral cortex produces cortical
axons, all of the tracts connecting the two celdieeispheres are missing.

Several guidance mistakes also happen during thelafament of the thalamocortical
and corticothalamic tracts. Although these traqipeared to be present in newborn
Pdn/Pdn brains, fewer axons are navigating through thatstn and the internal capsule
appears disorganized in the ventral telencephatdth axons running in several
abnormal directions. In addition, a thick axon blendins along the PSPB. At E14.5,
cortical axons have not entered the mutant ven#l@ncephalon yet, but they run
instead along the PSPPRdn/Pdn thalamic axons, once they have entered the ventral
telencephalon, display two main axonal defectsdaly, they project ventrally, not
entering the internal capsule at all, while in mavstral regions they leave the internal
capsule prematurely and defasciculate within th&]failing to reach the cortex.

At PO Pdn/Pdn mutants also display several anatomical brain abalities. Although

the dense cell body layers lying in the intermexdlimine can still be discriminated, the
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Pdn/Pdn cerebral cortex is thinner, particularly in momaudal sections, and the lateral
ventricles are enlarged. In medial regions the @ldoplexus appeared hypertrophic and
dysmorphic. Finally, the hippocampal architectusealso disrupted. Importantly, the
dorso-medial cortex does not invaginate propeidylileg to the absence of the fusion of
the medial cortex. This last defect seems to bert@yer cause of callosal abnormalities.
Indeed, Dil injections, cresyl violet and NF staigs all reveal that cortical axons are
present and project in the direction of the dorsalline. However, here the lack of
midline fusion virtually creates the absence oftiksue in which callosal axons have to
navigate through in order to reach the contralatdex. It has been proposed that the
midline zipper glia are necessary for this proog&shards, 2002; Shu and Richards,
2001). However, the cellular and the molecular me@ms leading to midline fusion
are poorly understood (reviewed in (Paul et al720This makes it difficult to analyze
the causes of midline fusion defectsPdn/Pdn mutants. Nevertheless, the causes of the
absence of the corpus callosumPdn/Pdn mutants probably needs to be researched in
the context of causes that determine midline fuslefects. Indeed, preliminary data
showed that in P@dn/Pdn mutants the indusium griseum glia are absent hatlthe
midline zipper glia are ectopically expanded vditreunpublished data from our lab).
These data are based upon immunostaining oRdA0+ and Pdn/Pdn coronal brains
section for the intermediate filament glial fibaitly acidic protein (GFAP), which labels
the three midline glia populations comprising ire imdusium griseum glia, the glial
wedge and the midline zipper glia (Shu and Richa2@81; Silver et al., 1993; Silver et
al., 1982). The correct morphogenesis of thesd gbaulations along the midline is

thought to be crucial for guiding the axons of tfeeloping corpus callosum (Shu and
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Richards, 2001; Shu et al., 2002; Silver et al93tSilver et al., 1982). Interestingly,
Pdn/Pdn mutants display ectopiegf8 expression and its direct target gepeouty?2 in

the anterior neural ridge (Kuschel et al., 2003)ich is the region where dorsal midline
invagination starts to take place. A recent rep@m$ shown the importance &ff
signalling in the formation of the corpus callostbyg,controlling the process of midline
radial glia translocation, which consist in radmaigration of glial cells from the glial
wedge at the ventricular zone to the pial surfgeserating the indusium griseum glia.
In this study it was revealed that conditionallygtivating Fgfrl gene in radial glial
cells or knocking dowrFgfrl by RNAI in vivo resulted in absence of the corpus
callosum as a consequence of a failure of indugjtiseum glia translocation (Smith et
al., 2006). It is therefore possible that anatohedects and change Fgf8 expression
could probably be the primary cause of the faikfr®dn/Pdn callosal axons to cross the
midline. This aspect of thedn/Pdn brain development will need more attention in the
future, because it could bring new insights inte tlevelopment of the corpus callosum
in the context of midline fusion and midline gliagulations’ development. In addition,
understanding the role @li3 in callosal axon pathfinding defects may also ddevant
for the pathogenesis in ACS patients.

In this thesis | decided to focus on the studyh# tauses leading to defects of the
thalamocortical and corticothalamic tracts. Dil/Dijections in the P®dn/Pdn cortex
and thalamus allowed a detailed analysis of theamde mistakes of these two tracts.
However, the major limitation of Dil/DiA injections the impossibility to discriminate
between cortical axons and thalamic axons. Indesytical Dil/DiA injections

anterogradely label the corticothalamic tract aslogradely label the thalamocortical
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tract, while dorso-thalamic injections anterogrgdabel the thalamocortical tract and
retrogradely label the corticothalamic tract.

Nevertheless, this technique provides an exhaust®geription of the axonal path of
these two tracts, and in some cases, with due poadé is possible to speculate on the
discrimination between thalamocortical and cortietdmic axonal mistakes.
Interestingly, cortical and thalamic Dil injectioshow that som&dn/Pdn cortical and
thalamic axons undertake the normal route untir ti@al target navigating through the
striatum, the internal capsule, showing that codas thalamus eventually connect to
each other, at least in part. However, most of Rdae/Pdn Dil labelled axons run
ectopically in a thick axon bundle along the PSBB revealed by both thalamic and
cortical Dil injections. However, with thalamic Oijections, in more caudal sections, it
is possible to observe some axon bundles not aegténe internal capsule but projecting
ventrally in the direction of the amygdaloid regidviore rostrally and dorsally, Dil
labelled axons bifurcate several times in thickci@es along the tracts, with several
axons projecting directly towards the PSPB rathantdorsally towards the cortex. The
fact that these later results are only observell datso-thalamic Dil injections suggests
that these ectopic axonal fascicles are predominaomposed of thalamic axons. This
is also confirmed by Dil injections at E14.5. Indeen Pdn/+ brains, Dil injections in
cortex and thalamus are not able to discriminatievdéy®n these two tracts, because
cortical and thalamic axons have met within thetrartelencephalon and/or because
thalamic axons have already reached the developangx. On the contrary, in the
Pdn/Pdn mutants, cortical and thalamic injections revealt tht E14.5 thalamocortical

and corticothalamic tracts have not yet met in teatral telencephalon and that
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thalamic axons have not reached the cortex. Thexefwortical Dil injections only
revealedPdn/Pdn cortical axons, showing that no cortical axons eatéred the ventral
telencephalon, while thalamic injections only rdedathalamocortical axons showing
that noPdn/Pdn thalamic axons had navigated as far as corticatdges. In addition,
in more rostral sections thalamic axons projectsalty forming a broader internal
capsule and subsequently defasciculate projectingnare lateral directions, but not
towards the cortex. However, in more caudal sestmthick bundle of thalamic axons
projects ventrally within the MGE and does not alerthrough the internal capsule.
The golli -GFP mouse line crossed witRdn animals allowed the visualization of
corticofugal axons irPdn/Pdn brains. This analysis not only confirmed tRdn/Pdn
cortical axons mistakes, but also helps to extatpothe Pdn/Pdn thalamocortical
phenotype from Dil injections, which indiscriminbtdéabel the thalamocortical and the
corticothalamic tracts at PO. Indeed, by selegivabelling Pdn/Pdn cortical axons it
was possible to observe that wHHdn/Pdn thalamic axons project ventrally towards the
amygdaloid region as soon they enter the ventlahéphalonPdn/Pdn cortical axons
take this path after they have projected alongR&®B and reached the amygdale,
entering the ventral telencephalon from more vénégions.

The caudal part of the internal capsule is compageke first axons to enter the ventral
telencephalon. These axons are coming from thalasicons of the dLGN and connect
with the visual cortex (Price et al., 2006). It Widile interesting to know whether in
Pdn/Pdn mutants these ectopic ventrally projecting thataenons are actually coming

from the dLGN or whether they are a miscellaneotmig of other types of dorsal
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thalamic axons. A reasonably easy way to checkwtoisld be to inject Dil within the
amygdaloid region at PO, retrogradely labelling tte#l bodies of these ectopically
projecting axons. However, some indications onrtigentity could come from the
double Dil/DiA injection experiment. The injectiom$ small crystals of Dil and DiA
into different cortical regions allowed the visuzaliion of putative cortico-visual axons
connecting with the dLGN and putative somatosensaigns connecting with the VB.
This showed that although the differeRtin/Pdn cortical areas connect with the
appropriate target areas witHaan/Pdn dorsal thalamic regions, differences were found
in the size of the labelled thalamic nucRdn/Pdn brains display a reduction in the size
of the VB and the dLGN labelled by DiA and Dil, pestively. This correlates very well
with the observation of several axons making mesaln the ventral telencephalon.
Although only some of the thalamic and cortical rsocappropriately connect the
Pdn/Pdn cortex and thalamus, several others axons aralmst) the way and they never
reach their final targets.

Interestingly, thé>dn/Pdn dLGN contained less back-labelled neurons in corspa to
the Pdn/+ dLGN, while thePdn/Pdn VB seemed to be less affected in the number of
back-labelled neurong ogether with the fact that corticothalamic andl@mocortical
guidance mistakes are more severe caudally thamaltgsin Pdn/Pdn mutants, the
dramatic size reduction of the back-labelled dLGMgests that most of the axons
coming from the dLGE are lost in the ventral tekgritalon and do not reach their final
target. Although the causes of these mistakesradaeawn it is tempting to speculate on
few possibilities. Thd>dn/Pdn caudal cortex is thinner than rostral and medoatical

regions In addition although very little Dil injected into the dorsablamus labels axon
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fibres in the dorsal most region of the PAn/Pdn cortex, this defect is particularly
extreme in cauddPdn/Pdn cortex, where only few labelled axons are detebiedind
the PSPB. For this reason tRdn mutation may more severely affect cortical axons
coming form the caudal cortex and therefore theonmag thalamic axons form the
dLGN. This could be either because thalamic axonsndt find the reciprocal
corticothalamic axons to guide them to their fiterlget, or alternatively because their
final target territories are the most affected. ldoer, this cannot explain the
thalamocortical tract defects observed at earlgestaof Pdn/Pdn thalamocortical tract
development. E14.Pdn/Pdn thalamic axons project ventrally immediately afteey
have entered the ventral telencephalon, much edhan they have the possibility to
interact with the reciprocal cortical tract. It ¢duoe possible, therefore, that some
ventral telencephalic intermediate cues may sefelgtiaffect incoming thalamocortical
axons, making some of them project away form thetezo In addition, ventral
telencephalic intermediate cues guiding corticarsxcould also be affected Run/Pdn
mutants. Indeed, nBdn/Pdn cortical axons enter the ventral telencephaloril @na this
also happens before they have the possibility teréct with incomingPdn/Pdn
thalamocorical axons.

In some aspects the thalamocortical defects obdemnvedn/Pdn mouse brains are very
similar to those observed Ebfl, DIx1/2 and Sema6a mutant mice (Garel et al., 2002;
Leighton et al., 2001; Little et al., 2009). Howevthis will be discussed in the final
discussion (chapter 6.), because the possible saoké¢hese similarities are more
comprehensible in the contest of the results showetie following chapters of this

thesis.
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Interestingly, only several days later, after E18.5 possible to observe sorRdn/Pdn
cortical axons entering the ventral telencephaldns may suggest that thalamocortical
axons may eventually reach the cortex without thielance of corticothalamic axons,
and subsequently guide corticothalamic axons terghe ventral telencephalon. Indeed,
at PO several corticofugal axons enter the veng®ncephalon from more ventral
positions, after they have projected in the dimecif the amygdaloid region, which is
the region where sever@tn/Pdn thalamic axons are abnormally directed. To vethig
idea it would be extremely helpful to use a repomeuse line in which thalamocortical
axons are selectively labelled and to observe #f@aWiour of thalamocortical axons in
the Pdn/Pdn background, or even betterkan/Pdn Golli tau-GFP background

NF staining at E14.5 also reveals the absence 6faXéns in théPdrn/Pdn cortex. This
may suggest that thedn/Pdn cortex may be delayed in the production of N#ons.
Alternatively, it could also be possible that N&xons in thePdn/+ cortex are indeed
thalamic axons that have already reached it. Tosrethe fact thaPdn/Pdn thalamic
axons have not reached tRdn/Pdn cortex at E14.5, as shown by Dil injections, could
be the reason why it is not possible to detect filfres in thePdn/Pdn cortex. In
agreement with this hypothesis is the fact tdt/Pdn Golli tau-GFP embryos show
Pdn/Pdn brains normally forming early projecting cortiaakurons and their axons in
lower Pdn/Pdn layers and th@dn/Pdn subplate, as early as E14.5. This suggests that th
formation of cortical projecting neurons and thaxons is not affected idn/Pdn
mutants. In addition, the whole P@n/Pdn cortex is positive for neurofilament staining.
However, again to check these hypotheses it woalddzessary to unequivocally label

thalamocortical axons iRdn/Pdn brains.
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Nevertheless, the results in this chapter show ghaeral axons guidance defects are
happening onc®dn/Pdn thalamic and cortical axons are interacting with Pdn/Pdn
ventral telencephalon. The cellular and moleculacmanisms underling these defects

are the subject of the experimental work showmenfollowing sections of this thesis.
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Chapter 4: The Pdn ventral telencephalon fails to guide

thalamic axons towards the cortex

4.1 Introduction

In the previous chapter, axon guidance mistakes ttef thalamocortical and
corticothalamic tracts were shown in the ventréd¢rteephalon ofPdn/Pdn mutants.
E14.5 and E16.2dn/Pdn corticothalamic axons do not enter the LGE bujgmtoalong
the PSPB. Only at PO do sorRdn/Pdn cortical axons eventually project towards the
diencephalon. ContrarilyRdn/Pdn thalamic axons do enter the MGE, but subsequently
display several guidance mistakes. Caudally, theyediately project ventrally, while
rostrally they do enter the internal capsule, bettract subsequently bifurcates several
times and only a few thalamic axons reach the dgwed) cortex. These defects are still
evident at PO. However, these analyses did notvalliscrimination of whether (1) the
defects within the formation d?nd/Pdn thalamocortical and corticothalamic tracts were
caused by thalamic and cortical axons not being dbl respond appropriately to
guidance cues along their path (cell-autonomoueati€f, or (2) defects in the formation
of these guidance cues along the path of thalartioaband corticothalamic axons in
the Pdn/Pdn telencephalon could affect the capacity of thesma to reach their final

target (non-cell-autonomous defects). The followexgeriments aimed to investigate to
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which extent cell-autonomous and non-cell-autonsnaefects contribute to the
observed axonal phenotypeRdn/Pdn mutant mice.

In this chapter defects irdn/Pdn thalamocortical tract formation are investigatedt f
while the defects observed in corticothalamic tfacmation are analyzed in the next
chapter. The following experiments were focused obvaracterizing early steps of
Pdn/Pdn dorsal thalamus patterning, and also analyzingfdhmation of intermediate
cues within thePdn/Pdn ventral telencephalon important for thalamocottiaaon
progression. First, the expression patternGhf3 was studied in detail to correlate
expression with the phenotypic defects observedPdn mutants. Secondly, in situ
hybridization for several genes that are imporfanthe formation of different thalamic
nuclei showed that thedn/Pdn mutation does not affect the expression patterthese
genes in different regions of the developiRdn/Pdn thalamus. Subsequently, Dil
injections, in situ hybridizations and immunostamiechniques were used to reveal the
presence and the correct spatial distribution Giédint axon guidance cues within the
Pdn/Pdn ventral telencephalorn situ hybridizations also aimed to reveal thespree
of attractive guidance molecules for thalamocorteoeons within thePdn/Pdn cortex.
These analyses showed that Bue/Pdn ventral telencephalon displays abnormalities in
the formation of the “corridor cell” population ressary to channel thalamic axons
through the MGE (Lopez-Bendito et al., 2006). Hwalkhe capacity ofPdn/Pdn
thalamic axons to navigate within the ventral tetghalon was tested in an in vitro
assay transplantingdn/Pdn thalamic tissue into thBdn/+ ventral telencephalon. This

experiment showed no major abnormalities in thewgno pattern of Pdn/Pdn
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thalamocortical axons and, therefore, their abiiityrespond correctly tBdn/+ ventral
telencephalic intermediate targets.

In contrast, transplantation oPdn/+ thalamic tissue into thePdn/Pdn ventral
telencephalon showed that tiReln/Pdn ventral telencephalon has lost the ability to
guidePdn/+ thalamocortical axons and direct them towardsctiveex. Altogether these
data show that thePdn mutation seems to preferentially affect thalambcak
intermediate guidance cues within the ventral wdphalon rather than the dorsal

thalamic axons themselves in their capacity tooedgo these cues.

4.2 Gli3 expressionpattern in the developing forebrain

Although previous studies have already publisii8 expression pattern within the
developing mouse telencephalon and diencephalarakiFet al., 2006; Hui and Joyner,
1993), these studies did not focus on its exprassibhin different telencephalic and
diencephalic territories at different ages of eartybryonic development, during the
formation of thalamocortical and corticathalamicweections and of their intermediate
guidance cues. Therefore, | decided to systemBticaveal the spatial expression of
Gli3 within the telencephalon and diencephalon of mambryos between E10.5 and

E14.5 (Fig. 4.1).
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Figure 4.1.
In situ hybridizations revealing Gli3 mRNA expression inPdn/+ E10.5 (A, B), E12.5

(C, D) and E14.5 (E, F) coronal brain sectionsA and B are serial sections organized
from rostral to caudal, as well as C and D, E and F

Gli3 is expressed in progenitor cells within the ventiar zones of the developing
cortex, ventral telencephalon and dorsal thalanius18.5 (A, B), E12.5 (C, D) and
E14.5 (E, F), but not in neurons. In rostral sewiGli3 expression seems to follow a
gradient high-dorsal to low-ventral within the tetephalon, with the MGE more lightly
stained than cortex and LGE (A, C, E). By E14863 expression in the dorsal thalamus
seems to be drastically reduced if compared @i thalamic expression at E10.5 and
E11.5 (compare B and D with Fi addition, at E12.5 and E14@i3 expression is also
observed in a small group of cells within the mamtbne of the MGE, which probably
correspond to globus pallidum (arrowheads in C BhdAbbreviations: VT, ventral
thalamus. (Scale bars in A-B, C-D and E-F L@9).
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In situ hybridizations revedbli3 mRNA within the ventricular zones of the developing
cortex and dorsal thalamus, but not in neurons. @it). Gli3 is expressed within the
dorsal thalamus and cerebral cortex before (E10bEL2.5) and at the time (E14.5)
when the thalamocortical and corticothalamic treattst to display abnormalities. Its
expression coincides with the birth of thalamic aodical projecting neurons, and with
the formation of guidance cues within the ventedéncephalon (Fig. 4.1; B, D, F). In
addition, between E12.5 and E14.5 several coréindl thalamic projecting neurons are
born and start to project their axons towards theal targets.Gli3 is also expressed
between E10.5 and E14.5 within the ventricular zohthe LGE at high levels and the
MGE at lower levels when several intermediate guigacues within the ventral
telencephalon are forming (Fig. 4.1). In additiosmt, E12.5 and E14.5, in situ
hybridizations also showe@li3 expression in a small group of cells within thentiea
zone of the MGE, which has not been previously desd (Fig. 4.1; C, E). Therefore,
the Pdn mutation may affect the ability of projecting asoto navigate towards their
target territories within the cortex and thalamas,the formation of thalamocortical
and/or corticothalamic intermediate guidance cudgewever, becausé&li3 is not
expressed in neurons, but in progenitor cells,effects on the development of the
thalamocortical and corticothalamic tracts andrtildermediate guidance cues are more

likely to be indirect.
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4.3 ThePdn mutation does not alter the molecular identity ofdifferent

thalamic territories at early phases of diencephati patterning

Most of the dorsal thalamic projecting neuronslaoe in the thalamus between E12.5
and E18.5 (reviewed in (Lopez-Bendito and Moln&02 Price et al., 2006). Defects in
patterning the dorsal thalamus may be the primayse of the guidance defects
observed inPdn/Pdn thalamocortical connections. For this reason, éx@ression
patterns of several genes important for thalamuseldpment were analyzed in the
Pdn/Pdn mutant diencephalon by in situ hybridization.

In situ hybridization was performed for the followgi markers on E14.Pdn/+ and
Pdn/Pdn brains:Gbx2, Ngn2, DIx2, Emx2 and Lhx2 expression was analyzed on coronal
E12.5 brain sections. The expression pattern cfetlgenes within the diencephalons has
been previously established (Lopez-Bendito and &iglA003; Nakagawa and O'Leary,
2001). In addition, mice mutants for these genspldy defects in thalamocortical tract
formation and within their reciprocal corticothali@nnnervations. Moreover, some of
these genes have been shown to change their expresdtern in the telencephalon of
Gli3 mutants. Here | only focus on their expressiongoast within the thalamus and
other diencephalic territories. The decision touon these embryonic ages was made
because at E12.5 and at E14.5 several early pirgjgetttalamic neurons are specified. In
addition, E14.52dn/Pdn mutant brains show thalamocortical tract defebifferences

in the expression pattern of these genes would estigoatterning and differentiation

defects within the developing dorsal thalamu®dri/Pdn mutant brains
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Figure 4.2.

In situ hybridization on Pdn/+ and Pdn/Pdn coronal brain sections revealing the
diencephalic expression patterns oGbx2 (A, B), Ngn2 (C, D), Emx2 (G, H) and
DIX2 (I, J) at E14.5and of Lhx2 (E, F) at E12.5.

In Pdn/+ brains,Gbx2 is expressed within the ventricular zone of thesdbthalamus,
but also in the dorsal most region of the dorsdatinac mantle (A)Ngn2 is expressed at
high levels within the ventricular zone of the ddrthalamus, with a sharp expression
boundary at the zona limitans intrathalamica (Cjs lalso expressed within the mantle
zone in a high ventral to low dorsal gradient (O)x2 is expressed in the ventricular
zone of the developing dorsal thalamus in a “sadt pepper” fashion and at high level
within the dorso-thalamic mantle zone (Ejnx2 is expressed in a diffuse fashion at the
border between the diencephalon and the telencapli&). It is also expressed within
the ventral thalamic until the boundary betweensdband ventral thalamus (@)Ix2
diencephalic expression is limited to the venthalamic ventricular zone and the zona
limitans intrathalamica (l). It was not possibledetect any difference in the expression
patterns of these genes within the diencephalodafPdn mutant brains (compare A

with B, C with D, E with F, G with H and | with LXn=3) (Scale bar in A 10QAm;
applays to B-D and G-J) (Scale bar in E {08 applays to F).
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In Pdn/+ brains the homeobox transcription fad&ix2 is expressed at E14.5 within the
dorsal thalamus and it has been shown to be retfinethe formation of different
thalamic nuclei (Chen et al.,, 2009; Miyashita-Lih a., 1999). IndeedGbx2 null
mutants display defects in the production of dotkalamic post-mitotic cells at early
steps of thalamic formation (E14.5). This lead$h near absence of the dLGN and a
drastic reduction of the size of the VB later invelepment (P0O), resulting in
thalamocortical tract defects with little productiof projecting thalamocortical axons
(Miyashita-Lin et al., 1999). Thébx2"" dorsal thalamic axons, which are still produced,
fail to reach the developing cortex, stopping witlihe subpallial regions and the
reciprocal corticothalamic axons do not enter timmcephalon even though there are no
cortical developmental defects (Hevner et al., 200he formation of several other
thalamic nuclei, not connecting with the cortexalso affected, like the ventral lateral
geniculate and the mentromedial and poster nueligiashita-Lin et al., 1999). At E14.5
Gbx2 is expressed within the VZ of the DT, but alscthe dorsal most region of the
dorso-thalamic mantle (Fig.4.2; A).

Neurogenin2 (Ngn2) is a bHLH transcription factor expression of whishstrikingly
regionalized within the dorsal thalamus (Nakagawa #@'Leary, 2001).Ngn2 is
expressed in dorsal thalamic neurons mainly primjgdb rostral cortical areas, within a
gradient of high ventro-rostral to low lateral-dalr§Seibt et al., 2003Ngn2 is required
cell-autonomously for thalamic axons to reach thenthl cortex, specifying the
responsiveness of thalamic axons to respond toaguoel cues within the ventral

telencephalon (Seibt et al., 2003). At E14.®dm/+ diencephalonNgn2 is expressed at
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high levels within the ventricular zone of the ddrghalamus, with a sharp expression
boundary at the zona limitans intrathalamica. Hlg expressed within the mantle zone
in a high ventral to low dorsal gradient (Fig. 43;

Lhx2 is a LIM-homeodomain transcription factor, whosgionalized expression in
dorsal thalamus has been suggested to play amndieei formation of the identity of
dorsal thalamic nuclei in combination with otherscription factors, such &lgn2 and
Gbx2 (Bachy et al., 2002; Nakagawa and O'Leary, 20Qbx2 is involved in the
establishment of the axonal connections from thedahdorsal thalamus to the cortex
(Lakhina et al., 2007)Lhx2 null mutants also display defects in thalamocatticact
formation with thalamocortical axons not being atdeenter the ventral telencephalon
because of the absence of MGE pioneer neurons ifiakit al., 2007). At E12.5hx2

is expressed in the ventricular zone of the devetpporsal thalamus and within the
mantle zone (Fig. 4.2; E).

Emx2 knockout mice display severe defects in corticavaopment: the cortical
hemispheres are reduced in size and cortical laimimas affected (Mallamaci et al.,
2000; Yoshida et al., 1997mx2 absence also leads to a shift of cortical areatiiye
and to altered distribution of thalamocortical petjons within the cortex (Bishop et al.,
2003).Emx2 knockout mice also display early thalamocorticaidgnce mistakes with
several thalamic axons projecting ventrally along DTB and not entering the ventral
telencephalon at E14.5. This is due to a misplacémé primitive internal capsule
neurons within th&mx2” ventral telencephalon (Lai et al., 2008; Lopez-Benelt al.,

2002). In situ hybridization shows thBmx2 is expressed in a diffuse fashion at the
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border between the diencephalon and the telencaphié$ ventral thalamic expression
extends nearly to the boundary of the dorsal thata(rig. 4.2; G).

DIx2 null mutants also show guidance mistakes in thatamtical axonal connections
within the developing ventral telencephalon. Selved&2” thalamocortical axons
project ventrally once they have entered the verglencephalon. MoreoveDIx2™”
mutantsalso display defects in the topography of the cotioes between cortex and
thalamus, with a ventral shift of dorsal thalamiciei connecting with the cortex. These
data also show the importance of ventral telendeplrguidance cues in sorting
thalamocortical axons before they connect withdérsbral cortex (Garel et al., 2002).
In situ hybridization on coronal sections of E1428n/+ brains show thatDIx2
expression in the diencephalon is limited to thatna thalamus, ventral to the zona
limitans intrathalamica (Fig. 4.2; I).

It was not possible to detect any difference in épression patterns of these genes
within the diencephalon oPdn/Pdn mutant brains. Interestingly, previous reports
showed a down-regulation &mx2 and an up-regulation &Ix2 within the developing
cortex of Pdn/Pdn mutant brains mutants (Kuschel et al., 2003). Hewe these
alterations are specific for the telencephalon.(#ig; B, D, F, H and J).

These analyses revealed that Bun mutation does not alter the molecular identity of
different thalamic territories. Although we canmotclude primary defects in developing
thalamic neurons, these results suggest that thereseguidance mistakes of early
Pdn/Pdn projecting thalamocortical axons are more likedybie caused by defects in

ventral telencephalic intermediate guidance cues.
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4.4 The formation of theld1" permissive corridor is affected in the

Pdn/Pdn ventral telencephalon

During their navigation thalamocortical axons reym a number of intermediate
guidance targets within the MGE and LGE to progréssards the cortex. The
following experiments focused on the identificatiohthese cues within thedn/Pdn
ventral telencephalon.

At around E13.5 thalamic axons reach the venttahtephalon. At this point they have
to make a sharp turn and enter the MGE passingtbeedDdTB. A population of neurons
located within the MGE, close to the DTB, has bsglkown to play an important role in
guiding dorsal thalamic axons across this bountgrgrojecting pioneer axons from the
MGE towards the dorsal thalamuix2 mutant embryos display a dramatic reduction of
these pioneer neurons and thalamic axons fail ter éheLhx2” MGE (Lakhina et al.,
2007). However, the investigation of these neunensomplicated by the fact that no
definitive markers have been identified to revden. So far, the only way to detect
these pioneers is to retrogradely label these tgllgjecting Dil into the developing
thalamus. Using this method it was possible totifiea substantial population of back-

labelled cells within the MGE of E12Pdn/+ brains (Fig. 4.3; A, B).
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Figure 4.3.

Dorsal thalamic Dil injections showing MGE pioneer neurons on Pdn/+ and
Pdn/Pdn E12.5 coronal brain sections (A-D)B and D are higher magnifications of A
and C, respectively. A, C coronal brain sectiorsamtrastained with TO-PRO.

Dil injected into thePdn/+ developing thalamus diffuses until the ventrag¢nelephalon
revealing a substantial population of back-labetietis within the MGE (A, B). Higher
magnification reveals a conspicuous number of RdKslabelled neural cell bodies (B).
The same experiment on E12P8n/Pdn brains showed no obvious differences between
Pdn/Pdn mutant andPdn/+ control brains (C, D). (n=4) (Scale bar in A 108; applays

to C) (Scale bar in B 5am; applays to D).
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The same experiment on E12P8n/Pdn brains showed no obvious differences between
Pdn homozygous mutant and control brains (Fig. 4.3D{;, suggesting tha®@dn/Pdn
MGE pioneer neurons can normally guide thalamocalrtaxons through the DTB
within the ventral telencephalon.

Once thalamocortical axons enter the MGE they tao@n-permissive environment. A
permissive corridor of neurons guides projectingds towards the cortex and allows
thalamocortical axons to progress through the MG&péz-Bendito et al., 2006). The
corridor forming cells originate within the LGE amdgigrate tangentially to the MGE.
Indeed, they are positive for the expression ofkerar characteristic of the LGE mantle,
such a€bfl andldl, but they are negative for markers charactergdtibe MGE, such
usNkx2.1. Failure in the tangential migration of the coorictells from the LGE to the
MGE results in the failure of thalamocortical axém grow within the ventral
telencephalonin vivo as well agn vitro (Lopez-Bendito et al., 2006). In the following
experiment, the expression of corridor cell markeas examined within the developing
ventral telencephalon &fdn/+ andPdn/Pdn embryos (Fig. 4.4; E-H).

The early formation of corridor cells was investeghby the use of in situ hybridization
for Ebfl. In Pdn/+ coronal brain sectiongfbl expression labels the presumptive
corridor neurons within the mantle of the LGE atlEsland E12.5 (Fig. 4.4; A, C). At
E11.5Ebf1 expressing cells start to migrate from the LGB itie MGE with only a few
Ebfl expressing cells entering the MGE (Fig. 4.4; A)b&quently, at E12.%bf1 in
situ hybridization staining expands within the nlamtf the LGE and progressively more

Ebflexpressing cells invade the mantle region of thealdMGE (Fig. 4.4; C).

149



Pdn/Pdn |

|

Pdn/+

I

150



Figure 4.4.

Investigation of the formation of corridor permissive to thalamocortical axons in
the ventral telencephalon of E12.%dn/+ and Pdn/Pdn brains (A-H).

In Pdn/+ coronal brain sections:fbl expression labels the presumptive corridor
neurons within the mantle of the LGE at E11.5 (Ada&E12.5 (C). At E11.5bf1
expressing cells start to migrate from the LGE itltie MGE and only a feviEbfl
expressing have entered the MGE (A). At E12.5, ni@3& mantle cells expredsbfl
and moreEbfl expressing cells invade the mantle region of thesaloMGE (C). At
these stages no difference was foundElil expression betweelRdn/+ and Pdn/Pdn
mutant brains (B, D)IsI1 immunohistochemistry oRdn/+ coronal brains sections at
E14.5 labels the LGE and LGE derived corridor celigrating within the MGE (E).
The mantle region of the LGE uniformly expressé$ (&). Dorsally within the LGE,
Isl1 expression stops sharply at the PSPB (E). rdbiwt Isl1™ migrating cells avoid the
globus pallidus and form a characteristic “horseStshape around it (arrowheads in E).
Pdn/Pdn LGE mantle cells are positive for Isl1 and showdiference to control brain
sections (F). Also, dorsally Isl1 expression stappe the PSPB (F). However, Isl1+
ventrally migrating cells display an altered distrion within thePdn/Pdn MGE, losing
the “horseshoe” shaped organization (F). The ugdpanch, forming the internal
capsule, is not as well defined asPdn/+ ventral telencephalon, while the lower branch
and the globus pallidus are not discernible (F)e Hi4.5Pdn/+ ventricular zone and
the mantle zone of the MGE expreSkx2.1, as revealed by in situ hybridization,
showing a complementary pattern to Isl1 (G). HowgevWee MGE corridor cells are
negative forNkx2.1 (G). In Pdn/Pdn brains,Nkx2.1 expression was reduced within the
MGE (H). TheNkx2.1- corridor region is larger (H). Moreover, thx2.1 expressing
Pdn/Pdn MGE mantle region was smaller compared to corftrains, resulting in a
different shape and in a size reduction of the ggopallidus (arrowhead in Hlkx2.1 is
also expressed in a diffuse manner within the regibthe preoptic area (G), but its
expression is drastically reduced in thedn/Pdn preoptic area (arrow in
H).Abbreviations: gp, globus pallidum; PoA, precpdrea. (Scale bars in A-B, C-D, E-F
ans G-H 10Qum).
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At these stages no difference was foun&hfiL expression betwedpPdn/+ andPdn/Pdn
mutant brains (Fig. 4.4; B, D).

Id1 is a marker for LGE derived corridor cells migngti within the MGE. Isll1
expression was detected by immunohistochemistrgasaonal sections of E14Bdn/+
and Pdn/Pdn brains. The mantle region of the LGE uniformly eegses Isl1. Dorsally
within the LGE, Isl1 expression stops sharply a #SPB inPdn/+ coronal brains
sections. Ventrally, Isl1 migrating cells avoid the globus pallidus and foin
characteristic “horseshoe” shape around it (Fig; £), with thalamocortical axons
growing through the upper branch of this horses$ibaecture (Lopez-Bendito et al.,
2006).

Pdn/Pdn LGE mantle cells were positive for Isll showing ddference between
Pdn/Pdn mutant and control brains sections (Fig. 4.4; Borsally Isl1 expression
stopped at the PSPB (Fig. 4.4; F). However, theesgion pattern of Isl1 in ventrally
migrating cells was different. Although ISIkells are still migrating ventrally they
display an altered distribution within the MGE, ilgy the horseshoe shaped
organization. The upper branch, forming the intecapsule, is not as well defined as in
Pdn/+ ventral telencephalon, while the lower branch &mel globus pallidus are not
discernible (Fig. 4.4; F). In addition, contrartly Pdn/+, within the Pdn/Pdn preoptic
area region it is possible to observe a sparse aunficells positive for ISI1(Fig. 4.4;
F).

The ventricular zone and the mantle zone of the M@gress\kx2.1, as revealed by in
situ hybridization on coronal sections of E1Rdn/+ brains, showing a complementary

pattern to Isll (Fig. 4.4; G). The corridor celte amegative foNkx2.1 within the Pdn/+

152



MGE (Fig. 4.4; G)Nkx2.1 is also expressed in a diffuse manner within #ggon of the
preoptic area (Fig. 4.4; G). Pdn/Pdn brains,Nkx2.1 expression was reduced within the
MGE. The gap ofNkx2.1 expression between the globus pallidus and the MGE
ventricular zone, which corresponds to the corrigagion, was larger. Moreover, the
Nkx2.1 expressind?dn/Pdn MGE mantle region was smaller compared to cortrains,
resulting in a different shape and in a size radanadf the globus pallidus (Fig. 4.4; H).
From these data, it appears that the corridor egbsmigrating ventrally forming the
internal capsule, but the ISlarea is enlarged, while the globus pallidus islema

Once thalamocortical axons have navigated throbgtpermissive channel and through
the LGE, they reach the cortex passing over theBPSRe developing cortex attracts
thalamocortical axons from the ventral telencephmalim particular, the developing
cortex expresses the Ig form of Neuregulinl (Nrgll-hich attracts thalamocortical
axons towards the cortex. Indeed, ablation of Nrglaffects the navigation of
thalamocortical axons stopping them from passingrahe PSPB into the cortex
(Lopez-Bendito et al., 2006). In situ hybridizatiperformed on E14.%dn/+ brains
showed Nrgl-Ig expression in the ventricular zohthe developing cortex (Fig. 4.5; A,
C). The same experiments &dn/Pdn brains did not reveal obvious differences in the
expression of Nrgl-lg within the cortex (Fig. 4B, D). These data show that the
Pdn/Pdn developing cortex contains some of the informati@guired to attract

thalamocortical axons towards their final targets.
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Figure 4.5.

In situ hybridization performed on E14.5 Pdn/+ and Pdn/Pdn coronal brain
sections to revealNrgl-lg expression (A-D).A and C are serial sections organized
from rostral to caudal, as well as B and D.

Nrgl-lg is expressed in the ventricular zoneRalh/+ developing cortex in a gradient
high ventro-lateral to low doro-medial (A, C). LdWwgl-lg expression is also detected
in the ventricular zone of the LGE (A) and CGE (The same experiments &dn/Pdn
brains did not reveal obvious differences in theregsion ofNrgl-lg if compared to
Pdn/+ (B, D). (n=3) (Scale bar in A 10@m; applays to all pannels).
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Taken together, these data reveal that the thalarticel axon phenotype observed in
Pdn/Pdn brains correlates with defects in formation of #mabcortical guidance cues
within the ventral telencephalon of these animalse Pdn/Pdn ventral telencephalon
shows abnormalities in the formation of the periisssi1” corridor cells.Ebf1 in situ
hybridization and Isl1 immunostaining show that t@ridor cells do form and do
migrate ventrally from the LGE to the MGE. Howewe distribution of these ventrally
migrating cells is affected. Islicells form a broader corridor and show a moreudéf
distribution pattern within thédn/Pdn MGE mantle and preoptic area. This is also
confirmed byNkx2.1 expression, which is drastically reduced withia Ban/Pdn MGE
mantle. These defects may result in an expansiontedifitories permissive to
thalamocortical axons in tHedn/Pdn MGE. This hypothesis was tested with an in vitro

assay described in the following section.

4.5 Pdn/Pdn ventral telencephalon is not able to guide thalantmrtical

axons towards the developing cortex

Although obvious patterning abnormalities were fooind within the dorsal thalamus of
Pdn/Pdn mutant brains it could be possible that thalamiic@raxons are compromised
in their ability to respond to guidance cues inteatral telencephalon. The capacity of
Pdn/Pdn thalamocortical axons to navigate within the vaintelencephalon was tested

with an in vitro culture assay. To distinguish thanor tissue from the recipient tissue in
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these culture assayPdn mice were crossed with-GFP expressing mice. In these
animals, ai-GFP fusion protein is ubiquitously expressed. Thag tethers the GFP to
microtubules and thus, labels axonal projectiorts@atl bodies (Pratt et al., 2000a).
E13.5 GFP negative brains were sliced coronally300um thick sections on a
vibratome. These sections were used as recipgsudi Subsequently, the preoptic area
was removed from recipient slices. The GFP-expngskil3.5 brains were also sliced
coronally, the dorsal thalamus was dissected frbesd¢ sections and used as donor
tissue replacing the recipient preoptic area. Aft2rhours of culture, the transplants
were fixed and GFP immunostaining revealed thes¢tayy of GFP positive thalamic
axons within the recipient section. This slice erét method provides the advantage of
maintaining the brain morphology within the slicafowing thalamic axons to grow
within the telencephalic tissue in a pattern simitathein vivo situation (Fig. 4.6).
E13.5Pdn/+ GFP" thalamic explants were transplanted into EJR&iB/+ coronal slices
for control experiments. In 8 of 9 control experimertteg Pdn/+ -GFP"™ thalamic
axons projected towards thBdn/+ cerebral cortex. Within thePdn/+ ventral
telencephalon, GFRthalamic axons are channeled through the intezapsule similar

to thein vivo situation Notably, axons avoid the globus pallidus (Fig. 46;B). In 4

out of 9 cases, some axons also grew along thealdmirder of the globus pallidus
(Fig. 4.6; A, B and Table 4.1). However, this réssihot surprising because the removal
of the preoptic area in some sections result ifrectdcontact of the thalamic explants

with the striatal regions.
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Figure 4.6.

GFP staining on organotypic co-culture experimentan which E13.5 Pdn/+ and
Pdn/Pdn 7-GFP" dorsal thalamic explants were transplanted into E3.5 Pdn/+ and
Pdn/Pdn ventral telencephalon ofcoronal brains slice. A, B Pdn/+ GFP" thalamic
explants were transplanted infain/+ coronal slices. C, Pdn/Pdn -GFP+ thalamic
explants were transplanted infedn/+ coronal slices. E, FPdn/+ GFFP thalamic
explants were transplante®dn/Pdn coronal sections. B, D and F are higher
magnifications of A, C and D, respectively.

Pdn/+ -GFP" thalamic axons projected towards tRdn/+ cerebral cortex (A, B).
Within the Pdn/+ ventral telencephalon, thalamic axons channeleslithh the internal
capsule similar to thim vivo situation mainly avoiding the globus pallidus (A, B). Some
of the axons also grew along the ventral bordehefglobus pallidum (more clear in B).
Pdn/Pdn GFP thalamic axons display a very similar behaviouPti/+ GPF axons
(C, D). Pdn/Pdn thalamic axons grew into the internal capsulePdf/+ sections
avoiding the globus pallidus (C, D). Some axons glew along the ventral edge of the
globus pallidum (more clear in D). However, congrar the above experiment, some of
the Pdn/Pdn GFP thalamic axons grew along the edge offde/+ slice (arrow in D).
Pdn/+ GFF thalamic axons appear to grow in a disorganizechnma within the
Pdn/Pdn MGE of the host slice (E, FHpdn/+ thalamic axons abnormally penetrated the
whole Pdn/Pdn MGE mantle zone never channelling through Bd/Pdn internal
capsule (E, F). In addition, it is also possibleotiserve some of thiedn/+ thalamic
axons growing along the edge of thén/Pdn section in a similar pattern observed for
Pdn/Pdn thalamic explants transplanted irfedn/+ ventral telencephalon (arrow in F).
Abbreviations: thal, thalamic explants. (Scale ioaA 200 um; applays to C, E) (Scale
bar in B 20Qum; applays to D, F).
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This region is positive fotd1l and is therefore permissive to the growth of thaam
axons (Lopez-Bendito et al., 2006). A similar pattef growth has been observed in
previous transplantation experiments (Lopez-Benelital., 2006).

Thus, this in vitro assay efficiently reproduces th vivo behaviour of thalamocortical
axons in the developing brain. Axons preferentiddigciculate and grow within the
internal and the striatal territories, avoiding M@&#ritories such as the globus pallidus
and the MGE ventricular zone.

Testing the ability oPdn/Pdn thalamocortical axons to navigate into #dn/+ ventral
telencephalon under these culture conditions irewlthe transplantation &dn/Pdn -
GFP+ thalamic explants intd”dn/+ coronal slices (Fig. 4.6; C, D). In 7 out of 9
cultures, thePdn/Pdn GFP thalamic axons displayed a very similar behaviourdn/+
GPF axons (Fig. 4.6; C, DPdn/Pdn thalamic axons were growing within the internal
capsule ofPdn/+ sections avoiding the globus pallidus and the n@riar zone of the
MGE (Fig. 4.6; C, D). In addition, in 3 out of 9@ants several axons were also found
to grow along the ventral edge of the globus padi¢Fig. 4.6; C, D). However, in 4 out
of 9 experiments somedn/Pdn GFP thalamic axons were observed to grow along the
edge of thé’dn/+ slice (Fig. 4.6; C, D and Table 4.1). This behawvias not observed
in the control experiments.

Other variations from the described pattern of dghoaf thalamic axons were observed
in 2 out of 9Pdn/+ and 2 out of 9Pdn/Pdn GFP+ thalamic explants transplanted in

Pdn/+ sections (Table 1). These differences wk&edylito be caused by the use of either
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too caudal or too rostral recipient sections. A#ively sometimes too dorsal cuts
removed, together with the preoptic area, mosthefadxonal repulsive regions of the
MGE, such as the globus pallidus.

Overall, these experiments suggest tRdt/Pdn thalamic axons generally responded
normally to ventral telencephalic guidance cuesitro, being able to navigate within
Pdn/+ ventral telencephalon.

Finally, to test the guidance propriety of tRdn/Pdn ventral telencephalon dndn/+
thalamic axonsPdn/+ GFP thalamus was transplanted inRan/Pdn coronal brain
sections. In this culture experiment, GFP immurinstg revealed thaPdn/+ GFP
thalamic axons appeared to grow in a disorganizadner within thé?dn/Pdn MGE of
the host slice (Fig. 4.6; E, F). In 10 out of 10tue experiments?dn/+ thalamic axons
were penetrating the whole recipidtdn/Pdn MGE mantle zone and never channelling
through thePdn/Pdn internal capsule. Interestingly, in 6 transplaxpeximents it was
possible to observ®dn/+ thalamic axons growing along the edge of Bun/Pdn
section in a similar pattern observed fedn/Pdn thalamic explants transplanted into
Pdn/+ ventral telencephalon (Table 1).

In conclusion, these culture experiments show BualPdn thalamic axons, as well as
Pdn/+ thalamic axons are generally able to respondPdo/+ ventral telencephalic
guidance cues. They are able to grow through ttesnial capsule towards the cortex,
and to avoid the globus pallidus and the MGE veulair zone. Only a small subset of
Pdn/Pdn thalamic axons fail to respond properly to repdsguidance cues within the
Pdn/+ environment, growing along the edge of thd@n/+ sections. In contrast, the

Pdn/Pdn ventral telencephalon is not able to gultin/+ thalamic axons towards the
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cortex, instead allowing them to grow in severdledént directions and within regions

of thePdn/Pdn MGE normally repulsive to thalamocortical axons.

Table 4.1
Different patterns of axon growth observed whenPdn/+ and Pdn/Pdn thalamic

explants were transplanted inPdn/+ and Pdn/Pdn living coronal brain sections

Different patterns of | Pdn/+ thalamus | Pdn/Pdn thalamus | Pdn/+
transplanted in | transplanted in thalamus
thalamic axon growth | Pdn/+ slices Pdn/+ slices transplanted in
Pdn/Pdn slices

1) Axons growing in the| 8 7 -
internal capsule

2) Axons growing in the| 4 3 -
external capsule

3) Axons growing in the| 2 2 10
MGE mantle

4) Axons growing along| - 4 6

the edge of the section

5) Total number of 9 9 10
successful transplants

performed
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4.6 Discussion

In the previous chapter defects in the thalamocalrtiract ofPdn/Pdn mutants were
shown.Pdn/Pdn thalamocortical axons do penetrate the ventrahteehalon. However,
soon afterwards thalamic axons display severaeufft guidance mistakes along their
way to the cortex. In the caudal part of the trwjamic axons do not enter the internal
capsule, projecting ventrally. Rostrally, once #mailc axons have entered the internal
capsule they defasciculate and do not project tdsvere cortex. In this chapter, it is first
shown thatGli3 is expressed in different telencephalic and diphakc territories at
E10.5, E12.5 and E14.&li3 is expressed in the dorsal thalamus and cortexgltine
formation of thalamocortical and corticothalamimnections, respectively, and in the
ventral telencephalon during the formation of thadaortical and corticothalamic
intermediate guidance cues. Interestingly, frons tAnalysis it was also possible to
observe a newsli3 expression domain in the mantle region of the MG&htaining
post-mitotic neurons. Therefore tRdn mutation might actually affect the development
of all these three structures of the forebrain. segbently, the experiments in this
chapter were aimed at understanding to what eX@dmtPdn thalamocortical mistakes
are caused by cell-autonomous defects in thalaraiwams and/or by defects in the
development oPdn/Pdn ventral telencephalic intermediate cues. First, ékpression
patterns of several genes important for thalamugldpment are not affected in the
Pdn/Pdn mutant diencephalon. Also, MGE pioneer neurons &flaw thalamocortical

axons to enter the ventral telencephalon are riettetl inPdn/Pdn mutants. However,
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the navigation of thalamic axons within the ventedéncephalon is not supported by the
normal formation of corridor cells in thedn/Pdn ventral telencephalon. In addition,
althoughPdn/Pdn thalamic axons normally respond to guidance coetheé wild type
ventral telencphalon, thedn/Pdn ventral telencephalon fails to guide wild typeldmaic
axons towards the cortex in a transplantation essay

Gli3 is expressed in the diencephalic ventricular Zosi®re (E10.5 and E12.5) and at
the time (E14.5) when the thalamocortical neuramsifand start to project their axons,
suggesting a possible role fGti3 in the regionalization of dorsal thalamus. However
no changes were observed in the expression pattseveral genes important for dorsal
thalamic patterning in thedn/Pdn mutant brains, such &bx2, Ngn2, DIx2, Emx2 and
Lhx2. This suggests no major defects in the patterofrige developindg’dn/Pdn dorsal
thalamus. Interestingly, it was not even possiblelétect changes in the diencephalic
expression patterns of genes whose expression ehanthe dorsal telencephalon of
Pdn/Pdn mutants. Indeed, it has been previously repotiatithere is a down-regulation
of Emx2 and an up-regulation @Ix2 within the developing cortex ¢tdn/Pdn mutant
brains (Kuschel et al., 2003). However, these alitens only affect the telencephalon of
Pdn/Pdn mutants. Once thalamic neurons are formed, theyladve to correctly express
a variety of guidance receptors and transcriptidaators that enable their axons to
respond correctly to guidance cues and ultimatedhgh the cortex (reviewed in (Lopez-
Bendito and Molnar, 2003; Price et al.,, 2006). Ef@e, it was not possible to
completely exclude primary defects Ran/Pdn developing thalamic neurons and their
axons. To check the cell autonomous capacityPdrf/Pdn thalamocortical axons to

respond to ventral telencephalic intermediate camsin vitro culture essay was
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performed, in which thalamic axons are transplantéd the preoptic area of living-
sectioned coronal brain sections. The use of livdagonal brain sections as recipient
tissues provides the advantage of maintaining tteenbmorphology of the slices,
allowing thalamic axons to grow within the telenkafic tissue in a pattern similar to
the in vivo situation. Thalamic axons are channelled throdghinternal capsule, and
most axons avoid the globus pallidus. Thus, ithigtro assay is a way to reproduce the
in vivo behaviour of thalamocortical axons in the venteiéncephalon. This technique
also avoids the time consuming and expensive usmmditional knockouts, in which
for exampleGli3 would be selectively abolished in the thalamus. méation of this
method is the variability that affects the patteaisgrowth of thalamic axons in the
ventral telencephalon. Indeed, the growth pattéthalamic axons in the slice is subject
to how the surgical cut which removes the preogtéa is done. The variations observed
in these experiments are sumarized in table 4.5elreral cases, some thalamic axons
also grew along the ventral border of the globutidees. This result is not surprising
because the removal of the preoptic area in somt@ss results in a direct contact of
the thalamic explants with the external capsulgciwis as permissive to the growth of
thalamic axons as the internal capsule (Lopez-Beneli al., 2006). Therefore, if the
excision of the preoptic area exposes more thenakeapsule region, thalamic axons
will preferentially grow along the internal capsytew 1 in table 4.1). On the contrary,
if removal of the preoptic area exposes more thereal capsule thalamic axons will
preferentially grow in this region rather that hretinternal capsule (row 2 in table 4.1).
Exposure of both of these regions results in thalaawons entering both the internal

and external capsule (row 1 and 2 in table 4.1)otler cases the cutting not only
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removed the preoptic area but also part of the MGie. remaining MGE tissue was not
sufficient to repel all thalamic axons, allowingrs® of them to grow straight towards
the LGE (row 3 in table 4.1). Finally, when the qquuéc area region, which is repulsive
to thalamocortical axon growth, was not complet&lgnoved, thalamic axons did not
grow at all in the ventral telencephalon. Theserlatases were taken out from the
analyses and considered as failed experimentsir€ontvent these problems the slice
culture experiments were repeated several timesefieeless, the different thalamic
axonal growth patterns, observed in the slice cedtuonly vary between a limited
number of possibilities, giving a realistic idealafw thalamocortical axons respond to
ventral telencephalic guidance cues. Similar past&f axon migration have also been
observed in transplantation experiments performexvipusly (Lopez-Bendito et al.,
2006).

These growth patterns were also observed wReém'Pdn thalamic explants were
transplanted into control sections. This suggested the great majority oPdn/Pdn
thalamic axons are in general able to respond iagae cues present in the wild-type
ventral telencephalon. Interestingly, in some expéxperiments, a small population of
Pdn/Pdn thalamic axons was observed to grow along the efigbe wild-typeslices
(row 4 in table 4.1). This behaviour was not obedrnn control experiments, and may
indicate that thédn mutation may affect a small sub-population of &nalc neurons, in
their ability to correctly project their axons imetventral telencephalon.

These results suggested that the severe guidarstakes of earlydn/Pdn projecting
thalamocortical axons are more likely to be causgdlefects in ventral telencephalic

intermediate guidance cues, rather then defedBlmPdn thalamic neurons and axons
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themselves. Indeed, when wild type thalamic exglangre transplanted intedn/Pdn
sections,thalamic axons penetrated the whélén/Pdn MGE mantle zone and never
formed the internal capsule. This showed thatRHe/Pdn ventral telencephalon has
completely lost any ability to guide thalamic axohsterestingly, in some transplant
experiments it was possible to observe wild-ty@daimic axons growing along the edge
of the Pdn/Pdn section in a similar pattern observed fedn/Pdn thalamic explants
transplanted into wild-type ventral telencephaldimis may suggest thabBli3 may
control some factor that normally prevents thiswgtopattern. Further research would
need to be carried out to test this hypothesis.

The outcome provided by the transplant experimentetates well with the analyses of
ventral telencephalic intermediate cuedPan/Pdn brains.Pdn/Pdn thalamic axons are
able to penetrate the ventral telencephalon, irordemce with the fact that in the
Pdn/Pdn MGE pioneer neurons are normally present and prdjesir axons in the
Pdn/Pdn thalamus, guiding thalamic axons across the DTBwél@r, oncePdn/Pdn
thalamic axons enter the ventral telecephalon tetycompletely lost taking several
abnormal directions. This is also confirmed both Dy injections in thePdn/Pdn
thalamus described in the previous chapter. THecefs more extreme in the vitro
assay. These data correlate with the fact Bom/Pdn mutants display defects in the
distribution of the Isl1 channel cells within the MGE. Although ISItells are still
migrating ventrally from the LGE to the MGE, theseanot organized in a horseshoe
shape like structure, and it is more difficult wemtify the globus pallidus and the
external capsule. The upper branch of the horse$bioring the internal capsule, is not

as well defined as in thedn/+ ventral telencephalon. This was also confirmedhey
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expression 0fNkx2.1, which is complementary tdsll expression in the ventral
telencephalonNkx2.1 expression was shifted ventrally in tRdn/Pdn MGE, resulting
in a different shape of the globus pallidus. Frévese data, it appears that the corridor
cells are migrating ventrally forming the interalpsule, but thedn/Pdn IsI1” area and
the globus pallidus are located more ventrally amparison with control brains. This
probably results in an increase in the permeabibfy the Pdn/Pdn MGE to
thalamicortical axons. In this way thalamic axons @aot repelled by the MGE mantle
but are allowed to grow in all directions, withdaging channelled through the internal
capsule. Interestingly, it is likely th&dn/Pdn thalamocortical axons will eventually
reach thePdn/Pdn cortex, probably also arriving from alternative wrahtelencephalic
routes. Indeed, th€dn/Pdn developing cortex still contains some attractivescdior
thalamic axons, such as Nrgl-lg. This is also ssigge by Dil injections and NF
staining at PO, orPdn/Pdn brains. In addition, it has been recently showat th
thalamocortical axons are eventually able to reihehr final target from alternative
routes (Little et al.,, 2009). The use of a mouse,liin which thalamic axons are
selectively labelled, crossed into tHedn background, would better clarify this
possibility (for more details see general discussahapter 6).

How GIli3 controls the formation of the corridor cells arnkrefore the guidance of
thalamocortical axons towards the cortex is unclé€r3 is expressed in ventral
telencephalic progenitor cells, and its effect ba tlevelopment of the thalamocortical
tracts and their intermediate guidance cues is fil@ky to be indirect. Indeed;li3 has
been shown to control the patterning of the telphatn. Therefore, its absence or

reduction may affect the patterning of the ventelencephalon and therefore the
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formation of some attractive and repulsive cuesn@ldhe path of growth of
thalamocortical axons, as observedPdn mutants. This hypothesis will be tested in the
following chapter. Surprisingly however, in thisidy we also foundli3 expression for
the first time in a small group of cells in the marzone of the MGE at E12.5 and
E14.5. These cells are probably differentiated oesiand seem to be positioned in the
globus pallidus. This could be more accurately kbdcby the use of double in situ
hybridization forGli3 and some globus pallidus markers, or with the doatlon of an

in situ hybridization forGli3 and immunostaining for globus pallidus markers.
Nevertheless, the expression@li3 in neurons suggests novel roles in the developing
telencephalon that would need further investigatiothe future. Indeed, until no®li3
was believed to be expressed and to play a rolg ianheural progenitor cells, as its
expression has never been reported in neurons ebefor addition, these neurons
upregulating Gli3 after differentiation are positioned exactly alotige path that
thalamocortical axons use to navigate in orderetch their final target. This will be
further discussed in the general discussion (ch&p}ein the contest of the experiments

shown in the previous and in the following restigpters.
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Chapter 5: Patterning defects inPdn mutants correlate with
the failure of corticofugal axons to enter the ventl

telencephalon

5.1 Introduction

In this chapter possible causes of corticothalatract defects are analysed in the
Pdn/Pdn mutant brains. In chapter 3, it has been obserkatl thePdn homozygous
mutant cortex is able to produce early projectingicofugal neurons and their axons.
However, several guidance mistakes were demondtrabe happen during the
development of th&dn/Pdn corticothalamic tract. At E14.Bdn/Pdn corticothalamic
axons do not enter the ventral telencephalon. @hlgter developmental stages, some
cortical axons penetrate the ventral telencephion the PSPB, several others project
towards the diencephalon through several abnormates, but most cortical axons
project along the PSPB towards the amygdaloid regrever entering the ventral
telencephalon. These analyses suggested no mdgmntslen the formation oPdn/Pdn
corticofugal neurons and their axons. Howeverhet stage it remained possible that
defects in cortical development and in the formatad different cortical layers could
underlie cortical axon pathfinding defects (revidwm (Molyneaux et al., 2007).

Alternatively, defects in the formation of guidancsies along the path of
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corticothalamic axons in th&dn/Pdn telencephalon could affect the capacity of
Pdn/Pdn corticothalamic axons to reach their final targehe aim of the following
experiments was to investigate the extent to whioltical defects and/or ventral
telencephalic abnormalities contribute to the olegicorticothalamic axonal phenotype
in Pdn/Pdn mutant mice. First, cortical lamination was chésdzed in Pdn/Pdn
mutants by immunohistochemistry and in situ hylzation for genes expressed in
different cortical layers. This analysis showedt ttiee layer identity of P@dn/Pdn
cortical neurons is not affected. Secondly, Dieatjon in the E12.5 cortex revealed the
absence of back-labelled pioneer neurons within Ri&'Pdn ventral telencephalon.
These pioneers have been suggested to be necasgarige corticothalamic axons into
the ventral telancephalon (Metin and Godement, L99& their absence or incapacity
to project their axons towards tiReln/Pdn cortex may explain the failure &fdn/Pdn
corticothalamic axons to penetrate the subpalliGubsequent experiments aimed to
investigate abnormalities in the developmentPofh/Pdn ventral telencephalon that
could explain the defects Pdn/Pdn LGE pioneer neurons. Indeed, in situ hybridization
and immunoflorescence revealed patterning defecthe Pdn/Pdn LGE. These data
showed a dorsal shift and an expansion of Rde/Pdn ventral pallium and a partial
ventralization of thePdn/Pdn CGE. This was also confirmed by a reduction in the
number of lateral cortical stream cells originatingm the dorsalPdn/Pdn LGE. In
addition, the mantle region of thiedn/Pdn LGE shows a significant reduction in the
total number of differentiated neurons. Analysestied cell cycle characteristics of
Pdn/Pdn ventral telencephalic progenitors at E10.5, revkalsignificant elongation of

the time necessary to complete the S phase andiibée cell cycle, explaining the
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reduction of neurons in tHedn/Pdn LGE mantle. Finally, based on the hypothesis that
Gli3 counteractsshh signalling in the developing ventral telencepha(®allu et al.,
2002; Rash and Grove, 2007), in situ hybridizaticasd quantitative RT-PCR
(QRTPCR) were used to reveal any changes in theession pattern of thghh target
genesPtcl and Glil andin the amount of Shh transcripts. These analysesated a
dorsal shift ofPtcl expression in th&dn/Pdn LGE and an increase in the amount of
Ptcl and Glil mRNA in Pdn/Pdn ventral telencephalic tissue. Altogether, thesea dat
showed that th&dn mutation causes an upregulationSbh signalling and patterning
defects inPdn/Pdn ventral telencephalon, affecting both the regiaaion and the

growth of the LGE.

5.2 Cortical lamination is not affected in newbornPdn/Pdn mutant

brains

Previous studies have reported severe defecteiddkielopment of the cerebral cortex
in otherGli3 mutant miceXt”/Xt’ mutants already display defects in the early stéps
cortical lamination, which involve the organizatiof the marginal zone, the cortical
plate and the early subplate (Theil, 2005). In &oldj Xt/Pdn mutants display defects in
the E14.5Xt"/Pdn cortex displaying clusters of Cajal-Retzius celtsl af radial glia
fibres that lead to cortical layer abnormalitiedat (Friedrichs et al., 2008). Therefore,

the Pdn mutation could also cause cortical lamination disfeTo test this possibility, the
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lamination process inPdn/Pdn mutant mice at PO was investigated by

immunohistochemistry and in situ hybridization (Fsgl).
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Figure 5.1.

Immunohistochemistry and in situ hybridization analyzing cortical lamination on
Pdn/+ and Pdn/Pdn coronal brain sections at PO (A-P)B, D, F, H, J, L, N, and P are
higher magnifications of A, C, E, G, I, K, M and @spectively.

Reelin immunohistochemistry revealed the presemceahn+ cells within the marginal
zone (layer 1) of thePdn/+ cerebral cortex (A, B). These reélinells are uniformly
organized in a single layer just below the pia axef(B). Higher magnification also
showed the presence of reélineurons within the cortical layers IV and V (Bhel
distribution of reelifi cells within the marginal zone &dn/Pdn mutants seems to be
slightly patchier compared tedn/+ (D). However, there are no other major differences
in the general organization of reelin+ cells wittiie Pdn/Pdn cerebral cortex (C, D).
Immunohistochemistry ofPdn/+ sections shows that Thrl expression is restricbed
post-mitotic neurons within the subplate and cattiayer VI, and to Cajal-Retzius cells
within the marginal zone (E, F). In addition, Thelexpressed at low levels in layers
/Il (E, F). It is not possible to observe anyffdrence in expression pattern of Thrl
within thePdn/Pdn cerebral cortex (G, H).

In situ hybridization reveals the expression patesf Ror-£ (I, J) andCux2 (M, N) in
the Pdn/+ cortex. Both genes are expressed in a gradientgbf ventrolateral to low
dorsomedial (I, J, M, N). HoweveRor-£ expression was restricted Rdn/+ post
mitotic neurons in layer IV (I, J), whil€ux2 is a marker for post mitotic neurons of
layer II/IIl (M, N). Cux2 is also weakly expressed within the cortical vientar zone
(N). Again, it was not possible to detect differesdn the expression patternsRafr-3
(K, L) and Cux2 (O, P) within the cerebral cortexPdn/Pdn mutant brains.
Abbreviations: CR, Cajal-Retzius cells. (n=3) (®daar in A 20Qum; applaysto E, I, M
and C, G, K, O) (Scale bar in B 10fn; applaysto F, J, N, D, H, L, P).
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It is not possible to investigatedn/Pdn post-natal cortical development because these
animals die at birth. Reelin immunohistochemistry Rdn/+ coronal brain sections
revealed the presence of reéloells within the marginal zone or layer | of therebral
cortex (Fig. 5.1; A, B). These reeligells are uniformly organized in a single layestju
below the pia surface. Higher magpnification showiee presence of reefimeurons
within the cortical layers IV and V (Fig. 5.1; BJlhese neurons are migrating
interneurons, which are also important for cortilghination (Alcantara et al., 2006;
Yoshida et al., 2006). Although the distributionreélin” cells within the marginal zone
of Pdn/Pdn mutants seems to be slightly patchier compare®dw+ (Fig. 5.1; D),
reelin immunostaining does not show other majdediinces in the general organization
of Cajal-Retzius cells within thedn/Pdn cerebral cortex (Fig. 5.1; C, D).

Subsequently, lamina formation was investigatech vilie use of specific laminar
markers on P®dn/+ andPdn/Pdn coronal brains sections (Fig. 5.1; E-P). At POtITb
immunohistochemistry ofdn/+ coronal brain sections shows that its expressson i
restricted to post-mitotic neurons within the sa@land cortical layer VI, but also to
Cajal-Retzius cells within the marginal zone (FBdl; E, F). Tbrl is also expressed at
low levels within the layers 1I/1ll (Fig. 5.1; E)F

The expression patterns Rbr-£ andCux2 were revealed by in situ hybridization (Fig.
5.1; I, J, M, N). Both genes are expressed in aigna of high ventrolateral to low
dorsomedial within the cerebral cortdRor-£ expression was restricted Ran/+ post
mitotic neurons in layer IV (Fig. 5.1; I, J) (Schee-Wiemers et al., 1997¢ux2 instead

is a marker for post mitotic neurons of layer llI/{Nieto et al., 2004; Zimmer et al.,
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2004), in thePdn/+ cortex (Fig. 5.1; M, N), and is also weakly exgex$ within the
ventricular zone of the PO cortex (Fig. 5.1; M, N).

Overall, it was not possible to detect differenicethe expression patterns of these genes
within the cerebral cortex of ARBdn/Pdn mutant brains (Fig. 5.1; C, D, G, H, K, L, O,
P). These analyses suggested that Rda mutation does not affect the cortical
lamination process and the layer identity of déf@r post-mitotic neurons at PO.
Although we cannot completely exclude primary defan corticofugal neurons, these
results suggest that the severe guidance mistak&slrdPdn corticofugal axons are
more likely to be caused by defects in ventral nedéphalic guidance cues. This

hypothesis was tested in the following section.

5.3 LGE pioneer neurons are missing in thePdn/Pdn ventral

telencephalon

At E13.5 corticothalamic axons start to cross ti8PB and to penetrate the ventral
telencephalonPdn/Pdn golli 7-GFP mouse brains show that at E14.5 early projecting
cortical neurons and their axons form. In additiédn/Pdn cortical neurons acquire the
correct layer identity at PO. However, Dil inject®in Pdn/Pdn E14.5 cortex and GFP
immunostaining orPdn/Pdn golli -GFP E14.5 coronal brain sections showed a failure

of Pdn/Pdn corticofugal axons to enter the ventral telencephdtiescribed in chapter

3).
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In this section the formation of ventral telencdmhantermediate guidance cues is
investigated inPdn/Pdn brains, since such abnormality may cause the @ilof
corticofugal axons to enter the LGE. At E12.5 LGibnger neurons have been
suggested to project axons towards the developrgxand to guide cortical axons by
providing an axonal substrate on which cortical rexgrow to pass over the PSPB
(Metin and Godement, 1996). However, as with theBvigoneer neurons pioneering
thalamic axons in the MGE (described in the previchapter), there are no markers
available to selectively label the LGE pioneers. imgestigate their presence in the
developing LGE, Dil was injected into the dorsdeteephalon of E12.®dn/+ and
Pdn/Pdn brains (Fig. 5.2). Dil injected in the developimytex of Pdn/+ brainsdiffuses
retrogradely along pioneer axons, labelling thé loetlies of pioneer neurons within the
mantle zone of the LGE (Fig. 5.2; A, B). At this leryonic stage, no cortical axons have
reached the ventral telencephalon, therefore tHewii only reveal pioneer axons
projecting from neurons located within the LGE (Fg2; A, B). Interestingly, Dil
injected in the E12.5 cortex &dn/Pdn mutant brains did not reveal any pioneer neural
cell bodies or axons within the dorg&dn/Pdn LGE in 4 out of 4 analyzed brains (Fig.
5.2; C, D). These data strongly suggest a failaréghie formation of LGE pioneer
neurons or in their ability to project axons towsarthe developing cortex. Such an
abnormality could explain whigdn/Pdn corticofugal axons are not able to penetrate the

Pdn/Pdn ventral telencephalon.
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Figure 5.2.

Cortical Dil injections in Pdn/+ and Pdn/Pdn brains at E12.5 (A-D).B and D are
higher magnifications of A and C, respectively. &, coronal brain sections are
contrastained with TO-PRO.

Dil injected in the developing cortex Btin/+ brainsdiffuses retrogradely along pioneer
axons, labelling the cell bodies of pioneer neuraitiin the mantle zone of the LGE
(A, B). At this embryonic stage, no cortical axomsve reached the ventral
telencephalon, therefore the Dil will only reve@meer axons projecting from neurons
located within the LGE (A, B). In addition, higheragnification reveals a conspicuous
number of Dil back-labelled neural cell bodies garheads in B).

Dil injected in the cortex oPdn/Pdn mutant brains did not reveal any pioneer neural
cell bodies and axons withiadn/Pdn LGE (C, D). This is also confirmed by higher
magnification which reveals no Dil back-labelledursd cell bodies (D). (n=4) (Scale

bar in A 100um; applays to C) (Scale bar in B ffh; applays to D).
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5.4 ThePdn/Pdn ventral telencephalon displays regionalization defcts
within the ventral telencephalon and at the PSPB aearly stages of

brain development

No specific markers have been found to label vérai@ncephalic pioneer neurons,
therefore it not possible to know whether they atbsent in thePdn/Pdn ventral
telencephalon or whether they cannot project tosvding developindg’dn/Pdn cortex.
However, thePdn/Pdn mutation may affect the patterning of the vented¢éncephalon,
which may lead to defects in the formation of theseirons or to their inability to
project towards the developing cortex.

Patterning defects may result in abnormal regiaatibn of Pdn/Pdn ventral
telencepholon and/or in proliferation and differatibn defects. In this section the first
possibility is analyzed. Regionalization in tRdn/Pdn telencephalon was analyzed by
in situ hybridizations and immunohistochemistry aarly stages of forebrain
development for different regionally expressed mesk Different regions of the
telencephalon acquire different identities that r@féected by the molecular expression
profiles of these territories (Fig. 5.3).

To discriminate between the dorsal and the ventesncephalon,DIx2 in situ
hybridization was performed on E11P8n/+ andPdn/Pdn coronal brain sections. These
two territories are discriminated by the expressioh DIx2 within the ventral

telencephalon (Fig. 5.3; ARIX2 has a sharp expression boundary at the PSPB{heth
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dorsal telencephalon being entirely negative (Bi@; A). In E11.5Pdn/Pdn brains,
DIx2 expression is maintained within the ventral teggt@lon (Fig. 5.3; B). However
at thePdn/Pdn PSPB som®Ix2 expressing cells intermingle wiblx2-non-expressing
cells suggesting abnormalities in the establishn@nimaintenance of this boundary
(Fig. 5.3; B).

Within the ventral telencephald@ix2 indisciminately labels the LGE and MGE, making
it a ventral telencephalic marker (Fig. 5.3; A) eféfore, to further discriminate between
LGE and MGENkx2.1 in situ hybridization was performed on E11Psin/+ and
Pdn/Pdn coronal brain section®lkx2.1 in Pdn/+ E11.5 coronal brain sections is only
expressed in the MGE&ndstops sharply at the boundary between LGE and M&dg (
5.3; C). No abnormalities were observed Nkx2.1 expression in the ventral
telencephalon of E11Bdn/Pdn brains (Fig. 5.3; D).

The expression oDIx2 and Nkx2.1 shows that at E11.5 the ventral telencephalon is
specified correctly inrPdn/Pdn mutants, but the PSPB region sholdis-expressing
cells intermingling with DIx2-non-expressing cells suggesting abnormalities hia t
formation of this boundary.

The next set of experiments investigated the faomadf the appropriate boundaries
between the LGE and the surrounding telencephaligdries (the MGE ventrally and
the cortex dorsally). Subsequently, the molecuégianalization within thePdn/Pdn
LGE was investigated by using markers differentiakpressed in dorsal or ventral

regions within the LGE.

179



'\ Pdn/+ || Pdn/Pdn ||  Pdn/+ || Pdn/Pdn |

A Ctx Ctx " Ctx Ctx
(qV] P
x x
Q D
: LGE LGE -
i MGE
& "'& e
; E11.5
F Ctx G Ctx H
Ctx Ctx
~ & % :
Q ~ i3
LGE
Q o LGE LGE
MGE MGE MGE
MGE
I Ctx cix
C\! LGE G)
(>o< s LGE (]
X bt >
= s N
MOE MGE
E12.5
M N O Mean numbers of Gsh? expressing cell
g Ctx within the LGE A
80.00 [—‘
70.00
= @ Pdn/+
50.00 BPdn/Pdn|
",3' R iy 40.00
LGE g 3 LGE 30.00
: MGE
3 20.00
: . [. |]
E 1 1 .5 o = Rostral Medial Caudal
Relative brains position

180



Figure 5.3.

In situ hybridization and immunofluorescence analys of different regionally
expressed ventral telencephalic markers on early d@eloping Pdn/+ and Pdn/Pdn
coronal brain sections (A-O). DIx2, Nkx2.1 and Gshl in situ hybridization was
performed at E11.5 (A-D, M and Npbx1 at E11.5 and E12.5 (E-HNkx6.2 at E12.5
(I-J); Gsh2 immunofluorescence at E11.5 (K-L)Rdn/+ brainsDIx2 in expressed in
the whole ventral telenephalon and it has a shegppession boundary at the PSPB, (A).
In Pdn/Pdn brains,DIx2 expression is maintained within the ventral teégt@lon (B).
However at the Pdn/Pdn PSPBDIX2 expression is not as sharp asPdn/+ (B). In
Pdn/+ Nkx2.1 is only expressed in the MGEtopping sharply at the boundary between
LGE and MGE (C). No differences were observedkx2.1 expression in the ventral
telencephalon oPdn/Pdn brains (D).Dbx1 is expressed in progenitor cells within the
ventral pallium (E, G). In both E11.5 and E1Pd&n/Pdn telencephali, the ventral limit
of Dbx1 expression is shifted dorsally and expanded irdcendorsal cortical regions (F,
H). Nkx6.2 is expressed in the ventricular zonghef dorsal most region of the MGE
and ventral most regions of tiRein/+ LGE (I). No differences were found iNkx6.2
expression inPdn/Pdn brains (J).Gsh2 is expressed in a high dorsalbvo Ventral
gradient within thePdn/+ LGE (K). A sharp expression boundary was obseatetthe
PSPB (K). No difference was observed in Gsh2 espraswvithin thePdn/Pdn LGE (L).
However, Gsh2 expression at the PSPB was not asdeds inPdn/+ brains (L).Gshl

is expressed in a “salt and pepper” fashion at keghls in thePdn/+ MGE ventricular
zone (M). Its expression extends until the vent@E but it is not expressed within the
dorsal LGE (M). InterestinglyGshl expression expanded dorsallyRdn/Pdn CGE (N,
0O).This result is quantified in GBshl expressing cells within thedn/+ and Pdn/Pdn
LGE/CGE ventricular zone were counted (these dosnaiare defined as positive for
DIx2 but negative folNkx2.1). No differences were observed in the numbeGsiil
expressing cells in rostral and medial section®af/+ (Blue) andPdn/Pdn (Purple)
LGE. However, thePdn/Pdn CGE displayed a significant increase of aboutl@-fio the
number of Gshl expressing cells (asterisk in O) (Mann-whitne,tgs=0.034, n=3)
(Scale bar in A 10Qim; applays to B-J and M-N) (Scale bar in K 100; applays to L).
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On E11.5 and E12.Bdn/+ coronal brain section®bx1 is expressed in progenitor cells
within the ventral pallium (Fig. 5.3; E, G). In Ebland E12.%dn/Pdn telencephali, the
ventral limit of Dbx1 expression is shifted dorsally. Alddbx1 expression expands into
more dorsal regions within thedn/Pdn developing cortex (Fig. 5.3; F). This effect
becomes even more obvious at E12.5, widnel expression ifPdn/Pdn mutant brains
display a clear expansion dorsally to the PSPB. (Fig; H). Similar results have also
been found previously in oth@li3 mutants, such ast’/Xt’ and Xt"/Pdn (Friedrichs et
al., 2008; Hanashima et al., 2007).

A recent report has further divided the LGE and M@Egenitor regions in molecular
sub-territories, which are reflected in the expmsspattern of genes differentially
expressed within the ventral telencephalon (Flasted., 2007). For example, Nkx6.2 is
expressed in the ventricular zone of the dorsalt meggon of the MGE and ventral most
regions of the LGENkx6.2 clearly shows the transition betweledn/+ LGE and MGE,
with its expression coinciding with the sulcus amaitally defining the LGE from the
MGE bulges (Fig. 5.3; 1). These areas have beemettfas pMGE1l and pLGE4,
respectively (Flames 2007). No differences weradou Nkx6.2 expression irPdn/Pdn
E12.5 brains (Fig. 5.3; J).

Altogether, these marker analyses show defectshén formation of the boundary
between the ventral and dorsal telencephalon, thélPSPB becoming less defined and
shifted dorsally in the E11.5 and E128n/Pdn telencephalon. However, the boundary

between thédn/Pdn LGE andPdn/Pdn MGE did not appear to be affected.
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Subsequently, investigation of the regionalizatwdrthe proliferating regions within the
LGE was carried outGshl and Gsh2 are homeobox genes expressed in progenitor
regions of the ventral telencephalon, with theipression pattern largely overlapping.
Gsh2 has been shown to play an important role in paitigrthe LGE.Gsh2 knockout
mice display a hypoplastic LGE (Szucsik et al., M98nd the dorsal LGE acquires a
ventral pallium-like identity (Yun et al., 2001).oMbvious phenotype has been found in
the telencephalon @shl null mutant mice (Li et al., 1996).

The expression pattern at E11.5 of these two genesmplementary in the ventral
telencephalon oPdn/+ brains coronal sections (Fig. 5.3; K). Gsh2 imnflumyesence
shows its expression in a high dorsal to low vergradient within the LGE (Fig. 5.3;
K). A sharp expression boundary was observed aP8fB. No difference compared to
control was observed in Gsh2 expression within Bos/Pdn LGE (Fig. 5.3; L)
However, Gsh2 expression at the PSPB was not asededs inPdn/+ brains, and it
was possible to observe some Gsbk2lls intermingling with Ghs2cells within the
presumptive ventral pallium (Fig. 5.3; L).

In situ hybridizations on E11.Pdn/+ coronal brain sections showed thashl is
expressed in a “salt and pepper” fashion at highlgein the MGE ventricular zone (Fig.
5.3; M). Its expression extends until the ventr&@H_but it is not expressed within the
dorsal LGE (Fig. 5.3; M). Interestingly, in situltmdization forGshl on E11.5Pdn/Pdn
mutants revealed a dorsal expansion of @shl expression in the caudal ganglionic
eminence (CGE), but not in more rostral sectiong. ®3; N, O).

To quantify this resultGshl expressing cells within thedn/+ andPdn/Pdn LGE/CGE

ventricular zone were counted. To define the vératmal dorsal limit of the LGE we
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usedDIx2 andNkx2.1 staining on adjacent E11.5 brain sectidashl expressing cells
were counted only within the domain positive 0x2 but negative folNkx2.1. No
differences were observed in the numbeGshil expressing cells in rostral and medial
sections of Pdn/+ and Pdn/Pdn LGE. However, thePdn/Pdn CGE displayed a
significant increase (form 34.%46 cells inPdn/+ to 65.7#0 cells inPdn/Pdn) in the
number ofGshl expressing cells compared to controls (Mann-whittest, p=0.034,
n=3) (Fig. 5.3; O).

Together withDIx2 and Dbx1 in situ hybridizationsGsh2 immunofluorescence also
confirmed that thé&dn/Pdn PSPB is not as defined as in #dn/+ brains. In addition, a
partial ventralization of thedn/Pdn CGE was revealed by an increase in the number of
Gshl expressing cells.

To corroborate this result, the formation of cdldsming part of the lateral cortical
stream originating from the dorsal LGE and/or tkatval pallium was investigated by in
situ hybridization and by immunohistochemistry gsak (Fig. 5.4). These cell
populations are positive fd?ax6 and Sx3. Once formed, they migrate ventrally along
the corticostriatal boundary and eventually conitieb to the piriform cortex, the
amygdala and to the olfactory bulbs (Carney et 2006). In Pdn/+ coronal brain
sections, Sx3 in situ hybridization clearly labels single ceftsgrating ventrally along
the corticostriatal boundary (Fig. 5.4; Alx3 in situ hybridization also labels the
ventricular zone of the LGE and MGE, but at lowetensity (Fig. 5.4; A)Pdn/Pdn
coronal brain sections showed a dramatic reductbnventrally migrating Sx3
expressing cells (Fig. 5.4; B). Few&ix3 expressing cells were present within the

mantle region oPdn/Pdn LGE, and very few of them contributed to the lateortical
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stream (Fig. 5.4; B, C). No difference Bx3 expression was detected within the
ventricular zone oPdn/Pdn MGE and LGE when compared Raln/+ (Fig. 5.4; B)

Pax6 also labelled ventrally migrating cells oraging within the dorsal LGE. Pax6
immunohistochemistry oRdn/+ coronal brain sections revealed several cellsimvitine
mantle region of the LGE migrating along the carsiriatal boundary (Fig. 5.4; D). In
addition, it is possible to observe Pax6 expressithin the ventricular zone of the
dorsal LGE and the ventral pallium (Fig. 5.4; DpaxB staining onPdn/Pdn brains
sections also showed a reduction in the numbeh@fventral telencephalic migrating
Pax6 cells (Fig. 5.4; E, F). In additioax6 ventral telencephalic expression is shifted
dorsally.

Pax6 andSx3 expression label single migrating cell within thantle zone of the LGE.
The reduction observed by in situ hybridization amdmunohistochemistry was
quantified counting Pax6and Sx3 expressing cells along thedn/+ and Pdn/Pdn
lateral cortical stream (Fig. 5.4; C, F). This gs& confirmed a significant (for Pax6:
Mann-Whitney test p=0.032 n=4 rostral, p=0.034 meddial, p=0.05 n=3 caudal; for
Sx3: Mann-Whitney test p=0.009 n=5 rostral, p=0.00% mredial, p=0.021 n=4 caudal)
reduction of about 3 times f&x3 expressing cells (form 7@+cells inPdn/+ to 27+4
cells inPdn/Pdn cells rostrally, form 786 cells to 2638 cells medially, form 852 cells

to 2942 cells caudally) and about 3 times for Pagélls (form 14740 cells inPdn/+ to
42+2 cells inPdn/Pdn rostrally, form 15510 cells to 383 cells medially, form 10946
cells to 244 cells caudally) in thédn/Pdn ventral telencephalon when compared to

Pdn/+.
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Figure 5.4.

Six3 in situ hybridization and Pax6 immunohistochemistry analyses to reveal the
formation of ventrally migrating lateral cortical stream cells originating within the
dorsal LGE and/or the ventral pallium (A-F).

On Pdn/+ coronal brain sections, cells migrating ventradlipng the corticostriatal
boundary are positive f@ix3 (arrowheads in A)Sx3 also labels the ventricular zone of
the LGE and MGE, but at lower intensity (Adn/Pdn coronal brain sections showed a
dramatic reduction of ventrally migratir&ix3 expressing cells (arrowhead in B). Fewer
Sx3 expressing cells were present within the mantigoreof Pdn/Pdn LGE, and very
few of them contributed to the lateral corticabaim (arrowhead in B, C). No difference
in Sx3 expression was detected within the ventricularezoiPdn/Pdn MGE and LGE
when compared tBdn/+ (A, B).

Pax6 also labelled ventrally migrating cells orgjing within the dorsal LGERdn/+
coronal brain sections revealed several cells witlie mantle region of the LGE
migrating along the corticostriatal boundary (arhe@ads in D). In addition, it is possible
to observe Pax6 expression within the ventricuterezof the dorsal LGE and the ventral
pallium (D). Pax6 staining oRdn/Pdn brains sections also showed a reduction in the
number of the ventral telencephalic migrating Pag6élls (arrowhead in E, F). In
addition,Pax6 ventral telencephalic expression is shifted dorgabmpare D to E).
These results were quantified by counting Pa@dann-Whitney test p=0.032 n=4
rostral, p=0.034 n=4 medial, p=0.05 n=3 caudal) &rd@ (Mann-Whitney test p=0.009
n=5 rostral, p=0.009 n=5 medial, p=0.021 n=4 cauelgbressing cells along ttreln/+
(Blue) andPdn/Pdn (Purple) lateral cortical stream (C and F). Thialgsis confirmed a
significant reduction of about 3 times f&x3 expressing and Pak@&ells along the
antero posterior axes dPdn/Pdn ventral telencephalon when compared Rdn/+

(asterisks in C and H)Scale bar in A 10Qm; applays to all panels).
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All together these analyses show a partial vez@tibn of the LGE and a dorsal shift
and expansion of the ventral pallium. This is ateofirmed by a reduction of lateral
cortical stream cells originating within the dordaGE and the ventral pallium.
Interestingly, these marker analyses also showedlzction in the size of thiedn/Pdn
LGE, which does not seem to bulge out as muche@BRdh/+ LGE. However, the size
reduction of thé’dn/Pdn LGE seemed to be due to a reductioffdf/Pdn LGE mantle

region. This hypothesis is tested in the next eacti

5.5 The Pdn/Pdn LGE displays a reduced number of neurons and an

elongation of the S phase and of the cell cycle B10.5

Patterning defects may affect telencephalic regdipmizon but also progenitor cell
proliferation, differentiation and apoptosis. Fraime previous marker analyses the
Pdn/Pdn LGE appeared smaller and less bulged out. AlthotighPdn/Pdn LGE
proliferating region, which is composed of proldéng cells, does not seem to be
affected by this size reduction, tRen/Pdn mantle region, which is composed of post
mitotic neurons, seems to be thinner when compé&relddn/+. This is particularly
evident with DIX2 in situ hybridization and Gsh2 immunofluorescenttere, the
Pdn/Pdn ventral telencephalon was tested for its abilityptoliferate and produce post
mitotic neurons at early steps of forebrain dewelept. To check this, Tujl

immunostaining was performed on coronal sectiors1df.5Pdn/+ andPdn/Pdn brains.
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Figure 5.5.

Tujl immunostaining showing the structures of the B1.5Pdn/+ (A) and Pdn/Pdn

(B) brain.

Tujl is a pan-neuronal marker staining post mitateurons.Pdn/+ coronal brain
sections reveal thick Tujlmantle regions in the MGE and LGE, compared to the
developing cortex which only shows a thin layefafl’ cells in the preplate (A).

Tujl staining on E11.%dn/Pdn coronal brain sections revealed no differenced gt
expression in the MGE mantle and cortical preplB)e However, from this analysis the
Pdn/Pdn LGE also appears smaller and less bulged outA#)ough thePdn/Pdn LGE
Tujl-negative proliferating region does not seenbé¢oaffected by this size reduction,

the Pdn/Pdn Tuj1" mantle region is thinner when comparedPtin/+ (B). (Scale bar in
A 100pum; applays to all panels)
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Tujl is a pan-neuronal marker. Neural progenitolisceroliferate in the ventral
telencephalic and cortical ventricular zone andssghently migrate radially within the
MGE and LGE mantle and within the cortical platespectively, starting their
differentiation program. Neural differentiation gtaearlier in the ventral telencephalon
than in the dorsal region. Indeed, Tujl stainingedfl.5 onPdn/+ coronal brains
sections reveals thick Tujlmantle regions in the MGE and LGE, compared to the
developing cortex which only shows a thin layerTofl* cells above the ventricular
zone, the preplate (Fig. 5.5; A).

Tujl staining on E11.%°dn/Pdn coronal brain sections revealed no differencesTtgt
expression in the MGE mantle (Fig. 5.5; B). Howetke mantle region of thedn/Pdn
LGE appears thinner when comparedPti/+ (Fig. 5.5; B) This also explains a general
reduction in the size of tHedn/Pdn LGE, which results from a reduction of post-mitoti
neurons. At E11.5 the Tujlcells within the mantle of the LGE are numerous an
densely packed and therefore cannot be resolved éach other. This makes it difficult
to quantify the number of post-mitotic neurons witthe mantle of th&dn/+ and the
Pdn/Pdn LGE. To define the origin of these defects, eastages of development were
analyzed. Tujktaining was performed on E10.5 coronal brain east(Fig. 5.6; G-H).
At this embryonic stage neural differentiation hast started in the ventral
telencephalon, therefore TUjtells within the LGE and MGE mantle are fewer éass
densely packed and can be more easily counted. En@point onwards wild type
embryos were used as controls and Rdb/+ embryos. Although there were not
obvious phenotypical differences observed betweitsh type andPdn/+ embryos, this

was done to maximise the differences in the follapguantitative analyses and to avoid
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an unlikely, but possible, subtle difference betwéeterozygous and wild type not
detectable in the previous experiments. This wascpéarly important especially in the
experiments of QRT-PCR described later.

At E10.5 it is quite difficult to identify anatonadly the LGE and the MGE. To do so a
combination of molecular markers was used to retleal extent of the E10.5 LGE,
MGE and cortex, similar to that previously desailfer the quantification ofsshl
expressing cells in the ventral telencephalon.itin lsybridization forDIx2 and Nkx2.1
was performed on coronal brain sections (Fig. B4®). On these sections, the MGE
region is defined as positive f@x2 andNkx2.1 and the LGE as positive f@Ix2 but
negative folNkx2.1. Therefore the combination of these two markesarty defines the
+/+ andPdn/Pdn PSPB between LGE and cortex and the boundary keeti&E and
MGE (Fig. 5.6; A-D).+/+ and Pdn/Pdn coronal brain sections, adjacent to those
labelled withNkx2.1 andDIx2 in situ hybridization, were immunostained for T(Hig.
5.6; G, H). These immunoreacted sections were csitaieed with TO-PRO3, which
ubiquitously labels cellular nuclei (Fig. 5.6; E). Fujl’ and TO-PRO3 cells were
counted within the delineated regions. The numifegl® cells, within +/+ and
Pdn/Pdn LGE and MGE, was then calculated as a percentate dotal number of TO-
PRO cells in this region according to the formula:

% of Tuj1" cells = (number of Tujlcells / number of TO-PROZells) x 100.

It was not possible to observe significant differes in the percentage of Tljtells

within the MGE ofPdn/Pdn coronal brain sections when compared te (Fig. 5.6; 1).
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Figure 5.6.

Quantification of ventral telencephalic post-mitotc neurons TujI" and of cells
undergoing mitosis pHH3 on coronal brain sections of E10.5+/+ and Pdn/Pdn
mutants.

In situ hybridization forDIx2 and Nkx2.1 was performed on coronal brain sections of
E10.5Pdn/+ andPdn/Pdn mutants (A-D). The MGE region is identified as itige for
DIx2 andNkx2.1 and the LGE as positive f@Ix2 but negative folNkx2.1. (A-D). In
addition, coronal brain sections adjacent to tHabelled withNkx2.1 andDIx2 in situ
hybridization, were immunostained for Tujl and pH{3 H) and counterstained with
the cellular nuclear marker TO-PRO3 (E, F). Linesendrawn to delineate the LGE and
MGE territories inside the boundaries giveniy2 andNkx2.1 in situ hybridization (E-
H). Tuj1", pHH3 and TO-PRO3cells were counted within the delineated regidree
results of the quantification are given in | witit values represented by blue bars and
Pdn/Pdn values represented by purple bars.

The number of Tujlcells, within+/+ andPdn/Pdn LGE and MGE, was calculated as a
percentage of the total number of TO-PR®@IIs in this region according to the formula:
% of Tujl" cells = (number of Tujlcells / number of TO-PROXells) x 100. No
significant difference was found in the percenta§elujl™ cells within the MGE of
Pdn/Pdn coronal brain sections when compared-to (l). However, the percentage of
Tujl™ cells within thePdn/Pdn LGE is significantly reduced to about a third when
compared to the/+ LGE (asterisk in 1) (Mann-Whitney test p=0.05 n=3)

Also, the numbers of pHH3cells in the+/+ and Pdrn/Pdn LGE and MGE were
calculated as a proportion of the total numberatisdabelled by TO-PRO3 according to
the formula: % of pHH3cells = (number of pHHZells / number of TO-PROZells)

x 100. It was not possible to detect any differencethe percentage of pHHBells
within the ventricular zone d?dn/Pdn LGE and the MGE when compared-té+ (1).
(Scale bar in A 10Qim; applays to B-D) (Scale bar in E 1@6; applays to F-H)
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However, the percentage of Tljtells within thePdn/Pdn LGE was significantly
reduced (form 15.044.02 cells inPdn/+ to 5.85-0.06 cells inPdn/Pdn) to about a third
when compared to the/+ LGE (Fig. 5.6; 1) (Mann-Whitney test p=0.05 n=3).

These data showed an obvious reduction of posttimiteeurons within the mantle
region of thePdn/Pdn LGE. This effect may be explained by a reductiordividing
cells within thePdn/Pdn LGE, alternatively increased apoptosis may haveced the
number of proliferating cells and/or differentigfinneurons. The same sections
immunostained for Tujivere also labelled with an antibody against phodpbtone H3
(PHH3) (Fig. 5.6; G, H). pHHS3 labels cells undengpmitoses, histone H3 is a histone
protein constituent of chromatin, which is phospfetied only during mitosis (Tapia et
al., 2006). The antibody used here only recognizesphosphorylated form of histone
H3. Within the forebrain, pHH3 labels proliferatireglls undergoing mitosis at the
ventricular surface of the ventricular zone of MAGESE and cortex. The reduction of
differentiated neurons could manifest as a direstsequence of a reduction of the
proliferating cells within the LGE oPdn/Pdn mutants The pHH3 positive cells were
also counted within the E10.5 LGE and the MGE+6f and Pdn/Pdn mutant brains
(Fig. 5.6; G, H). The numbers of pHHBells in the+/+ andPdn/Pdn LGE and MGE
were again calculated as a proportion of the tatiahber of cells labelled by TO-PRO3
according to the formula:

% of pHH3 cells = (number of pHHZells / number of TO-PROZells) x 100.
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Surprisingly, it was not possible to detect anyfedénces in the percentage of pHH3
cells within the ventricular zone &dn/Pdn LGE and the MGE when compared-t6+
(Fig. 5.6; ).

Taken together these data show a reduction in tbpoption of differentiated Tujl
neurons in the mantle of th&dn/Pdn LGE at E10.5. However, there was no change in
the proportion of mitotic cells in the proliferagizone of thd>dn/Pdn LGE, suggesting
that the reduction of post-mitotic neurons wasanobnsequence of a reduced proportion
of mitotic cells.

To test any abnormalities in apoptosis, immunostgirfor activated caspase3 was
performed on coronal brain sections of E16/5 and Pdn/Pdn embryos (Fig. 5.7).
caspase3 is an essential protein involved in agagpend in order to induce cell death
needs to be activated by proteolytic cleavage. tiResimmunostaining for activate
caspase3 is an indication that programmed celhdsataking place. At E10.5, a small
number of caspaségells was observed within threin/+ forebrain. Apoptotic cells are
revealed in thd>dn/+ dorsal midline, where the two telencephalic hehmesps begin
invaginating, and in ventral midline (Fig. 5.7; Adaarrow in B). No other apoptotic
cells were revealed in any other region of the E1®dn/+ telencephalic
neuroepithelium (Fig. 5.7; A, BPdn/Pdn brains display defects in the dorsomedial
telencephalic invagination, which are also refldcby the absence of apoptotic cells

within the dorsomedial telencephalon (Fig. 5.7; C).
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Immunohistochemistry for activated caspase3 analyag apoptosis onPdn/+ and
Pdn/Pdn coronal brain sections at E10.5B and D are higher magnifications of A and
C, respectively.At E10.5 very little apoptosis ibserved in thePdn/+ forebrain.
Apoptotic cells are revealed in tiReln/+ dorsal midline and in ventral midline (A and
arrow in B). No other apoptotic cells were revealedny other region of the E10.5
Pdn/+ telencephalic neuroepithelium (A, BRdn/Pdn brains display absence of
apoptotic cells within the dorsomedial telencephdl@). However, as well as idn/+
brains, no apoptotic cells were present in anyrotegion of the ventral telencephalic
neuroepithelium a part form the ventral midlinegi@ arrow in D). Although it was not
quantified, the number of Caspase®lls, in the ventral midline, did not seem tdfetif
betweenPdn/+ and Pdn/Pdn brains (arrows in B and D). (Scale bar in A 1j0,;
applays to C) (Scale bar in B 10fh; applays to D).
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However, similat tdPdn/+ brains, no apoptotic cells were present in angrotégion of
the ventral telencephalic neuroepithelium apaninftine ventral midline (Fig. 5.7; C and
arrow in D), revealing that the reduction of Tugklls within thePdn/Pdn LGE was not
the result of increasing apoptosis.

In conclusion, neither apoptosis nor a reductiorpi@igenitor cells seemed to be the
cause of the reduction of the number of differémgneurons within th€dn/Pdn LGE
mantle. However, another possibility could expltie reduction of these post-mitotic
neurons: thePdn mutation may result in a difference in the cell ley¢cime of
proliferating cells in thé>dn/Pdn LGE. To test this idea, cell cycle kinetic paraenst
were analyzed and the total cell cycle length dated within the ventral telencphalon
of Pdn/+ andPdn/Pdn E10.5 brains (Fig. 5.8).

The measurement of the cell cycle length is basedhe paradigm that proliferative
cells within the embryonic telencephalic ventricut®ne do not cycle synchronously
(Takahashi et al., 1993). At any time point it @spible to find cells in mitosis, in DNA
synthesis (S phase), G1 or G2. It is possible bellgells in S phase with the use of
BrdU and IdU which are halogenated analogues ahitiyne and are incorporated into
DNA during DNA replication. BrdU and IdU can be acjed into pregnant females of
E10.5 embryos and circulate within the blood streasaching the embryos and
incorporating into the DNA of proliferating cellsdU was injected first at T=0hr,
labelling cells in S phase (Fig. 5.8; A). After Ar5BrdU is also injected into the
pregnant female and cells in S phase will be laldelly both BrdU and IdU (Fig. 5.8;

A). However, a proportion of cells that were inf&pe at the time of the IdU integration
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will have finished DNA synthesis at the time of Brthjection and will have progressed
further through the cell cycle (Fig. 5.8; A). Thessls are not labelled by BrdU (Fig.
5.8; A) and are called leaving cellsc{k). The female is sacrificed and the embryos
isolated 2hr after the first injection. Brdland 1dU cells are in S phase during both
injections (Seis). The period that cells can incorporate 1dU butBw@U is 1.5 hr, and is
called Ti. The proportion of cells leaving S phasgiven by the number of Idcells
that are not positive for BrdU, theds.

The length of the S phase (Ts) was calculated dotpto the following formula, which
is based on the assumption that the proportiom& between any one period of the cell
cycle to that of another period is equal to thepprtion of cells in the first period to the
number of cells in the second period (Nowakowslkilgt1989):

Ts = Ti/( Lcells/Scells).

Lcens are 1dU and BrdU and Seis are 1dU and BrdU. Positive cells for BrdU and IdU
were counted within the LGE and MGE of coronal brsections oft/+ andPdn/Pdn
embryos. Two different antibodies, one recognidiig as well as BrdU and a second
one recognising BrdU only, were used on the IdU &ndU treated coronal brain
sections (Fig. 5.8; D, E). The number of [dBrdU cells was given by the number of
cells labelled by the I1dU/BrdU antibody minus thember of cells labelled by the
antibody recognising BrdU only. These brain sediamre also counterstained by TO-
PRO3 to reveal the total number of cells within Hrain sections (Fig. 5.8; B, C). As
before, MGE, LGE and cortex were discriminated Dix2 and Nkx2.1 in situ
hybridization on adjacent sections. It was not fmsdo find any difference in the Ts of

proliferating cells in the MGE d?dn/+ andPdn/Pdn brains (Fig. 5.8; F).
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Figure 5.8.

The E10.5Pdn/Pdn LGE displays an elongation of the S phase and afé total cell
cycle length.ldU was injected first at T=0hr (A). After 1.5hr dBJ is also injected into
the pregnant female labelling cells in S phase H#9gwever, a proportion of cells that
were in S phase at the time of the IdU integratialh have finished DNA synthesis at
the time of BrdU injection (A). The female is séiced and the embryos isolated 2hr
after the first injection+/+ and Pdn/Pdn coronal brain sections are immunostained for
BrdU and IdU (D, E) and counterstained with thdutaft nuclear marker TO-PRO3 (B,
C). Lines were drawn to delineate the LGE and M@&fatbries (B-E). BrdU, IdU" and
TO-PRO3 cells were counted within the delineated regidivwo different antibodies,
one recognising IdU as well as BrdU and a secorel recognising BrdU only were
used. The number of IdWBrdU cells was given by the number of cells labelledhsy
IdU/BrdU antibody (in green) minus the number oflxdabelled by the antibody
recognising BrdU only (in red). The results of theantification are given in F with/+
values represented by blue bars &dd/Pdn values represented by purple bars. BrdU
and 1dU cells are in S phase during both injectiong {5 The period that cells can
incorporate IdU but not BrdU is 1.5 hr, and is edl[Ti (A). The proportion of cells
leaving S phase is given by the number of ldélls that are not positive for BrdU, the
Lcess The length of the S phase (Ts) was calculatedrdogy to the following formula:
Ts = Ti/( Lcells/Scells). Whereckys are 1dU and BrdU and Ses are 1dU and BrdU.
Applying the same logic it was also possible teehte the total length of the cell cycle
(Tc), which was given by the following formula: FcTs/( Scells/Pcells). In this case,
Peelis is the total number of proliferating cells withine ventricular zone of MGE and
LGE. It was not possible to find any differencetie Ts and in total cell cycle length of
proliferating cells in the MGE oPdn/+ and Pdn/Pdn brains (F). However, the Ts of
proliferating cells within thé”dn/Pdn LGE was significantly longer by about 2 hours,
when compared te/+ (Mann-Whitney test p=0.05 and n=3). In additiosjgnificant 2
and half hours increase was found in the total theell cycle length of proliferating
cells within thePdn/Pdn LGE (Mann-Whitney test p=0.05 and n=3) (asterisks).
(Scale bar in B 10Qm; applays to all pannels).

200



However, the Ts of proliferating cells within tReln/Pdn LGE was significantly longer
of about 2 hours (form_Ht1 hours to 7.53.3 hours), when compared t¢+ (Fig. 5.8;
F) (Mann-Whitney test p=0.05 and n=3). This revedleatPdn/Pdn LGE proliferating
cells were progressing through the phase of DNAthsgis at a slower rate when
compared te-/+.

Applying the same logic to calculate the Ts, it veds0o possible to calculate the total
length of the cell cycle (Tc), which was given b following formula:

Tc = Ts/( Scells/Pcells).

In this case, Pcells is the total number of prddifing cells within the ventricular zone of
MGE and LGE. This number was given by the total banof cells in thé”dn/+ and
Pdn/Pdn MGE and LGE as labelled by TO-PRO3 minus the nunobduj1’ neurons.
Indeed, at E10.5 neural telencephalic differerdrathas just started and, especially
within the LGE, only a few differentiating neurohave just formed within the mantle.
Therefore it is difficult to discriminate betweernet mantle region, containing
differentiated neurons, and the ventricular zoataining proliferating cells, only with
the TO-PRO3 staining.

This analysis also showed no difference in totdll cgcle length of the proliferating
cells in thePdn/Pdn MGE when compared te/+ (Fig. 5.8; F) A significant about 2
and half hours increase (form 8®4 hours to 11.16:8 hours) was found in the total
time of cell cycle length of proliferating cells thin the Pdn/Pdn LGE (Fig. 5.8; I)
(Mann-Whitney test p=0.05 and n=3).

Together, these data suggest that the reductiotmansize of the LGE is due to a

reduction in the number of TujPpost-mitotic neurons within thedn/Pdn LGE mantle
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at E10.5. In addition, th&dn mutation selectively affects the cell cycle length

proliferating cells within the LGE. S phase and ttetal cell cycle length are
significantly longer inPdn/Pdn mutants than in-/+. The elongation of the cell cycle
time is likely to contribute to a reduced differiation rate within the LGE of these

mutants.

5.6 Shh signalling is up-regulated within the ventral telecephalon of

Pdn/Pdn mutants at early stages of brain development

Gli3 is involved inShh signalling, either as a transcriptional activaiorepressor (Aza-
Blanc et al., 2000; Ruiz i Altaba, 1998). Gli3 fighgth protein is an activator, which
needs to be proteolytically cleaved in order todoee a transcriptional repressor (Aza-
Blanc et al., 2000; Ingham and McMahon, 2001). Tappens in the absence Sih,
which negatively regulates the proteolytic cleavafi&li3 protein (Marigo et al., 1996;
Wang et al., 2000). In addition, the ration betw€Hi8 repressor and activator forms
changes in different regions of the telencephalith the repressor being more
abundant within the dorsal telencephalon and ttigador more abundant in the ventral
telencephalon (Fotaki et al.,, 2006). Therefore, @3 repressor form has been
suggested to play an important role in patternirggdorsal telencephalon in the absence
of Shh (Ingham and McMahon, 2001; Wang et al., 2000),levevidence has been
provided that Shh and Gli3 play complementary roiespatterning the ventral

telencephalon (Rallu et al., 2002; Rash and Gr208@7).
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Here, it was hypothesised th@ti3 might play a role in counteractinghh function
within the ventral telencephalon. To test this Hiesis the expression patternsShh
and the mRNA levels of its target ger@sl andPtcl were analyzed in the wild type
and Pdn/Pdn ventral telencephalon by in situ hybridization amqehntitative RT-PCR
(QRTPCR), respectively (Fig. 5.9). In situ hybralibn on E12.5 wild type coronal
brain sections showed th&hh is expressed in the mantle zone of the MGE ana at
higher level in the ventricular zone of the antegatopeduncular area/preoptic area, but
not within the LGE (Fig. 5.9; A). In situ hybridizan onPdn/Pdn coronal brain sections
shows no differences in the spatial expressiohbfcompared to wild type (Fig. 5.9;
B).

Althoughthe Shh expression pattern did not change in Flae/Pdn telencephalonGli3
may antagonizeShh function by counteractingshh signalling within the ventral
telencephalon. If this hypothesis is correct G&3 reduction affecting thé>dn/Pdn
mutants should result in an up-regulationSoh target genes§lil andPtcl (Pearse et
al., 2001; Stamataki et al., 2008t E12.5Glil is expressed in the ventricular zone at
the boundary between the LGE and MGE of wild typeirs (Fig. 5.9; C). E12.5
Pdn/Pdn brain coronal sections showed no obvious chang€&siinexpression (Fig. 5.9;
D). In situ hybridization oPtcl revealed expression within the ventricular zon¢hef
developing MGE on E12.5 wild type coronal sectiobgt very little Ptcl trancripts
were detected in the LGE (Fig. 5.9; E). In contrdsi2.5 Pdn/Pdn coronal brain
sections showedPtcl expression extending from the MGE into the LGE vieatar

zone (Fig. 5.9; F).
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Figure 5.9.

In situ hybridizations showing the expression pattens of Shh and its target genes
Glil and Ptcl, and mRNA levels ofGlil and Ptcl analyzed by quantitative RT-PCR
(QRTPCR) in wild type and Pdn/Pdn E12.5 ventral telencephali (A-G).

In situ hybridization on wild type coronal brainciens shows thaéhh is expressed in
the mantle zone of the MGE and at a higher levéhenventricular zone of the anterior
entopeduncular area/preoptic area, but not withen LGE (A). No differences are
observed in the spatial expression $h on Pdn/Pdn coronal brain sections when
compared to wild type (B).

Glil is expressed in the ventricular zone at the boynidetween the LGE and MGE of
wild type brains (C). AgaifPdn/Pdn coronal brain sections showed no obvious changes
in Glil expression (D)Ptcl is expressed in the ventricular zone of the dgpetpMGE,
and very littlePtcl staining is detected in the ventral region of LE&H. In contrast,
Pdn/Pdn coronal brain sections sholtcl expression extending from the MGE into
more dorsal region of LGE ventricular zone (F).

gRTPCR was performed on RNA extracted from vertgbdncephalic tissues of wild
type (Blue) and Pdn/Pdn (Purple) brains (G). Interestingly, gqRTPCR showed a
significantly 3-fold higherPtcl (Mann-Whitney test, p=0.002, n=6) and 2-fold higher
Glil (Mann-Whitney test p=0.006, n=8) expression in Burn/Pdn mutant ventral
telencephalon compared to wild type (asteriskS)n(Scale bar in A 10QAm; applays

to all pannels).
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To quantify this observation gqRTPCR was performed/entral telencephalic tissues of
wild type andPdn/Pdn E12.5 brains. To achieve this, forebrains of mugartt wild type
embryos were divided into left and right half. Freach half, the ventral telencephalon
was separated from the dorsal half with a micrdekrt E12.5, the LGE and MGE are
bulging out from the ventral telencephalon, and easily be distinguished form the
dorsal telencephalon. The two half ventral telehedigrom the same brain were pooled
together and the RNA was extracted before perfagmgRTPCR. Interestingly,
gRTPCR showed a significantly about 2-fold higlrl (Mann-Whitney test p=0.006,
n=8) and about 3-fold highé&tcl (Mann-Whitney test, p=0.002, n=6) expression in the
whole Pdn/Pdn mutant ventral telencephalon compared to thatitf types (Fig. 5.9;
G).

These results indicate that Shilgnalling is upregulated in the ventral telencéphaf
E12.5Pdn/Pdn mutants. This could explain the regionalizationedé&$ described above.
The cell cycle defects iRdn/Pdn ventral telencephalon have been observed as early a
E10.5. Therefore, to understand whether there wasreelation between cell cycle
abnormalities an@hh signalling up regulation iPdn/Pdn mutant brainsshh, Ptcl and
Glil expression were investigated at E10.5 (Fig. 5.A0)this embryonic age$hh is
expressed in the ventricular zone of the MGE anodmoous differences were found in
its spatial expression iRdn/Pdn coronal brain sections when compared to wild type
(Fig. 5.10; A, B). At E10.53li1 is expressed in the ventricular zone at the baynda
between the LGE and MGE. Again, no differences wewnd in Glil expression

between mutants and wild type (Fig. 5.10; C, Bjcl is also expressed in the
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ventricular zone of the E10.5 MGE of wild type ewts (Fig. 5.10; E). Interestingly, a
dorsal expansion d?tcl expression was observed in #dn/Pdn LGE of E10.5 coronal
brain sections, when compared to wild type (Fi@O5F). At this embryonic age, only
in situ hybridizations were performed. Proper mikssection of the E10.5 ventral
telencephali for qRTPCR analyses was complicatedth®y absence of obvious
morphological landmarks between the developingezoaind the ganglionic eminences.
An alternative could have been the use of the wikkencephalon. However, due to
time constraints it was not possible to perforns tekperiment with the number of
Pdn/Pdn mutant embryos becoming limiting during the cowseny PhD program.
Taken together these experiments show an up-régulat Shh targets genes within the
ventral telencephalon dPdn/Pdn mutant brains at E10.5 and E12.5. Indeed, in situ
hybridization shows an ectopic expansion Ritl within the Pdn/Pdn LGE and
gRTPCR reveal &tcl and Glil up-regulation in thd>dn/Pdn ventral telencaphalon.
These analyses provide strong support for a rof8li&in counteractinghh signalling

within the ventral telencephalon.
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In situ hybridizations showing the expression pattens of Shh and its target genes
Glil and Ptcl on wild type and Pdn/Pdn E10.5 ventral telencephali (A-F).

Shh is expressed in the ventricular zone of the MGE BAslightly dorsal shift oEhh is
observed on some (only 1 out of BJn/Pdn coronal brain sections when compared to
wild type (compare A to B)Glil is expressed in the ventricular zone at the baynda
between the LGE and MGE (C). No differences arendoin Glil expression between
Pdn/Pdn mutants and wild type (compare C to Bjcl is expressed in the ventricular
zone of only the MGE of wild type embryos (E). mstingly, a dorsal expansion of

Ptcl expression is observed in tRdn/Pdn LGE coronal brain sections, when compared

to wild type (compare E to F). (Scale bar in A 100; applays to all pannels).
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5.7 Discussion

In chapter 3 it has been shown that the corticathal tract fails to form normally in
Pdn/Pdn brains. Although cortical projecting neurons aneithaxons are present,
Pdn/Pdn cortical axons do not enter tiien/Pdn LGE, but rather project ectopically
along the PSPB. However, at later stages of braweldpment (P0O), somedn/Pdn
cortical axons were observed to enter the strisgion and the diencephalon, taking
several alternative routes in tRen/Pdn ventral telencephalon. In addition, they do not
reach thePdn/Pdn dorsal thalamus. In this chapter the mechanisnisuthderlie these
defects have been addressed. It has been revdaeddrtical lamination normally
occurs inPdn/Pdn mutants, suggesting no severe defects in the dewelot of the
Pdn/Pdn cortex. However, it was not possible to detect phesence of th&dn/Pdn
LGE pioneer neurons at E12.5. Between E10.5 andSEpatterning of thé>dn/Pdn
ventral telencephalon is compromised with defettegionalization and tissue growth.
At E11.5 and E12.5 several markers whose expressinarmally restricted to specific
regions of the ventral telencephalon revealed defadhe establishment of tiRein/Pdn
PSPB and a dorsal shift of the ventral pallium, lerihe Pdn/Pdn CGE is partially
ventralized. These results are also supported tedaction in the number of ventrally
migrating cells that originate in thédn/Pdn dorsal LGE. Also, thé?dn/Pdn LGE is
smaller when compared Rdn/+ and+/+ brains. This is the result of a reduction in the
number of post-mitotic neurons in tRdn/Pdn LGE mantle region from E10.5 onwards.

The Pdn/Pdn LGE progenitors also display an elongation of theh&se length and of
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the total cell cycle length. Finally, at E10.5 d&atR.5 thePdn/Pdn ventral telencephalon

displays an upregulation of ashhsignalling within the ventral telencephalon.

5.7.1 Cortical layer specification is not affecteth Pdn mutants

Previous studies have reported severe defectiddkielopment of the cerebral cortex
(Fotaki et al., 2006; Grove et al., 1998; Quinnakt 2009; Theil, 2005; Theil et al.,
1999b; Tole et al., 2000b)and cortical laminatibrigdrichs et al., 2008) i6li3 mutant
mice. Xt’/Xt’ mutants display defects in the early steps oficairtayering (Taglialatela
et al., 2004; Theil, 2005), whil¥t/Pdn mutants display severe abnormalities in the
cortical lamination process (Friedrichs et al., 200

Previous studies have already shown that the ralymation defects ifPdn/Pdn mutants
are the mildest of the three differa®i3 mutantsxt’/Xt’, Xt'/Pdn andPdn/Pdn (Kuschel

et al., 2003). However, defects in the developn@nthe cerebral cortex and in the
cortical lamination process dn/Pdn mutants could have been an important cause for
defects in the development of tHedn/Pdn corticothalamic tract. To address this
possibility it was necessary to analyze corticalali@oment in these mutants.

This work shows that cortical lamination is nottdibed in thePdn/Pdn PO mouse
brains. This has been demonstrated by using sewvendiers for different cortical layers:
reelin (marginal zone or layer ITbrl (layer VI, II/lll and I), Ror-£ (layer IV) andCux2
(layer II/1ll) (reviewed in Molyneaux et al., 2007)Ve also have further evidence to

support the absence of cortical lamination defecBdn/Pdn mutants. Recently, further
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progress has been made in the analysis of cotéigal markers in E14.5, E16.5 and PO
Pdn/Pdn brains (unpublished data, courtesy of Neil Campbé&thmunofluorescence
staining at PO was performed for Sox5 (layers \d &), CTIP2 (layer V, corticospinal
neurons) and Satb2 (strong expression in laydr #fd low expression in layers IV and
V, callosal neurons) (Alcamo et al., 2008; Lai &t 2008; Molyneaux et al., 2007).
These analyses did not show any obvious differeimcédse expression patterns of these
markers betweenPdn/+ and Pdn/Pdn brains, at any stages of development.
Interestingly, CTIP2 and Satb2 staining shows tiaticospinal neurons and callosal
neurons, respectively, form normally. Also, Sbx@urons of layer VI and V, most of
which are corticofugal neurons, form normally (ubjghed data, courtesy of Neil
Campbell). Altogether, the data showed no diffeesnia cortical lamination d?dn/Pdn
mutant brains when compared widn/+. In addition, the use d?dn/Pdn Golli tau-
GFP embryos revealed that tiRein homozygous mutant cortex is able to produce early
projecting neurons and their axons in the subptatd cortical plate at E14.5 and
corticofugal axons in lower layers and the subptditine Pdn/Pdn PO cortex.

At this stage it was not possible to completelerolt possible defects in expression of
guidance receptors important for the navigatio®dr/Pdn corticothalamic axons. It is
therefore necessary to investigate the correctesspyn of guidance receptors important
for corticothalamic axon navigation Pdn/Pdn mutants, such as Robol and 2 (Lopez-
Bendito et al., 2007). Interestingly indeed, vergliminary data on on@dn/Pdn brain
also showed normal expression of the guidance tec&wobo2 in the cortex, suggesting
thatPdn/Pdn cortical axons also express at least one of theéagigie receptors necessary

for their navigation towards their final target.n&lly, the use of a corticaGli3
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conditional knockout would help to investigate tell-autonomous capacity @li3
mutant cortical axons to navigate, as discusseatiduin chapter 6.

Altogether, these results suggest that the cohatamic axon guidance defects in
Pdn/Pdn mutants are not likely to result of defects intioad development and cortical

layer specification.

5.7.2 Gli3 counteracts Shh expression and Shh signalling in the ventral

telencephalon

Several ventral telencephalic development defearsevobserved ifPdn/Pdn brains,
which could explain the observed cortical axon abradities. This hypothesis implies
an important role foiGli3 in the development of the ventral telencephalaeviBus
reports have also shown an antagonizing rol&lg3 and Shh in patterning this region
(Rallu et al., 2002; Rash and Grove, 2007). Inftllewing section it is discussed how
our results are in agreement with this notion, suay even emphasize this counteraction
in the ventral telencephalon.

The transcription factor Gli3 is involved in thel8dignalling pathway (Aza-Blanc et al.,
2000; Ruiz i Altaba, 1998), functioning either aganscriptional activator or repressor.
Different regions of the Gliprotein contain different transcriptional activéjenith the
N-terminal region encoding transcriptional represactivity and full length encoding
transcriptional activator activity (Aza-Blanc et,&000; Ingham and McMahon, 2001).
Shh controls this transition: Gli3 transcriptioaativator form is proteolytically cleaved

becoming a transcriptional repressor in the abseh&hnh (Marigo et al., 1996; Wang et

212



al., 2000). Thesli3 telencephalic phenotype is opposite to defectervesl inShh null
mutants. Indeed, they play opposite roles in paittgrthe telencephalon, with Gli3 null
mutants displaying a partial ventralization of tharsal telencephalon (Kuschel et al.,
2003; Tole et al., 2000b) arfthh null mutants a partial dorsalization of the vehtra
telencephalon (Chiang et al., 1996; Fuccillo et2004; Kohtz et al., 1998; Rallu et al.,
2002). Importantly, patterning of the ventral telephalon appears to be largely restored
in double null mutants foGli3 and Shh (Rallu et al., 2002). However, the interaction
betweenGli3 andShh is more likely to be restricted to the ventraktelephalon close to
a Shh signalling source. Indeed, the dorsal telenceplddfects ofGli3 mutants are not
restored irthh/Gli3 double mutants (Rash and Grove, 2007).

In this study,Shh and its signalling was analyzed in 683 hypomorphic mutan®dn.
We found a significant up-regulation 8fh target genes of about 3-folds fetcl and 2-
folds for Glil in the Pdn/Pdn ventral telencephalon at E12.5 and a dorsal shiRtcl
expression in thé&dn/Pdn LGE of E10.5 and E12.5 brains. Recently, the asesyof
Glil and Ptc1 mRNA levels in the telencephalon of 10PIn/Pdn brains became
available (unpublished data, courtesy of Dr Kersiasenpusch-Theil). gRTPCRs for
Ptcl and Glil were performed on total telencephalic extractsEad.5 Pdn/+ and
Pdn/Pdn embryos. These experiments revealed a significdold3ncrease foPtcl, but
not changes foGlil in the telencephalon of E10P%n/Pdn brains when compared to
wild type. The mRNA was extracted from the totdémneephalon due to the absence of
clear anatomical landmarks between dorsal and aleriglencephalon at E10.5
(unpublished data, courtesy of Dr Kerstin Hasenptigweil). However, the use of total

telencephali may cause an underestimatidatc andGlil upregulation in th&dn/Pdn
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mutants. This may be particularly true 8li1 since at E10.%tcl is expressed in the
whole MGE whileGlil is only expressed at the boundary between LGE aG&M

In the limb bud, Gli3 repressor form has been regabto represshh expression. In the
presence of5li3, Shh is expressed in the posterior region of the linoiol BEchelard
1993). HoweverXt'/Xt’ mutants display a duplication &hh expression in anterior
regions of the limb bud, leading to polydactylyvieaved in (Taglialatela et al., 2004;
Theil et al., 1999c). Therefore, it would have begaresting to know wheth&li3 also
represseshh expression and not Shh signalling in the develppatencephalon. These
data also became available recently. For this pagiRTPCR was performed to check
the level of Shh mRNA within the ventral telencephalon of E12.5 ath@ whole
telencephalon of E10.5 wild type afdn/Pdn mutants (unpublished data, courtesy of
Dr Kerstin Hasenpusch-Theilghh mRNA was significantly increased in the E10.5
brains and E12.5 ventral telencephali of these msitaf about 3-folds. Interestingly, in
a recent work increase &hh expression has not been observed at E9.BdmiPdn
mutant brains investigated by real time PCR andlevmeount in situ hybridization
(Ueta et al., 2008). All together, these analy$esvsthatGli3 is necessary to counteract
Shh expression and Shh signalling in the ventral w#phalon as early as E10.5. A
reduction ofGli3 results in an increase of Shh signalling and innarease in the level
of Shh expression itselfShh ventral telencephalic expression is important &intain
ventral telencephalic identity, maintaining the ®egsion of ventral-most telencephalic
genes and/or controlling the growth of the venteééncephalon (reviewed in (Fuccillo
et al., 2006a). Therefoighh andShh signalling upregulation may be responsible for the

patterning defects observed in thHedn/Pdn ventral telencephalon. Defects in
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regionalization and growth in the ventral telenadph of Pdn/Pdn mutants will be

discussed separately in the following sections.

5.7.3 ThePdn mutation causes regionalization defects in the vémal telencephalon

and at the PSPB

Regionalization defects were selectively observethe developing LGE, CGE and at
the PSPB, but not in the MGE Btin/Pdn mutants. Thd>dn mutation leads to a partial
ventralization of the CGE revealed I3shl expression pattern®ax6 expression is
shifted dorsally in thePdn/Pdn LGE. This also leads to abnormalities in the
establishment of the PSPB with a dorsal shift ameéxpansion of the ventral pallium
domain as revealed I§ysh2, DIx2 and Dbx1 expression.

Changes irthh expression and signalling may explain these regipation defects in
the Pdn ventral telencephalon. Removal &fh from E8.5 telencephalic primordium
using Foxgl/Cre results in a loss of ventral telencephalic tissseggesting an early
requirement forshh in patterning of the ventral telencephalon (Chiatgal., 1996;
Fuccillo et al., 2004; Zhang et al., 2001). Howevemoval ofShh between E10.5 and
E12.5 usingNestin/Cre has only limited effects on the ventral telencephakuggesting
that ventral telencephalic expressionShh has a role in maintaining the expression of
ventral telencephaic genes, rather than promotealdelencephalic fate, at later stages
of development (Machold et al., 2003; Xu et alQ20

However, it has been proposed that, in the vergigncephalonShh functions to

prevent the excessive production@i3 repressor. Indeed, as mentioned before, ventral
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patterning is re-established $hh/Gli3 double mutants. Moreover, ectopic expression of
Shh in the dorsal telencephalon results in the inductf ventral markers and in the
repression of dorsal markers (Rallu et al., 2008)s suggests th&hh may play a role

in fate specification of ventral telencephalic stures. Further evidence of the
importance of Shh signalling in patterning the vaintelencephalon at later stages of
development comes from the analysispan-Gli mutants in whictGli2 andGli3 have
been inactivated (Yu et al.,, 2009&hh signalling is mediated bysli transcription
factors, includingGli3, but also byGli1 andGli2 (Fuccillo et al., 2006a; Ingham and
McMahon, 2001). They can all act to activaieh target genes in the ventral
telencephalon (Fuccillo et al., 2006a; Hooper andttS 2005; Ingham and McMahon,
2001). Although no obvious defects were previodslynd in the ventral telencephalon
of individual Glil andGli2 single orGli1/2 double mutatnts (Park et al., 2000), a more
accurate look at ventral telencephalic regionabmaishows thatNkx2.1 and Nkx6.2
expression are lost in two subgroup of progenitorthe sulcus between the LGE and
the MGE (Yu et al., 2009a). In addition, the PSRB562/3 double mutants, in which
Shh signalling is interrupted, displays a dorsglasion ofGsh2 andDIx2 expression

in the ventral pallium and lateral cortex (Yu et 2D09a).

Recent work has shown that tk&i3 repressor form is more abundant in the dorsal
rather than in the ventral telencephalon, but #imalysis did not discriminate between
the MGE and the LGE (Fotaki et al., 2006). Our Hssprovide new insights into the
role of Gli3 in the ventral telencephalon and its interactioth \&hh, showing thatGli3

is required to repressshh expression and Shh signalling within the ventral

telencephalon, and that this interaction is impdrta repress more ventral fates in the
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LGE and at the PSPB. Therefore, the LGE may recuifegher activity of the GIi3
repressor form than the MGE to counter&ut for its correct patterning. However, the
lack of antibodies distinguishing the Gli3 activatmd the Gli3 repressor forms makes
this hypothesis difficult to test. The fact thaethGE and PBSP are affected while no
defects are found in the MGE Bfin mutants may be explained by the fact tG&2
may compensate for a potential reduction of th& Gdtivator form in thédn mutants
(Yu et al., 2009a). It is also possible that algfioin thePdn mutationGli3 is generally
reduced, the reduction of the Gli3 activator formventral telencephalon is less severe
because it is prevented Bigh upregulation. Again, a Gli&estern blot may help verify
this possibility.

Nevertheless, these data further support an invwwe of Shh in controlling the
specification of distinct progenitors and the regiization of different progenitor
domains in the ventral telencephalon, via the Gditgins, and not only to maintain
ventral gene expression. This also happens in otietral regions of the neural tube.
For example, during spinal cord development 2-fgddegulation of Shh is sufficient to
induce cell fate changes (Persson et al., 2002).

The ventral telencephalic regionalization defent®dn/Pdn mutants are also supported
by a reduced number of Pdx@nd Sx3 expressing cells of the migratory stream.
BecausePdn/Pdn Pax6 andSix3 expressing cells are still able to migrate vehtrahe
Pdn mutation seems more likely to affect the productdrthese cells rather than their
ability to migrate. In these respedBax6 andSx3 analyses also suggest differentiation
and/or proliferation defects within theln/Pdn LGE. The possibilities of growth defects

in thePdn/Pdn ventral telencephalon are discussed in the follgvgection.
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5.7.4Pdn mutation causes growth defects in ventral telencéalon

Patterning defects may also include defects in gebliferation and neuronal
differentiation in thePdn/Pdn LGE. Indeed, at E10.5 and E11.5 tRdn/Pdn LGE
mantle displays a reduction in the number of postim neurons as observed using
Tujl immunostaining. This abnormality also leadsataoeduction in the size of the
Pdn/Pdn LGE. We therefore explored the causes that may teahe reduction in the
number of neurons within tHedn/Pdn LGE, such as increased apoptosis, abnormal cell
proliferation and/or cell cycle defects. Intereghn we did not observe differences in
the number of apoptotic cells in tRen/Pdn ventral telencephalon that could have led to
a reduction of differentiated neurons, nor did vaserved a reduction in the number of
mitotic cells. However, we observed an elongatidntlee cell cycle length of
proliferating cells specifically in thedn/Pdn LGE, but not in the MGE. The slower cell
cycle rate may explain the reduced numbédpraf/Pdn LGE post mitotic neurons.
However, slower progression through the cell cyuold reduced production of neurons
not seem to explain the absence of change in th&beuof cells undergoing mitosis
(revealed by pHHS3 staining). Indeed, the slower @gtle should result in a reduction of
Tuj1l"™ neurons (which we actually observe), but also ireduction of pHH3 cells
(which we do not observe). This could be solvedabguming that the proportion of
proliferating cell is higher in thBdn/Pdn LGE compared to wild type. Therefore, even
if LGE proliferating cells progress at a slowererdahrough the cell cycle, a higher

number of them in th@dn/Pdn LGE would produce the same number of mitotic cells

218



when compared to wild-type. To verify this hypotiseis would be necessary to know
the total number of mitotic cell in thedn/Pdn LGE. However, this analysis would be
extremely complicated, because it would be verfiatilt to accurately define the dorsal
limit of the Pdn/Pdn LGE, because of the described regionalization daligfe
Nevertheless upregulatedShh expression andhh signalling provide a very good
explanation for the growth defects in thdén/Pdn LGE. Indeed, a very recent paper has
shown that interruptinghh signalling in the ventral telencephalon by knockog Gli2
andGli3 results in defects in the production of ventrénieephalic neurons, shown by a
reduction in the number of TupndLhx6 and Ebfl expressing cells in the mantle of
Gli2/3 double mutant MGE and LGE (Yu et al., 2009b). Thasult is intriguingly
similar to what is observed in the ventral telef@@pn ofPdn mutants.

In addition,Shh has been shown to act as a mitogen and to indotiéepation in neural
and non-neural tissues (Kenney et al., 2003; Keramely Rowitch, 2000; Oliver et al.,
2003; Rowitch et al., 1999). Another example forrde of Shh in regulating
proliferation is provided by the fact that uncotigd activity of Ptcl and therefore
ectopic activation oghh signalling is a predisposition for basal cell aaotas and for
medulloblastoma in Gorlin’s syndrome patients (Qamdet al., 1997). It seems that the
time of exposure t&h can produce different outcomes. This is becauseakility of
proliferating cells to respond t8hh depends on their proliferative state. For example,
Shh ectopic expression in the E12.5 dorsal spinal ¢oecdeases proliferation causing
hyperplasia, but does not have any effect at E@dvitch et al., 1999). In this work it
is also shown that, at E12.5, increased cell gnatfon results in an expansion of the

spinal cord ventricular region, with proliferatiraglls being locked in a proliferating
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state and failing to undergo differentiation, agemded by the absence of post-mitotic
neurons in the mantle region (Rowitch et al., 1998)iguingly, this result is very
reminiscent to what was observed in the develogiuy/Pdn LGE, where Shh
expressionand Shh signalling upregulation coincides with the deaisiof neural
progenitor cells to preferentially remain in a |fevhting state rather than to
differentiate.

A recent study has also shown tisah controls cell cycle progression and neural fate
specification of neural progenitors in the embrgonmiouse retina (Sakagami et al.,
2009). In addition, before E9.5hh is required for proliferation in the mid/hindbrain
(Blaess et al., 2006). Recent work has also liriédactivity in the cerebellum with the
transcriptional activation of genes implicated &ll cycle processes likd-myc, cyclin
D1, E2f1 andE2f2 (Kenney et al., 2003; Oliver et al., 2003).

Our study may further emphasize a direct roleSan in controlling the cell cycle of
proliferating cells in the telencephalon, which Hasen previously only indirectly
hypothesized by the observation of a size reductibrthe telencephalon ofhh™
mutants. It would be interesting to know if tiReln mutation leads to change in
expression of genes controlling the cell cycle pesgion.

Another role ofshh in regulating tissue growth is by controlling cédath. Apoptosis is
increased in the spinal cord, diencephalon and raidbn Shh null mutants (Chiang et
al., 1996; Ishibashi and McMahon, 2002; Litingtargl Chiang, 2000a). This effect can
be repressed by removir@i3, which also suggests that tla&i3 repressor form can
control apoptosis at least in the spinal cord (Bakc 1984; Blaess et al., 2006;

Litingtung and Chiang, 2000b). However, no changese observed in the number of
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apoptotic cells in thePdn/Pdn ventral telencephalon when compared to wild type,
showing that this is not the case in the ventilahieephalon, at the ages examined.

A previous studies oiXt/Xt mutants investigated the role 61i3 within the ventral
telencephalon (Yu et al., 2009a). However, the @qgr and the results differed slightly
from the results obtained here. TX#&/Xt mutants displaed an increase in the number of
differentiated cells within the ventral telencemralwhich was not reflected by defects
in the cell cycle time as observedRdn/Pdn mutants.However, in this study the LGE
was not separately analised from the MGE. Thisthednore sever¥t/Xt phenotype

may explain the difference between the work of Teaal. (2009) and the present sudy.

5.7.5 LGE pioneer neurons defects may be causing alamocortical tract

abnormalities in Pdn/Pdn brains

The Pdn/Pdn ventral telencephalon appears to lack retrograliddglled LGE pioneer
neurons. Ventral telencephalic pioneer neurons foamsiently in the E12.5 LGE and
project axons towards the cortex. At E14.5, soder aforticofugal axons have entered
the LGE, it is no longer possible to detect theill bodies by retrograde labelling in
wild type embryos. LGE pioneer neurons are thoughtbe important to guide
corticofugal axons from the developing cortex téeerthe ventral telencephalon (Metin
and Godement, 1996). However, there is no direidesxce for their role as corticofugal
intermediate targets. In addition, the study oftredntelencephalic pioneer neurons is
complicated by the fact that there are no markeeslable that discriminately label

them. Consequently, the only way to reveal thesispnce is to inject carbocyanine dye
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within the developing cortex at E12.5. TRdn mutation is the first known mutation to
cause the absence of Dil retrogradely labelled L@&heer neurons. However, the
absence of back-labelled neural cell bodie®dn/Pdn LGE could be caused either by
their absence or by their inability to project agdowards the developing cortex. The
lack of markers, however, makes it difficult to tthguish between these possibilities.
Further experiments are needed to investigate dh@a of LGE pioneer neuron defects
in Pdn/Pdn brains, but this will be discussed in the next isec{chapter 6). Indeed,
bases on the experiments described in this thesis of these hypotheses are sitill
possible. Thé>dn/Pdn LGE proliferation defects resulting in a reductiointhe number
of post-mitotic neurons may also result in a redunctof the production, or in the
absence of LGE pioneer neurons. This would meanliB& pioneer neurons originate
within the LGE. Experiments necessary to definijivaddress this possibility will be
proposed in the next section (chapter 6). This @aalso mean that differentiation
defects might differentially affect the neural ptgiions originated in thedn/Pdn LGE.
This is true, for example, for corridor cells arat tells of the lateral cortical stream,
which both originate in the LGE. However, tRdn/Pdn LGE is largely positive for the
corridor cell markeiEbfl (chapter 4). In contrasBdn/Pdn mutants display a reduction
in the number of Pax@andSx3 expressing lateral cortical stream cells (thisptég.
Alternatively, thePdn mutation may also affect the capacity of pioneeurons to
project their axons towards the developing cortedeed, thdPdn/Pdn PSPB is shifted
dorsally, and therefore the region in which pionegons have to navigate is not
immediately adjacent to them. This may increasadti&nce over which pioneer axons

have to navigate and/or may affect the responseitfeerto unknown attractive
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molecules expressed in the cortex and importanjuide pioneer axons across the
PSPB.

Finally, the fact that th@dn/Pdn LGE progenitor cells display a slower cell cycleaym
lead to a developmental delay in the formation i@heer neurons, which could still
form but at later stages of development. HoweuJss possibility seems to be more
unlikely because at E14.5 it is still not possilbbedetect any retrogradely labelled
pioneer cell bodies in thedn/Pdn LGE. In additionPdn/Pdn corticofugal axons do not
enter the ventral telencephalon until after E16.5.

Alternatively, the observed defects in the formatal thePdn/Pdn PSPB may directly
affect the navigation of corticofugal axon enteritige ventral telencephalon, with
Pdn/Pdn cortical axons following a ‘default pathway’ alotige PSPB (Molnar & Butler,
2002 and Molnar & Blakemore, 1995).

These two possibilities (the absencd”dfyPdn LGE pioneer neurons and defects in the
formation of thePdn/Pdn PSPB causing the failure &dn/Pdn cortical axons to enter
the venral telencephalon) are not mutually exckisiowever, it is possible that the Dil
injected in the E12.5 cortex labelled growth coaksortical axons (Molnar et al., 1998
and Molnar and Cordery, 1999) and not LGE pioneeraking the ‘default pathway’
hypothesis the only explanation for the impairmehPdn/Pdn cortical axons to enter
the ventral telencephalon. Althought this possipil unlikely; it would be necessary to
stain the E12.5 Dil injected brains with the nucleaarker TO-PRO, to definitively
confirm the colocalization of Dil backlabelled eeland TO-PRO chromatin in the

LGE.
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Nevertheless, this work emphasizes the importafdtes& pioneer neurons in guiding
corticofugal axons towards the ventral telenceptailiefects in their formation and/or in
their ability to project axons towards the cortegydde an excellent explanation for the
failure of corticofugal axons to pass over the PSPiese data also suggest novel roles
for Gli3 and Shh in the ventral telencephalon: their counteractisnnecessary to

correctly specify ventral telencephalic intermediatrgets for corticofugal axons.
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Chapter 6: General discussion and future work

In this study, | have particularly focused on thectmanisms underlying the defective
development of the thalamocortical and corticottmdatracts in theGli3 hypomorphic
mutantPdn. Different experimental approaches were combinedi¢sect the primary
defects in thePdn/Pdn thalamocorticaland corticothalamic tracts caused by ®an
mutation. The use of th&li3 hypomorphic mutanPdn provided the advantage to
attenuate the severe regionalization defects obderv theGli3 null mutantsXt’. The
more subtle anatomical defectsRdn mutants allowed a detailed study of the cellular
interactions betweeRdn/Pdn cortical and thalamic axons and the environmenthich

they have to navigate.

6.1 ThePdn mutation does not result in severe defects in thaeveloping

cortex and thalamus

Pdn mutants do not display severe defects in the faonaif the cortical layers and in
the patterning of the dorsal thalamus. Corticofugalrons and their axons form
normally in thePdn/Pdn cortex, but their axons only enter the ventragénieephalon

with a delay of several days. In contraBgn/Pdn thalamic axons make guidance
mistakes only after they have entered ®dn/Pdn ventral telencephalon. Primary

defects in thalamic and cortical neurons and tweims may cause these defects.
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However, we did not observe defects in the pattgrrof the Pdn/Pdn thalamus. In
addition, Pdn/Pdn thalamic axons behave relatively normally oncedpdanted in the
wild type ventral telencephalon, responding norynédl guidance cues and projecting
along the internal capsule. This suggests thatgtlkat majority ofPdn/Pdn thalamic
axons are in general able to respond to guidanes ptesent in the wild-type ventral
telencephalon. In some explant experiments, a spwgdllation ofPdn/Pdn thalamic
axons was observed to grow along alternative roumés the wild-type ventral
telencephalon. This behaviour was not observed ontral experiments, and may
indicate that thePdn mutation may affect the ability of a small sub-plgpion of
thalamic neurons to correctly project their axamghe ventral telencephalon. It would
be interesting to know whether tiiRein mutation results in changes of expression in
guidance receptors important for thalamic axonsn&vigate through the ventral
telencephalon, such &ma6a. Why Sema6a is a good candidate for the thalamocortical
defects observed iRdn mutants will be discussed in greater detail |&tdapter 6.3).
Nevertheless, the analysis @fi3 conditional knockouts would help to clarify thelee
autonomous capacity dbli3 mutant thalamic axons to navigate towards theegort

Mutant mice containing &li3"

allele became recently available (Blaess et 8062

It would be very interesting to cross this linelwihouse lines in which thére enzyme
is specifically expressed in the dorsal thalams#githeRoR-a/Cre (unpublished). In
RoR-a/Cre animals, the expression of the Cre enzyme is driveter the control of

regulatory elements of tHeoR-a gene, which is expressed in most regions of theatlor

thalamus (unpublished).
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Nevertheless, our data strongly suggest BaafPdn dorsal thalamic neurons and their
axons are not affected and that guidance mistakesmare likely to be caused by
abnormalities in the ventral telencephalon. Indeed,mutant mice in which the
development of the dorsal thalamus is affectedathiz axons transplanted in wild-type
ventral telencephalon reproduce theirvivo guidance mistakes. This is the case for
example inPax6™ mutant mice, in which thalamocortical axons do enter the
ventral telencephalom vivo andin vitro when transplanted into the wild-type ventral
telencephalon (Pratt et al., 2000a). On the copntestruction of ventral telencephalic
intermediate guidance cues affects the navigatfowild-type thalamic axonsn vitro

(Lopez-Bendito et al., 2006).

The failure ofPdn/Pdn cortical axons in entering the ventral telencephalould also be
caused by defects idn/Pdn cortical projecting neurons themselves and/dPdn/Pdn
cortical subplate neurons pioneering the cortidath& tract. However, th&dn/Pdn
cerebral cortex does not display defects in théaa@rdamination process, in contrast to
more severely affecte@li3 mutant mice, such a&’/Pdn and Xt’/Xt’ (Friedrichs et al.,
2008; Theil, 2005). In addition, the use of fdn Golli tau-GFP mouse line revealed
that the first projectingPdn/Pdn corticofugal neurons and their axons are formed
normally. ThePdn/Pdn GFP cortical axons however, are delayed several days i
entering the ventral telencephalon, and corticahaxappear to project along the PSPB.
It is still possible thaPdn/Pdn early projecting cortical neurons once they formnad
express the correct guidance receptors importantttieir entry into the ventral

telencephalon. This hypothesis has not been feltyetl yet. To do that it would be
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interesting to perform slice culture experimentswhich Pdn/Pdn 7-GFP cortical
explants are transplanted in wild-type cortex.

Therefore, based on the data presented here, gbssible that the failure of early
projecting Pdn/Pdn cortical axons could be due to a combination dfFagtonomous
defects in subplate and cortical plate neurons,atad due to defective LGE pioneer
neurons, as discussed in the next section. Theyaasadf Gli3 conditional knockouts
would help to better clarify these not mutually lesove possibilities. It would be very
interesting to cros6li3"™ line with mouse lines in which thére enzyme is specifically
expressed in the LGE or in the cerebral cortexagithe Gsh2/Cre and theEmx1/Cre
mouse lines, respectively (Kessaris et al., 2006ung et al., 2007). The causes of
Pdn/Pdn thalamocortical guidance mistakes in the venedricephalon are discussed

separately in the section 6.3.

6.2 Ventral telencephalic patterning defects irPdn mutants correlate
with defects of LGE pioneer neurons, and failure ofcortical axons in

entering the ventral telencephalon

The ventral telencephalon is now regarded as asairintermediate guidance cues for
the formation of the thalamocortical and cortictdinaic tracts and its formation is
controlled by a great number of transcription fastexpressed in different patterns in
the subpallial regions, such Bax6, Mashl, Ebfl, Emx2, Nkx2. andDIx2 along the path

thalamic and cortical axons have to navigate (Bisébal., 2000; Hevner et al., 2002;
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Jones et al., 2002; Lopez-Bendito et al., 2002;l&nsédci et al., 2000; Pratt et al., 2000b;
Tuttle et al.,, 1999).Some of these genes are also expressed in thex camtor
thalamus, for examplBax6, Thrl, Ngn2, Ebfl, Emx2 while others are only expressed in
the thalamus or in the cortex, likgbx2 and Emx1 respectively(Bishop et al., 2000;
Hevner et al., 2002; Jones et al., 2002; Lopez-Beret al., 2002; Mallamaci et al.,
2000; Pratt et al., 2000b; Tuttle et al., 1998jerestingly, mice mutant faBbx2 and
Emx1 display defects in the formation of both the cati@lamic and thalamocortical
tracts (reviewed in (Lopez-Bendito and Molnar, 2003erefore, cortical and thalamic
axons require the correct expression of transorptactors not only in cortex and
thalamus but also in territories along which thegvén to navigate. However, it is
difficult to interpret the data coming from the &s@s of these mutants. It is not clear
yet to which extent defects in the axonal tracttheke mutants are dependent on defects
in thalamic and cortical neurons themselves anailoabnormalities in the territories in
which these axons have to navigate. Neverthelbsy, ltave provided precious tools to
dissect the cellular and molecular mechanisms Uyidgrthe formation of these two

tracts.

ThePdn mutation results in an upregulation@th expression anghh signalling in the
Pdn/Pdn ventral telencephalon, leading to partial ventedlan of thePdn/Pdn CGE and
a dorsal shift of thédn/Pdn PSPB. In addition the mantle region dn/Pdn LGE is
reduced in size. This is due to an elongation dfoyele length ofPdn/Pdn LGE neural
progenitors leading to a reduced number of neuronthe Pdn/Pdn LGE. Gli3 has

already been proposed previously to antago&#e function (Rallu et al., 2002). In
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addition, Gli3 can function as a transcriptional activator in gnesence oghh (Bai et
al., 2004; Wang et al., 2007), and as a transcriptional repressor in the abseh&ah
(Aoto et al., 2002; Fotaki et al., 2006; Kuschehlet 2003; Rallu et al., 2002; Tole et al.,
2000b). Indeed, it is probably the ratio betweei3 Gépressor and activator forms,
which would be higher in the dorsal telencephaltereshh is not expressed and lower
in the ventral telencephalon where theré&hh expression, which is important for the
patterning of the telencephalon (Fotaki et al.,&0Therefore, it is likely to be the Gli3
repressor form that countera&@sh function. Here we show that GIi3-Shh counteraction
in the ventral telencephalon represses ventralvWétdn the LGE and PSPB. Therefore
it possible that the ratio between Gli3 repressod activator forms is affected in
different territories of theGli3 hypomorphic mutanPdn. However, the reduction of
Gli3 may not be sufficient to cause severe defectitex and thalamus of thedn
mutants, but in the ventral telencephalon this sumswith Shh and Shh signalling
upregulation making this region the most affecesimentioned before, the lack Gfi3
antibodies working in immunohistochemistry makeis thypothesis difficult to verify.
However, it would be possible to investigate thigoraf the Gli3 repressor and activator
forms in dorsal and ventral telencephalon, and gbbbeven in LGE and MGE, using
Gli3 western blot analyses as described in (Fataki., 2006).

Interestingly, patterning abnormalities in thén/Pdn LGE correlate with the absence of
Dil back-labelled LGE pioneer neurons. Defectsha formation and or projections of
the pioneer neurons in thedn/Pdn LGE may explain whyPdn/Pdn corticothalmic
axons do not enter the ventral telencephalon. fiipoitance of pioneer neurons is well

established in several regions of the forebraion®er neurons are the first to project
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their axons along several axonal pathways, guithter arriving axons and starting the
formation of the tracts. They are transient neuransg normally disappear at later stages
of development once their guidance function haislied. For example, pioneer neurons
in the most medial cortical region, the cingulabetex, are necessary for callosal axons
coming from more lateral regions to cross the malijKoester and O'Leary, 1994; Piper
et al., 2009; Rash and Richards, 2001). Also, sibpieurons guide the later projecting
corticofugal axons into the internal capsule (Del@aand O'Leary, 1992; McConnell et
al., 1989).

Indeed, chemical ablation of subplate pioneer neuneith the use of the neurotoxin
kainic acid results in defects of cortical axongaiting their sub-cortical targets without
destroying the deep cortical layer neurons (McCobreteal., 1994). Cortical subplate
neurons have also been suggested to provide stsffahd to guide incoming
thalamocortical axons, with their ablation resytim defects in thalamic axons in
reaching their cortical target (Blakemore and Moli®90; Ghosh et al., 1990; Ghosh
and Shatz, 1993; Molnar and Blakemore, 1995). Kinal nearly complete absence of
back-labeled MGE pioneer neurons has been obsarvedx2 mutant mice. This
correlates with a failure ofLhx2” thalamocortical axons to enter the ventral
telencephalon (Lakhina et al., 2007).

However, as discussed in the previous chapteratses of the absence of back-labelled
LGE pioneer neurons are not completely clear. Huoe that thePdn/Pdn LGE displays

a reduced number of neurons seems to suggestPtmPdn pioneer neurons are
reduced too, or do not form at all. Indeed, upratioih of Shh signalling in thiedn/Pdn

ventral telencephalon may result in a misspecibeabf these neurons, as in the spinal
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cord, where a 2-foldhh upregulation results in a fate change (Persson.,eR@02).
Alternatively, the dorsal shift of thedn/Pdn PSPB may result in an increased distance
between these pioneer neurons and the territonyhich they have to project their
axons, causing a failure of pioneer axons to etiterPdn/Pdn cortex. The lack of
specific molecular markers for these pioneer nesiroakes these hypotheses difficult to
verify. Another open question concerning the LGEngier neurons is their anatomical
origin. The analyses of the defects in thén/Pdn LGE seem to suggest that they
originate from the LGE. However, LGE pioneer nesr@ould be born in other brain
regions, such as the MGE, and subsequently migratethe LGE. An interesting
experiment to investigate they anatomical origiruldobe done with the use of a
Gsh2/Crefyellow fluorescent protein (YFP) reporter mouse line. 16sh2/Cre animals the
expression of the Cre enzyme is driven in the L@nfE10.5 under the control of
regulatory elements of th@sh2 gene. In the YFP reporter mice there ist@ codon
flanked by twolLoxP sites upstream of the YFP gene (Srinivas et alQ1R0The
expression of Cre removes th®p codon and activates expression of the YFP. YFP
expression therefore marks all cells derived frdma Gsh2 progenitor region. The
injection of Dil in the cortex of E12.%sh2/Cre/YFP embryos would reveal whether
pioneer neurons originate in the LGE, indicatedh®y co-localization of the Dil back-

label and YFP.
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6.3 Thalamocortical tract defects in Pdn mutants are caused by

abnormalities in ventral telencephalic guidance cue

The defects in th&dn/Pdn thalamocortical tracts are more heterogeneous tiase
observed inPdn/Pdn corticothalamic tract. First?dn/Pdn thalamocortical axons pass
over the DTB entering the ventral telencephaloadoordance with the presence of Dil
back-labelled MGE pioneer neurons. Subsequentlyekier, in the caudal part of the
tract Pdn/Pdn thalamic axons project ventrally, not entering tinéernal capsule.
Rostrally in the tractPdn/Pdn thalamic axons navigate through the MGE but they
display guidance mistakes in more dorsal regionth@Pdn/Pdn ventral telencephalon.
Therefore, several different defects may affectrthigration ofPdn/Pdn thalamic axons

through the ventral telencephalon.

The causes of these guidance defects in the rgerabf the tract could be multiple. It
is possible for example that thalamocortical axaresnot guided towards then/Pdn
cortex, because the pathway is not pioneereBdmfPdn subplate cortical axons, which,
as discussed above, may be defective. Alternatibagausédn/Pdn cortical axons do
not enter the ventral telencephalon they cannot meemingPdn/Pdn thalamic axons,
and therefore cannot guide them into the cortexwéle@r, it is also possible that the
dorsal shift and the expansion of th@n/Pdn PSPB may affed®dn/Pdn thalamic axons
in entering the cortex, in the same way that il@¢@ifect the axonal projections of LGE

pioneer neurons. Indeed, the PSPB as well as thB Bre critical points for the
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navigation of thalamic and cortical axons. Axongrapaching or surpassing these
boundaries change their growth kinetics and trescitulation properties. For example
thalamic axons strongly fasciculate once they haassed over the DTB in order to
enter the internal capsule, while cortical axonssgafor few days after they navigate
through the PSPB (reviewed in (Lopez-Bendito andriglig 2003; Price et al., 2006).
Several mice, mutant for genes important in thaldishment of these boundaries,
display defects in the navigation of thalamocofti@ad corticothalamic axons (Garel
and Rubenstein, 2004; Hammerschmidt et al., 19%&nkr et al., 2002; Jones et al.,
2002; Lopez-Bendito et al., 2002). Defects in tk@ression of genes around these
boundaries do not only cause guidance defectsmayt also stop axonal progression
over the adjacent territory (reviewed in (Lopez-8iém and Molnar, 2003; Price et al.,
2006). The analysis of the thalamocortical andiativalamic tracts irGli3 conditional
mutants may better clarify these different postied. In addition, it would be
interestingly to delet&li3 expression from the ventral pallium, crossing @™ line
with aDbx1/Cre mouse line (Fogarty et al., 2005).

The analysis ofPdn mutants may help to test the “hand-shake” hypagheBhis
hypothesis postulates that cortical axons extener aie PSPB, and later arriving
thalamocortical axons contact cortical projectiarsl use them to enter the cortex
(Molnar et al., 1998; Molnar and Blakemore, 1996)E14.5Pdn/Pdn mutants, cortical
axons do not pass over the PSPB but project atomg addition, thalamocortical axons
do not project towards the PSPB, but make guidamsgakes in dorsal regions of the
Pdn/Pdn LGE. Interestingly, however, in the caudal parttloé thalamocortical tract,

Pdn/Pdn thalamic axons project ventrally in the MGE invaglitne amygdaloid region.
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At PO, however, although seveigdin/Pdn cortical axons are still projecting along the
PSPB, several of them eventually enter the vetgtlahcephalon, projecting towards the
diencephalon. A great number Bfn/Pdn corticothalamic axons also enter the ventral
telencephalon from more ventral regions along tis®®. Finally, severaPdn/Pdn
cortical axons reach the amygdaloid region and eently project towards the
diencephalon, entering the ventral telencephalamfivery ventral regions. These
trajectories of axonal projections seem to coincmdéh the trajectory mistakes of
Pdn/Pdn thalamocortical axons. This would also mean thatical axons are more
dependent on the guidance of thalamocortical axmeed,Pdn/Pdn thalamic axons
are the first to make ventral telencephalic mistaied are subsequently followed in
their alternative route by later arrivifgin/Pdn cortical axons. It would be interesting to
further investigate this hypothesis with the usenwfuse lines in which cortical and
thalamic axons are selectively labelled with GFRl,afor example, an alkaline
phosphatase enzyme (AP), suchgafli tau-GFP and RoR-a/Cre/AP (a stop codon
flanked by twoLoxP sites would be upstream of the AP gene), respectivedpegating
Pdn/Pdn Golli tau-GFP RoR-a/Cre (gift form O’ Leary’s lab) AP embryos at different
stages of embryonic development.

Also, the use oPdn/Pdn mutants in a slice culture experiment may provide insights
on the interaction between thalamocortical andi@atttalamic projections to guide each
other at early steps of brain development. Indaed13.5 it is possible to separate the
thalamocortical and corticothalamic tracts in liyibrain sections, by a 4%ut in the

ventral telencephalon along the trajectory of timidaand cortical axons. This results in
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the production of two hemi-sections, one contairthigwhole thalamocortical tract and
another containing the whole corticothalamic tradtis is possible because at E13.5
thalamic and cortical axons have not met yet invietral telencephalon and they are
still growing towards each other. By combining wiighe hemi-sections containing the
whole corticothalamic tract witfPdn/Pdn -~GFP hemi-sectionscontaining the whole
thalamocortical tract, it would be possible to w@hether wild-type cortical axons have
the ability to recover the growth 8in/Pdn thalamic axons into the cortex.

The thalamocortical tract rotates by 9@uring its course from the dorsal thalamus to
the cortex. Indeed, thalamic neurons arranged msodeentral fashion in the dorsal
thalamus connect their axons with neurons arramg@dcaudal-rostral fashion into the
cortex. This twist occurs in the ventral telencéphawhen thalamic axons navigate
through the internal capsule and happens beforaifferentiation of thalamic nuclei
has taken place (Molnar et al., 1998; Molnar andkBiore, 1995). In addition, in
mutant mice in which the antero-caudal organizatibtne cortex is disrupted or shifted,
such asEmx2 (Hamasaki et al., 2004Rax6 (Bishop et al., 2000) anBgf8 mutants
(Fukuchi-Shimogori and Grove, 2001b; Fukuchi-Shiorogand Grove, 2003), the
topographic organization of thalamic axons as thzy the internal capsule is not
affected (reviewed in(Garel and Rubenstein, 20@4)ogether, these studies have
shown that the early topographic organization alamocortical axons happens in the
ventral telencephalon, and does not depend on wites the dorsal thalamus and/or
the developing cortex. For examplekbfl-knockout and DIx1/2-double mutant mice,

with no obvious defects in the patterning of thesdb thalamus and shifts of gene
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expression in the cerebral cortex, thalamic axamieg from the dLGN do not reach
the putative visual cortex (Garel et al., 2002stdad, they miss-project ventrally in the
ventral telencephalon in the direction of the amalgd region, coinciding with a
disorganization of ventral telencephalic territeria these mutants (Garel et al., 2002).
These defects are strikingly similar to the navaatdefects observed in the
thalamocortical tracts d?dn/Pdn mutants. In addition, as discussed before (ch&)tir

is very likely that the ectopic ventral branch,tive Pdn/Pdn ventral telencephalon, is
coming from the dLGE. To test this hypothesis itdobe interesting to inject Dil into
the amygdaloid region of thedn/Pdn mutants, back-labeling the neural cell bodies in
the dorsaPdn/Pdn thalamus of neurons abnormally projecting theworesin this region
and prematurely leaving the internal capsule. defect is very similar to what happens
to thalamocortical axons iBbfl andDIx1/2 mutants (Garel et al., 2002). Also, Ran
mutants, these axonal defects coincide with therdanization ofPdn/Pdn ventral
telencephalic intermediate guidance cues impoftarthe navigation of thalamic axons.
Indeed, thePdn/Pdn ventral telencephalon shows abnormalities in tren&tion of the
permissive Isl1 corridor cells (Lopez-Bendito et al., 2006). lmstingly, Ebfl in situ
hybridization and Isl1 immunostaining show that dweridor cells form and migrate
ventrally from thePdn/Pdn LGE to the MGE. However, their distribution is exdted,
and IsIT cells form a broader corridor and show a moreudéf distribution pattern
within the Pdn/Pdn MGE mantle, globus pallidus and preoptic areas Itonceivable
that their migration pattern is not specified cotlg as these cells are derived from the
LGE, the patterning of which is severely affecte@dn/Pdn embryos.

Interestingly however, in this study a né&ili3 expression domain was founghich
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seems to localize in the globus pallidus in the M@&ntle region. This region contains
neurons, suggesting a possible role @3 in differentiated neurons. Therefore, the
MGE mantle may control the correct migration ofrawr cells in more ventral regions,
and thePdn/Pdn MGE mantle cells may fail in doing that. This mafject the correct
navigation ofPdn/Pdn thalamic axons in the internal capsule as welhas topographic
organization. Again, a conditional-knockout strategay help to clarify these different
possibilities, by crossing for example 13" mouse line with &kx2.1/Cre line, and
selectively inactivatingsli3 in MGE (Fogarty et al., 2005; Kessaris et al.,&00

Gli3 may also have a role in controlling the expressibrthalamocortical guidance
molecules in the mantle region of the MGE. A numiieguidance molecules have been
shown to be important for the guidance of thalamical axons in the ventral
telencephalon, including cadherins, ephrins and gleptors, neurotrophins, netrin 1
and semaphorins (reviewed by(Lopez-Bendito and EI9IA003). As it would be time
consuming to test the expression pattern of alidldifferent guidance molecules in the
Pdn/Pdn telencephalon, some of them are good candidatesxjiain the thalamic
axonal defects inPdn/Pdn brains, and are worth further investigations. R#gen
interesting defects heve been reported in the dpuent of the thalamocortical tract of
Sema6a mutant mice (Leighton et al., 2001, Little et 2009). In these embryos, a great
fraction of LGN axons project ventrally in thenwial telencephalon in the direction of
the amygdaloid region (Leighton et al., 2001). Téffect is very reminiscent of the
thalamocortical phenotype observedRdn mutantbrains. In addition, the expression
pattern ofSema6a in ventral telencphalon seems to coincide with @& MGE mantle

expression domain. This would still need to be kbdcwith the combination of an in
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situ hybridization foiGli3 together with an immunostaining f8ema6a.

This study also shows the enormous plasticity efttirelamocortical tract (Little et al.,
2009). Becaus&emaba’~ mutant mice survive, it was possible to observe tihaamic
axons coming from the dLGN eventually reach tharmgét area and form appropriate
connections with the visual cortex but get to tletex along abnormal routes in the
ventral telencephalon, which they have taken dly edages of their development. In
addition, by injecting Dil into the amygdaloid regi of Semaéa’ mutants it was
possible to observe back-labelled cortical neumorbe visual cortex. This suggests that
visual cortical axons and their reciprocal dLGN l&éingic axons intermingle in the
amygdaloid region (Little et al., 2009). Once agtiis phenotype seems to be very
similar to what is hypothesized to happen to thedattmocortical and corticothalamic
axons inPdn/Pdn brains. Unfortunatelyfdn/Pdn animals die at birth, and the extent of
which thePdn/Pdn thalamocortical and corticothalamic tracts recaweir connections
cannot be investigated. However, the use @l& ventral telencephalic conditional

knockout may again provide a good tool to furtmeestigate this possibility.

6.4 Synopsis

In this last section | would like to propose a moameexplain the thalamocortical and
corticothalamic axon pathfinding defects observethePdn/Pdn mutants (see Fig 6.1).
I will describe how patterning defects in tRdn/Pdn ventral telencephalon may cause

defects in the formation of intermediate guidancescand lead to abnormal axonal
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connections between thiRein/Pdn cortex and thalamus. This model is not definitwel
some aspects of it need to be further investigatediscussed in the previous section.
Nevertheless, the aim of this model is to providgeaeral picture of th®dn axonal
phenotype, unifying the different findings on thefetts in ventral telencephalic
patterning and in the development of the thalantamarand corticothalamic tracts.

The earliest alteration | observed Rdn mutants was thapregulation ofShh and Shh
signalling in the ventral telencephalon, at E10rhl &12.5. This causes patterning
defects in thé>dn/Pdn ventral telencephalon and in the region immedyatielrsal to it,
the ventral pallium. These patterning defects ideluegionalization defects, such as
partial ventralization of thd>dn/Pdn CGE and a dorsal shift and expansion of the
Pdn/Pdn PSPB region. In addition, the proliferating celis the Pdn/Pdn LGE
ventricular zone display an increase in cell cytlee, which causes a reduced
production of neurons. Regionalization and growgtfiedts contribute to the failure of
Pdn/Pdn LGE pioneer neurons to form and/or project axoosmally at E12.5 and to
subsequently guidBdn/Pdn corticothalamic axons into the ventral telencephalThe
absence of cortical axons in the ventral telenciephand/or the dorsal shift of the PSPB
may also cause a delay in the entry of incomindathec axons into the cortex.
However,Pdn/Pdn thalamic axons also make guidance mistakes bé#feieinteraction
with Pdn/Pdn corticothalamic axons. This defect is probably tuabnormalities in the
arrangement of thiedn/Pdn “corridor cells” and/or th&dn/Pdn MGE mantle region has
lost its repulsive effects on thalamic axons. Despeveral abnormal routes, some of
Pdn/Pdn thalamic axons eventually reach tRdn/Pdn cortex. Similar to this partial

recovery of théPdn/Pdn thalamocotical tract at PO, cortical axons evemyatoject in
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the direction of the thalamus. Interestingly, thesens take reciprocal routes as
thalamocortical axons, enphasizing a close intemacind reciprocal guidance between

thalamic axons and coticofucal axons.

Wild type Pdn/Pdn

E12.5

O
o

NCx A

PO
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Figure 6.1.
Diagram explaining the axonal phenotype observed iRdn/Pdn mutants.

The failure of Pdn/Pdn LGE pioneer neurons to form normally at E12.5 iteBu a
failure of Pdn/Pdn corticothalamic axons to enter the ventral telphedon. The absence
of cortical axons in the ventral telencephalon rnadgo cause a delay in the entry of
incoming thalamic axons into the cortex (comparneith B).

Pdn/Pdn thalamic axons also make guidance mistakes bdfoeie interaction with
Pdn/Pdn corticothalamic axons (compare C with D, more xembedial branch)
projecting ventrally in a complete opposite direstito their normal route. However,
later arriving thalmic axons take reciprocal rouisscortical axons (compare C with D,
more dorso-lateral branch), enphasizing a closerantion and reciprocal guidance

between thalamic axons and coticofucal axons.
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