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Abstract

This thesis provides insights into the mechanismwiych thalamocortical axons
(TCAs) approach the cortex from their origin in ttealamus. Previous studies
suggested that the reciprocal projections from phethalamus and the ventral
telencephalon guide TCAs to descend through thehgleemus and cross the
diencephalic-telencephalic boundary (DTB), aftericttkhTCAs navigate through
permissive corridor cells in the ventral telencdphand cross the pallial-subpallial
boundary (PSPB) before reaching their final targetthe cortex. The ‘Handshake
Hypothesis’ proposed that pioneer axons from calrficeplate neurons guide TCAs
into corresponding cortical areas. However, ther@ lack of convincing evidence on

whether TCAs need any guidance to cross the PSPB.

In the current study, Adenomatous polyposis (Apeheyis conditionally deleted
from the cortex, by using EmXE-APC® recombination technologpc is widely
expressed in the nervous system including the cadrjplate of the cortex and
regulates axonal growth and neuronal differentratideletingApc may block neurite
extension and/or affect the formation of attractiveepulsive cues in the cortex. By
using Dil tracing as well as L1 immunohistochenyiggchniques, | showed that in
the Apc mutants cortical axons are absent and that TCiaslip navigate into the
ventral telencephalon normally but fail to compléteir journey into the cortex.
They stop as they approach the PSPB, althoughSP8RIoesn’'t seem to be directly
affected by the mutation @&pc in the cortex. Additionally, 1g-Nrgl (Neuregulin;1
the secreted protein that was suggested to play-ramge roles in attracting TCAs
towards the cortex, is present in thpc mutant. This implies that Ig-Nrgl is not
sufficient for guiding TCAs into the cortex, andattadditional guidance factors are
needed. Moreover, min vitro explant culture experiments show that the mutant
cortex neither repel nor inhibit thalamic axonatgrawth, indicating that the failure
of TCAs in reaching the cortex is not due to thange of repulsive cues secreted by
the mutant cortex. It rather indicates that thelgace factors for TCAs are likely to
function through cell-cell contact mediated mechard. TheApc mutant cortex

lacks these guidance factors, which might be timecad axons.
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In conclusion, my data reveal a choice point foiABGt the PSPB. Guidance factors
from the cortex are needed for TCAs to cross theB? Svhich are absent in ti#gpc
mutant. TCAs may need the direct contact with caltaxons and use them as an

axonal scaffold to navigate into the cerebral corte
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Chapter 1. Introduction

1.1 Forebrain development

The forebrain (or prosencephalon) is a large stredibcated at the rostral-most part
of the brain. It has important functions such d@ermation processing, reasoning,
memorising, emotion controlling, etc. The forebrderives from a simple sheet of
neuroepithelial cells in anterior neuroectoderm.riby embryonic development,

cells at the anterior border of the neural plate-#nterior neural ridge (ANR)

provide a source of signals to induce markers afc@ncephalic identity in the

anterior neuroectoderm and promote telencephahe gxpression. The interaction
of signalling centers produces gradients of sigmglimolecules (e.g. Fgfs, Wnts,
BMPs, Shh) thus transforming the forebrain intocdite structures including the
telencephalon, diencephalon and hypothalamus (Hzicll., 2009; Wilson and

Houart, 2004).

1.1.1 Dorsoventral patterning of the telencephalon

The mutually exclusive expression of different ldnaf signalling molecules further
determine the dorsoventral patterning of the tedphalon. The roof plate produces
Wnts and Tgf8 (include Bmps) which dorsalize the neural tubegrghs the floor
plate generates ventralizing signals including 8d#edgehog (Shh), Chordin and
Noggin (Briscoe and Ericson, 2001; Lee et al., 998ubsequently the
telencephalon develops into dorsal telencephalalim) and ventral telencephalon

(subpallium).

Gli3 and Shh are important factors in specifying thharacteristics of the dorsal and
ventral telencephalon. Transcription facli3 is initially expressed in the whole

area of the telencephalon and then is downregulatdte ventral regionGli3 plays

a role in dorsalizing the telencephalon, whiieh promotes ventral identity by

restricting the dorsalizing function o6li3 (Hebert and Fishell, 2008). The

expression ofshh starts in the hypothalamus and then extends tovdral
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telencephalon. Shh signalling induces the exprassioentral telencephalic markers
such as\kx2.1, Gsh2 andDIx2, etc (Corbin et al., 2003).

Fgfs act downsteam of Shh to generate ventral defdmalic cell types. As a
telencephalic organizer, Fgf signalling specifies patterning of both dorsal and
ventral telencephalon, through collaboration wrdmscription factor Foxgl (Hebert
and Fishell, 2008).

The dorsal telencephalon can be further partitioiméal the medial pallium (MP),
which gives rise to the hippocampus; the dorsdiymal (DP), which develops into
the neocortex; the lateral pallium (LP), which ferthe olfactory cortex; the ventral
pallium (VP), which generates the claustroamygdalmmplex (Schuurmans and
Guillemot, 2002). The ventral telencephalon is cosgul of lateral ganglionic
eminence (LGE) and the caudal ganglionic emine@¢eH), which gives rise to the
striatum; the medial ganglionic eminence (MGE), abhgenerates the pallidum. The
LGE can be subdivided into dorsal and ventral L&Rich express different levels

of Pax6, Gsh2, DIx2 andMashl. These genes show higher expression in the dorsal
LGE (dLGE) (Figurel).

1.1.2 Formation of the pallial-subpallial boundary (PSPB)

At approximately E12/13, the pallial-subpallial lbwiary (PSPB) forms in the
murine telencephalon, separating the dorsally éatatortex from the ventrally
located ganglionic eminence (GE) (Inoue et al.,1208toykova et al., 1997). In
addition to its anatomical characteristics to behgsical boundary, the PSPB also
appears to be a molecular boundary, since a nuofldeanscription factors such as
Pax6, Ngn2, Gsh2, DIx2, Mashl, Dbx1 and cell adhesion molecules such as the
cadherin family display distinct expression patterns irhertthe pallial or subpallial
side of the PSPB from E10.5 onwards (Figure 2) ii€aret al., 2006; Carney et al.,
2009; Chapouton et al., 2001; Inoue et al., 20Q&]IPs et al., 2000; Stoykova et al.,
2000).
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Previous studies have revealed tRax6 andGsh2 cooperate to regulate the proper
positioning of the PSPB by genetically cross regirgs each other, and specify
proper cortical and striatal identity on eitheresaf the PSPB (Carney et al., 2009).

Figure 1

(stiatum) MGE AEP/
(pallidum) POa

Current Opnion in Newobiclogy

(From Schuurmans and Guillemot, 2002)
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Figure 1. A schematic diagram showing dorsoventral patterning of the
telencephalon. The dorsal telencephalon can be further partitioned into the
medial pallium (MP), which gives rise to the hippocampus; the dorsal pallium
(DP), which develops into the neocortex; the lateral pallium (LP), which forms
the olfactory cortex; the ventral pallium (VP), which generates the
claustroamygdaloid complex. The ventral telencephalon is composed of
lateral ganglionic eminence (LGE) and the caudal ganglionic eminence
(CGE), which gives rise to the striatum; the medial ganglionic eminence
(MGE), which generates the pallidum. The LGE can be subdivided into dorsal
and ventral LGE, which express different levels of Pax6, Gsh2, DIx2 and

Mash1. These genes show higher expression in the dorsal LGE (dLGE).
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Figure 2

MP : i il
DP i
LP I
VP ]
dlGE W l' PS8
vLGE = i N
MGE il H e
R ELE T S
§5P28E883s

(From Yun et al., 2001)

Figure 2. A schematic diagram showing maker gene expressions

in the

telencephalon. A number of transcription factors such as Pax6, Ngn2, Gsh2,

DIx2, Mash1, Dbx1 display distinct expression patterns in the progenitor cells

at the PSPB from E10.5 onwards.
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Thus the PSPB is also defined as the boundaryentiighPax6 expression closely
apposes tassh2 expression (Carney et al.,, 2009). Whiax6 is required for the
differential regulation of individual VP markerSf(p2, Tgfa), Gsh2 is required for
the differential regulation of individual dLGE mans (Tshl, S8). In the absence
of Pax6 in Sey mutant mice, a number of subpallial markers sush2, Mashl,
DIx1, DIx2, expand into the pallium (Stoykova et al., 199iy8ova et al., 2000;
Yun et al., 2001). In contrast, the lack @$h2 in Gsh2 mutant mice results in an
expansion of pallial markers such Rax6, Ngn2, Thrl ventrally into the LGE (Yun
et al., 2001).

It is also proposed that the differential expressiof cadherin cell adhesion
molecules is responsible for maintaining the corstriatal compartment boundary
(Inoue et al., 2001). Prior to the formation of ®#8PB, cadherins restrict ventral to
dorsal and dorsal to ventral cell migration. By ElOhe interface betweeR-
cadherin and cadherin-6 expression at the PSPB defines the boundary fbhr ce
lineage restriction. Whil&-cadherin delineates the future cerebral corteagherin-

6 delineates the lateral ganglionic eminence (LGE).

Despite the presence of the unique boundary stei@tthe cortico-striatal border,
its functions in restricting the migration of ddrsand ventral cells are different.
While many cells migrate into the cerebral cortegnf the ventral ganglionic
eminence (GE), hardly any cortical cells crosstibandary into the GE. However,
in neurogenin 2 mice whereneurogenin 2 is absent in the dorsal telencephalon,
cells derived from the cortex aberrantly migrateo ithe ventral region of the GE.
Since migration of cells from the GE into the carig not affected imeurogenin 27
mutants, it is speculated that transcription faateurogenin 2 is required for
boundary features recognised specifically by calttells (Chapouton et al., 2001).

Progenitor cells from the pallial (VP) and sub@dl{idLGE) sides of the PSPB have
functions in generating migratory cells that targetl populate other regions in the
forebrain. For instance, cells derived from thdiglaside of the PSPB migrate into

the cerebral cortex. It has been reported thatodiee two main subgroups of Cajal-

17



Retzius neurons in the pallium is generated byt#mgential migration of Dbx1-
expressing progenitors at the ventral pallium (\(Biglle et al., 2005). Moreover,
progenitors from the pallial and subpallial sidéshe PSPB provide a source for the
lateral cortical stream (LCS), a population of maigrg neurons that target the basal
telencephalic limbic system, including the amygdaha the piriform and olfactory
cortices. The progenitor cells from the subpalsale of the PSPB (dLGE) also
contribute to the rostral migratory stream (RMShufrating neurons, which target
in the olfactory bulb (OB) and populate the divessibtypes of OB interneurons
(Carney et al., 2006).

The LCS is comprised of a mix of Pax6-positive ip&llerived and DIx2-positive
subpallial-derived neural progenitor cells. Durirtbe early stage of brain
development, a distinct RCZadial glial scaffold is observed extending frohe t
corticostriatal border to the ventrolateral telgteaic pial surface, with the putative
migrating cells of the LCS appearing to follow tligjectory (Carney et al., 2006).
Pax6 cells arising from the LCS are observed accunmgain the prospective
basolateral complex, cortical and basomedial nudfiehe amygdala, as well as the
olfactory tubercle and ventral pallidum, with a dingepulation of cells present in
the piriform cortex. Similar to the Pa%6ells, DIxZ cells migrate along the route of
LCS and accumulate in the basolateral complex,rhad@l and cortical nuclei of

the amygdala, and the piriform cortex (Carney £t24106).

It appears that the majority of migrating cellsloé LCS target in the major structure
of the basal telencephalon, the amygdala. The aalgddr amygdalar complex) is a
highly differentiated and complex region of the nmaatian limbic system, and is
comprised of at least 10 functionally and anatoitjicdistinct subnuclei. The

amygdala nuclei can be subdivided into two basiectional groups: those that
contain excitatory neurons and those that contambitory projection neurons

(inhibitory interneurons exist in all amygdala reigl Thus, it is hypothesized that
the amygdala consists of both pallial- and supdall@ived cells (Swanson and
Petrovich, 1998). This is supported by the obsewmatthat the LCS appears to

provide a source of both pallial- and subpallialhded cells for the amygdala. It is

18



conceivable that Pax@&ells of the LCS will give rise to excitatory cebf the basal
telencephalic limbic system and the Dix&lls will give rise to inhibitory neurons
(Carney et al., 2006).

1.1.3 The lamination of the cerebral cortex

In the neocortex, most neurons are derived from phagenitor cells in the

ventricular and subventricular zones (VZ/SVZ). Afexit of the cell cycle, the first

post mitotic neurons migrate to the pial surfacéhefcortex and form a new layer of
cells called the preplate (PP). Subsequently, naoré more post mitotic cells
generated in the VZ/SVZ migrate along the procesfesadial glia to form the

cortical plate (CP), which splits the preplate itb@ marginal zone (MZ) and the
subplate (SP). Through successive rounds of ceil$idn and migration, the cortex
develops into a six-layer structure (AllendoerferdaShatz, 1994; Cecchi and
Boncinelli, 2000).

1.1.4 The development of the diencephalon

The diencephalon consists of thalamus, prethalaemsentia thalami, epithalamus
and pretectum (Lim and Golden, 2007; Puelles andbeRstein, 2003). The
prethalamus and thalamus are separated by a bguodhed the zona limitans
intrathalamica (ZLI). As a signalling center for merous signalling molecules
including Shh, Fgf, and Wnt, the ZLI is proposed®an essential organizer in the
anterior-posterior (AP) patterning of the diencdpha(Lim and Golden, 2007).
During development, neural progenitor cells in thentricular zone of the
diencephalon exit the cell cycle and differentiati® post mitotic cells. The mature

neurons migrate to the mantle zone and form distiredamic nuclei.
In the thalamus, various nuclei generate connestigith different regions of the

cortex. For instance, the dorsal lateral genicutateleus (dLGN) sends projections
to the visual cortex, while the ventrobasal comdB) and the medial geniculate
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nucleus project to the primary somatosensory catekthe primary auditory cortex,
respectively (Allendoerfer and Shatz, 1994; Lopendito and Molnar, 2003).

1.2 The formation of reciprocal connections between cortex and

thalamus

Thalamic nuclei serve as relays receiving the imgtdm sense organs (e.g. visual
and acoustic organs) and the subcortical motorecgnand then delivering them to
the relevant cortical regions through which thessey information is processed.
Two major axonal tracts are involved in communmatbetween the thalamus and
cortex in mammals: thalamocortical axons (TCAs) amatticothalamic axons
(CTAs). TCAs project from the thalamus and tarded terebral cortex whereas
CTAs originate from the cerebral cortex and projéct the thalamus. The
mechanisms that control TCA targeting and areatiapeation in the cortex have
been the subject of research on early brain demaop for many years, but are still
not fully understood. It is suggested that all icait areas receive inputs from
thalamic cells and send outputs to lower motor emmnt The communications
between cortical areas are through direct cortidamad and corticothalamocortical
pathways. The transthalamic pathways provide arortapt route for corticocortical

communication (Sherman and Guillery, 2011).

There are two chemically defined classes of thatarteal relay neurons in

primates: calbindin-positive matrix cells and pdlouain-positive core cells (Jones,
2001). Matrix cells extend throughout the thalarand project to superficial layers
of the cortex over wide areas. Core cells are pnbsent in some thalamic nucleus
and they project to middle layers of the cortexaitopographically ordered area-
specific manner. After the activation of a popwatof cortical cells by an external
or internal stimulus, the signal is transferredkbticthe matrix cells of the thalamic
relay nucleus through the corresponding corticatiméd fibers. The diffuse

projections of the matrix cells to the superfida@jyers of the cerebral cortex could
then trigger the adjacent populations of corticalsc The corticothalamic feedback
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from these cells to the matrix cells of their tlmaia relay nuclei, and so on, could be

used to form links across wide regions of corted tr@lamic nuclei.

Whereas all thalamic relay cells receive a feedhapkit from cortical layer VI,

some also receive a feedforward input from layeFdt. example, in primates layer
VI of area 17 sends corticothalamic projectionsthie lateral geniculate nucleus,
whereas corticothalamic axons projecting from layetells of various areas reach
other thalamic nuclei, e.g. from the visual cortexthe pulvinar, from the primary
auditory cortex to the dorsal and magnocellular iadegeniculate nuclei, and from
the primary somatosensory area to the intralammo@tei and the anterior pulvinar
nucleus (Jones, 2001). The transthalamic cortitmadr pathways allow the
information being processed in one cortical ared @ansferred to other cortical

areas.

1.2.1 The early development of corticothalamic and thalamocortical

axons in rodents

A number of studies have been carried out to retheatlevelopment of axonal fibers
between the cerebral cortex and the thalamus lyngjacarbocyanine dyes such as
1,1’-dioctadecyl-3, 3, 3’, 3'-tetramethyl-indocady@anine perchlorate (Dil) or 4-(4-
dihexadecylaminostyryIN-methylpyridinium iodide (DiA) into the cerebral rtex,
the thalamus or the subcortical regions in thelh@i@ (Auladell et al., 2000; Metin
and Godement, 1996; Molnar et al., 1998a; Molnat Blakemore, 1995; Molnar
and Cordery, 1999). Carbocyanine dyes are fluongskipophilic dyes that can
diffuse along the lipid membranes of cells. Thusgplaced in the brain tissue can
be picked up by the cells located at the dye placemites and anterogradely label
axons projecting from the cell bodies. Additionaltlyes can also be picked up by
the axons passing through the dye crystal placesita# and retrogradely label cell

bodies that are located in a distance from theptygement sites.

Here | introduce the early development of CTAs a@As based on carbocyanine

dye tracing experiments in rodents. Since the anmmalel that | use in the current
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study is mouse, this introduction mainly focusesrmuse models, but also mentions

the equivalent developmental stage in rats and teasas

1.2.1.1 Early outgrowth of corticothalamic projecti ons

Following Dil placements in the neocortex of E12 us®@ embryos, corticofugal
axons are observed navigating through the intermabedizone (Figure 3A-C)
(Auladell et al., 2000). However, some cortical @xamavigate further than others,
depending on the Dil placement sites in the corf®x. instance, Dil placements in
the lateral part of the neocortex label a small maf cortical axons that have
made a sharp turn at the exit of the cortex andhrélae basal telencephalon at E12
(arrows, Figure 3A). When Dil crystals are placedhe medial part of the neocortex,
however, the labelled cortical axons are short monk of them have left the cortex
(arrows, Figure 3C). At this early stage of devetept, cortical axons are tipped
with large and bifurcated growth cones (arrowhe&dagjre 3A,C).

At E13, numerous cortical axons run through thedstwntermediate zone and turn
into the corpus striatum, displaying a scatterettepa (arrows, Figure 3D). The
cortical axons progress further into the basahtghalon at E13, compared to E12,
and most of them are tipped with complex branchgngwth cones (arrowheads,
Figure 3D,F). In the LGE, sparsely distributed telties are observed near the front
of cortical efferents (Figure 3J,K,L), suggestihgttthe LGE projects axons into the
neocortex during early embryonic stages (Magnaal.e2010; Metin and Godement,
1996).

At E14, the earliest corticofugal axons have tri@gethough the internal capsule and
straight up to the thalamus, as revealed by Ditgt@ents in the lateral part of the
cortex (arrows, Figure 3G). Occasionally, retrogigdabelled cells are detected in
the thalamus, indicating that the earliest thalaadons have reached the lateral
cortex at E14 (Figure 3G). Shortly after that, &4, large numbers of retrogradely
labelled cells are seen in the thalamus (arrowgurei 3H,1), indicating that a large

amount of thalamic axons have arrived at the |htendex at E14.5.
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The development of corticofugal efferents was atadied in the golli-tau-GFP
transgenic mice where tau-GFP protein expressewrincal preplate and subplate
neurons and their axonal projections (Jacobs e2@07). Similar to Dil labelling
results in E13.5 mouse embryos, golli-tau-GFP ladetorticofugal fibers pass the
PSPB and terminate at the lateral part of the malecapsule. However, the cortical
fibers in the golli-tau-GFP mice appear to pauseh@& presumptive neostriatum
between E13.5 and E15.5, before progressing rapadihe medial aspect of the
pallidum at E16.5. Golli-tau-GFP labelled cortico@ll efferents pause and gather at
the DTB between E16.5 and E17.5, and then passighrthe thalamic reticular
nucleus to enter the thalamus at E18.5. The obsenvenat Golli-tau-GFP positive
cortical fibers do not invade the thalamus unsik jprior to birth is different from the
above Dil results, where Dil-labelled pioneer amtugal axons have reached the
thalamus by E14 (Figure 3G).

1.2.1.2 Early outgrowth of thalamocortical projecti ons

At E12, Dil placements in the thalamus of mouse mblabel a bundle of thalamic
axons descending through the prethalamus intontieenial capsule. By E13, a large
amount of thalamic axons have passed the diendefblncephalic boundary
(DTB) and turned laterally into the basal telenadph. At this time some single
thalamic fibers have already entered the lateral paithe neocortex through the
intermediate zone (arrows, Figure 4B), bearingdamgd complex growth cones at
their tips (arrowheads, Figure 4B). At this stafpese early thalamic axons have not
yet invaded the overlying cortical preplate. Thexurs one day later (E14), when
more thalamic fibers have arrived at the lateratecoand start to invade the cortical
plate at the lateral part of the cortex (arrowguFe 4D). Growth cones are observed
at the tips of these thalamic fibers (arrowheadgrié 4D).

Taken together, corticothalamic and thalamocortgains project from the cerebral
cortex and the thalamus synchronously, and me¢h@mway towards their targets,
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after which they continue their journey to the #malis and the cerebral cortex,

respectively, in a reciprocal manner (Figure 5).

Figure 3
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Figure 3. Early outgrowth of CTAs in mouse. (A & C) Following Dil
placements in the neocortex of E12 mouse embryos, corticofugal axons are
observed navigating through the intermediate zone. (A) Dil placements in the
lateral part of the neocortex label a small amount of cortical axons that have
made a sharp turn at the exit of the cortex and reach the basal telencephalon
at E12 (arrows). (B) Same section as shown in A, stained with bisbenzimide.
(C) When Dil crystals are placed in the medial part of the neocortex, the
labelled cortical axons are short and none of them have left the cortex
(arrows). At this early stage of development, cortical axons are tipped with
large and bifurcated growth cones (arrowheads, A & C). (D & F) At E13,
numerous cortical axons run through the lowest intermediate zone and turn
into the corpus striatum, displaying a scattered pattern (arrows). The cortical
axons progress further into the basal telencephalon at E13, compared to
E12, and most of them are tipped with complex branching growth cones
(arrowheads). (E) Same section as shown in A, stained with bisbenzimide.
(G) At E14, the earliest corticofugal axons have travelled though the internal
capsule and straight up to the thalamus, as revealed by Dil placements in the
lateral part of the cortex (arrows). Occasionally, retrogradely labelled cells
are detected in the thalamus, indicating that the earliest thalamic axons have
reached the lateral cortex at E14. (H & I) At E14.5, large numbers of
retrogradely labelled cells are seen in the thalamus (arrows), indicating that a
large mount of thalamic axons have arrived at the lateral cortex at E14.5. (J-
L) Cell bodies are observed in the LGE, near the front of the cortical axons.
PPL-preplate; VZ-ventricular zone; CP-cortical plate; 1Z-intermediate zone;
IC-internal capsule; TH-thalamus. Scale bars: (A-E) 150 um; (F, I) 100 pm;
(G, H) 100 pm; (J) 50 pum; (K) 10 pm.
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Figure 4

(From Auladell et al., 2000)

Figure 4. Early outgrowth of TCAs in mouse (Auladell et al., 2000). (A) Same section as
shown in B, stained with bisbenzimide. (B) At E13, a large amount of thalamic axons have
passed the diencephalic-telencephalic boundary (DTB) and turned laterally into the basal
telencephalon. At this time some single thalamic fibers have already entered the lateral part
of the neocortex through the intermediate zone (arrows), bearing large and complex growth
cones at their tips (arrowheads). (C) Same section as shown in D, stained with bisbenzimide.
(D) At E14, more thalamic fibers have arrived at the lateral cortex and start to invade the
cortical plate at the lateral part of the cortex (arrows). Growth cones are observed at the tips
of these thalamic fibers (arrowheads). PPL-preplate; VZ-ventricular zone; CP-cortical plate;

IZ-intermediate zone; MZ-marginal zone. Scale bars: (A, B) 50 um; (C, D) 150 pm.
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Figure 5

E12 E13 E14

Figure 5. A schematic diagram showing the early development o fCTAs
and TCAs. Corticothalamic and thalamocortical axons project from the
cerebral cortex and the thalamus synchronously, and meet on the way
towards their targets, after which they continue their journey to the thalamus
and the cerebral cortex, respectively, in a reciprocal manner. cx-cortex; th-
thalamus; ht-hypothalamus; PSPB-pallial-subpallial boundary.
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1.2.2 The mechanisms by which the corticothalamica  nd

thalamocortical axons find the way to their targets

Both CTAs and TCAs display distinct growth pattedusing their trajectory towards
the thalamus and the cortex, respectively. The abevelopment of CTAs and
TCAs has been proposed to be regulated by numeyodsnce factors en route
(Bolz et al., 2004; Dufour et al., 2003; Garel d&wabenstein, 2004; Lakhina et al.,
2007; Lett et al., 2009; Little et al., 2009; Lop®endito et al., 2002; Lopez-Bendito
and Molnar, 2003; Ma et al., 2002; Marin et al.p020Price et al., 2006; Torii and
Levitt, 2005; Uemura et al., 2007; Wright et alQ0Z). A number of chemo-
attractant molecules expressed in a gradient agygested to direct the advance of
CTAs and TCAs, while chemo-repellent molecules hilpprevent axons from
invading the improper areas in the forebrain. Aidddlly, transient pioneer axons
are hypothesised to serve as axonal scaffolds TéxsGnd TCAs to navigate along
to reach their targets (Figure 6). Here | introdsexeral mechanisms by which
CTAs and TCAs find the way to their targets.

1.2.2.1 Chemo-repellent molecules prevent CTAs and TCAs from
invading the improper locations in the forebrain

During early brain development, numerous guidanoéecoules are expressed along
the route of CTAs and TCAs. Some of these molecsileh as Slits, Semaphorins
and Ephrins are chemo repellents to axons and hmewent CTAs and TCAs from
growing towards improper locations in the brain Band Tessier-Lavigne, 2002;
Bolz et al., 2004; Braisted et al., 1999; Dufourakt 2003; Garel and Rubenstein,
2004; Powell et al., 2008; Torii and Levitt, 2009hese molecules function by
interacting with receptors expressed on the grogghes of CTAs and TCAs or

along the axonal fibers.

In vivo evidence that Slits and Robos cooperate to prevent CTAs and
TCAs from invading the improper regions in the fore brain
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Figure 6

Pallium
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Subpallium

Figure 6. The guidance factors for the development of CTAs an  d TCAs.
A number of chemo-attractant molecules expressed in a gradient are
suggested to direct the advance of CTAs and TCAs, while chemo-repellent
molecules help to prevent axons from invading the improper areas in the
forebrain. Additionally, transient pioneer axons are hypothesised to serve as

axonal scaffolds for CTAs and TCAs to navigate along to reach their targets.
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Slits and their Robo receptors cooperate to previg@As from invading the
hypothalamus or crossing the midline of the foreb(Andrews et al., 2006; Bagri et
al., 2002; Braisted et al., 2009). The expressiattepns ofdit genes and theRobo
receptors are correlated with the development oALand TCAs (Bagri et al.,
2002). In E14.5 mouse embryoRpbol is expressed in the cortical plate while
Robo2 is expressed in the subplate and intermediate abtiee cerebral cortex, in a
pattern complementary to thatlRbébol. Both Robol andRobo2 are expressed in the
developing thalamus, in a decreasing gradient fitbe neuroepithelium to the
mantle regionSitl is expressed in the cortical plate and in theifemaltive zone of
the thalamus, hypothalamus, lateral and medial lgang eminences and septum.
Sitl is also expressed in the mantle region of theuse@nd preoptic aredit2 is
expressed in the neuroepithelium of the medialexoand in the proliferative zone of
the thalamus, hypothalamus, preoptic area and me@ut?2 is also expressed in the
mantle region of the hypothalamus (Bagri et alQ2)0

As cortical axons descend through the intermediatee of the cerebral cortex and
make a sharp turn into the ventral telencephalwey tivoid the proliferative regions
of the ganglionic eminences, which express higleleofJitl mRNA (Bagri et al.,
2002). Instead, cortical fibers navigate within thantle region of the ganglionic
eminences and form the internal capsule. On thay wwward the thalamus, cortical
axons avoid the ventral region of the basal telghakon and the midline, which also
express high levels diitl and Sit2 mRNA. On reaching the thalamus, cortical
axons avoid approaching the proliferative zone h&f thalamus, which expresses
high levels ofSitl andSit2 mRNA. The trajectory of TCAs is largely reciprodal
that of CTAs. TCAs descend through the prethalaamesmake a sharp turn into the
ventral telencephalon, avoiding the hypothalamubere Sitl and Sit2 mRNA
expression is high. Once in the ventral telencephallCAs grow through the
internal capsule to reach the cortex, and avoidsing the midline or approaching
the ventral region of the basal telencephalon drel groliferative zone of the
ganglionic eminences, which express high levelSlitt and Jit2 mRNA (Bagri et
al., 2002).
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While Sitl” mutants do not show obvious defects of CTAs andA§ @uring
developmentSit2” mutants display dramatic defects of both CTAs &@As. In
Sit2”” mutant embryos, CTAs reach the thalamus follovangabnormally ventral
and caudally extended path in the ventral teleraleph(Bagri et al., 2002). Some
TCAs do reach the cortex, but the amount is dravallyi reduced compared to the
wild-type. Instead, most TCAs projecting from thedime thalamic nuclei turn
ventrally and caudally to enter the hypothalamusSit1”Sit2” double mutant
embryos, CTAs follow a very caudal and ventral pathhe ventral telencephalon
before most of them turn into the diencephalon,levkome of them fail to ascend
toward the thalamus and instead project into theremm hypothalamus (Bagri et al.,
2002). A large number of descending TCAs are ablenter the telencephalon but
most of them fail to reach the internal capsulenifg instead toward the midline.
Additionally, a lot of TCAs descend into the hypaitimus rather than turning into
the telencephalon. Taken together, the defects BAsCand TCAs trajectory
observed in th&it2” andQit1”Sit2” double mutants suggest that the expression of
Sitl and Sit2 genes in the ventral region of the basal telenalgph the
hypothalamus and the midline is important for preiwey axonal entry into ventral
regions of the telencephalon as well as into th@thalamus and across the midline
(Figure 7) (Bagri et al., 2002). The fact that CTa#&sl TCAs invade the midline in
Sit1”"9it2” double mutants but not Bit2” single mutants indicates that Slitl does
have an effect in preventing the improper invassdiCTAs and TCAs towards the
midline. However, this Slitl function is associatgith the presence of Slit2, since

there are no axonal defects observeiti” single mutants.

In Robol™ mutant mice, both CTAs and TCAs arrive at theigess at least 1 day
earlier than controls, indicating that Robol playsielaying role in the timely
projection of TCAs and CTAs (Andrews et al., 2006gvertheless, while CTAs
show an aberrant trajectory crossing the midlinethef forebrain indit1”it2”
double mutants, such phenotypes of CTA targetirg raot observed irRobol
mutants, indicating that additional ligands, reocepr receptor partners are likely to

be involved in Slit/Robo signalling, i.e. Robo2.
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Figure 7
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Figure 7. A summary of axonal pathfinding defects in the Slits mutants.
A simplified diagram of a coronal section of the forebrain on the left and a
higher magnification of the boxed area on the right showing the axonal
trajectory in the hypothalamus of wild type and Slits mutants. The defects of
CTAs and TCAs trajectory observed in the Slit2 and Slit1;Sli2 double mutants
suggest that the expression of Slit genes in the hypothalamus and the
midline is important for preventing axonal entry into the hypothalamus and

across the midline. Cx-cortex; th-thalamus; ht-hypothalamus.
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In Robo2” mutant mice, some thalamocortical axons fail teethe telencephalon
and instead invade the hypothalamus. Some thalameaoand corticothalamic
axons navigate through the ventral telencephalonhebter ventral regions that they

normally avoid (Lopez-Bendito et al., 2007).

In Robol”Robo2” double mutants, only a few cortical axons reach ttalamus,
while most of them abnormally grow toward the midliand cross it. Additionally,
numerous thalamic axons fail to turn into the teégghalon and instead aberrantly

project toward the hypothalamus (Lopez-Benditd.e807).

Thus, similar toSit1""Sit2”" double mutantsRobol”Robo2” double mutants also
show abnormal invasion of cortical and thalamicjgotions at the midline. Since
Robol or Robo2 single mutants do not show prominent defects as #®Robol”
Robo2” double mutants, it is likely that Robol and Rolsofhpensate each other’s
function in the absence of one of the receptoris ¢tonceivable that Slitl and Slit2
prevent midline crossing of cortical and thalamiojgctions in the mammalian
forebrain through both Robol and Robo2 receptocpék-Bendito et al., 2007).
However, there are defects Robo2 mutants that cannot be compensated by Robol
function, for example the corticofugal and thalaortical axons run ventrally in the
basal telencephalon. These results suggest thailRantd Robo2 functions may not
be completely redundant. Slit2 binding to Robo2 rhaymore effective than it is to
Robol, therefore may not be able to maintain thenab dorsoventral position of
cortical and thalamic axons Robo2 mutants through repulsion (Lopez-Bendito et
al., 2007). Consistent with this possibility,vitro experiments show that Slit2 binds

more effectively to Robo2 than to Robol.

Other than Robos, Slits also bind the heparin suplLiang et al., 1999; Ronca et
al., 2001), which in turn enhances the affinityStits for Robo receptors. Similar to
Robol and Robo2, heparin sulphate proteins areessed in corticofugal and

thalamocortical projections, and it is suggestedt theparin sulphate may also
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contribute to the guidance of these major forebpaiojections along with Slit/Robo

signalling.
In vitro evidence that Slits are chemorepellents for TCAs

When thalamic explants are co-cultured with hyplaiimas, thalamic axon
outgrowth is biased away from the hypothalamus, civhindicates that the
hypothalamus releases a diffusible activity thah capel TCAs at a distance
(Braisted et al., 1999). Additionally, co-culturé thalamic explants with Slit2-
expressing cell aggregates show the decrease lafhtitaaxonal outgrowth on the
explant side facing Slit2-expressing cells, anddberall reduction of total thalamic
axonal outgrowth. Thus, Slits are likely to be tbkeemorepellents for TCAs
endogenous to hypothalamus and steer TCAs fromcealon into ventral

telencephalon (Braisted et al., 2009)

1.2.2.2 Ventral telencephalic chemoattractants help direct TCAs through

the ventral telencephalon

In vivo evidence that Netrin-1 is required for normal TCA n  avigation in

the ventral telencephalon

While TCAs avoid the repulsive cues derived frora tiypothalamus and make a
sharp turn into the ventral telencephalon, somenclag¢tractive molecules such as
Netrin-1 are expressed in the ventral telencephalwh help direct the advance of
TCAs (Bonnin et al., 2007; Braisted et al., 2000yEll et al., 2008).

Netrin-1 is expressed in a cluster of cells in the integagsule zone, which are in
close proximity to the fascicles of TCAs in theeimtal capsuleDCC andneogenin,

receptors implicated in mediating the attractafeat$ of netrin-1, are expressed in
the thalamus, whereasc5h2 andunc5h3, netrin-1 receptors implicated in repulsion,
are not. These findings may reveal the role ofimdtras an attractant for TCAs to

grow into and/or through the internal capsule (&ead et al., 2000). In netrin-1
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mutant mice, TCAs can grow out of the thalamus taak! through the prethalamus
to turn into the ventral telencephalon normally.wdwer, fascicles of TCAs are
disorganized and abnormally restricted to the duestal half of the internal
capsule/striatum when they are passing throughlehgeal telencephalon. Moreover,
the amount of TCA projection reaching the neocoitexeduced in the netrin’l
mutants (Braisted et al., 2000). These findings aestrate that Netrin-1 is required

for the normal trajectory of TCAs through the vahtelencephalon.
In vitro evidence that netrin-1 has a growth-promoting effec ~ t on TCAs

In vitro, thalamic axons show biased growth toward a soafeeetrin-1, which can
be abolished by netrin-1 blocking antibodies. Aiddially, when thalamic explants
are culturedn vitro with soluble recombinant netrin-1 protein addedhe growth
medium, there is a significant increase in bothrtheber and the length of thalamic
axon fascicles compared to control conditions. €h#ata show that netrin-1 has a

growth-promoting effect on thalamic axon outgrowilvitro (Braisted et al., 2000).

When thalamic explants are co-cultured with medeitral telencephalic explants,
thalamic axon outgrowth is biased toward the vémelancephalon, which indicates
that the medial aspect of the ventral telencephatbmases a diffusible attractant
activity for TCAs (Braisted et al., 1999). To teshether netrin-1 is the medial
ventral telencephalic attractant for TCAs, thalamplants were cultured with the
medial ventral telencephalic explants, with a melrblocking antibody added to the
culture medium (Braisted et al., 2000). The biathedamic axon outgrowth toward
the ventral telencephalon was diminished in thegeies, but the change was not
statistically significant. One possibility is thahe blocking antibody is not
completely effective at neutralizing the action métrin-1. Another explanation
would be that netrin-1 is not solely responsiblethe attractant effect of the medical
ventral telencephalon on TCAs. Netrin-1 may act matorially with other
guidance cues in the ventral telencephalon to titecgrowth of TCAs (Braisted et
al., 2000).
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Through thesen vitro data it is proposed thah vivo the ventral telencephalic
chemoattractants including netrin-1, together i hypothalamic chemorepellents
Slitl and Slit2, promotes the sharp turning of TGAgay from hypothalamus and

into the ventral telencephalon (Braisted et al999

1.2.2.3 The subcortical region provides a permissiv. e environment for
TCAs

1.2.2.3.1 TCAs navigate through a corridor generate d by tangential

migration

In vivo evidence

At around E13, TCAs navigate through a corridomiaen the progenitor zones of
the MGE and the developing globus pallidus (FiggkxeThe MGE corridor cells do
not express genes characteristic of the MGE, ssdik&2.1 or Lhx6, but instead
express markers of the LGE derivatives suclslatsl, Ebfl andMeis2. The idea that
the MGE corridor cells may be derived from tangamtnigration of LGE cells into
the MGE comes from the observation of progressigaesion of LGE markers such
asldetl andEbfl into the MGE between E11.5 and E13.5. Subsequdi@ks are
observed to be in close contact with corridor celly using double
immunohistochemistry with TCA marker Calretinin acarridor cell marker Isletl
(Lopez-Bendito et al., 2006).

In vitro evidence

The in vitro culture experiments where GFP-positive LGE progenzones are
transplanted into wild-type host slices show thattGE generates a stream of GFP-
expressing cells migrating tangentially into the E|Gexpressing the LGE marker
Isletl. This ventral migration of LGE derivatives blocked by inserting a
semipermeable membrane between the LGE and the MGEE11.5-E12

telencephalic slices, and interestingly, this leénlsa drastic reduction in TCA
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navigation in the MGE (Lopez-Bendito et al., 2006)Mash1’ mutant embryos the
MGE corridor does not form or is severely reducad the TCAs fail to grow into
the ventral telencephalon (Tuttle et al., 1999)wieeer, a graft of wild-type LGE
progenitor zones into thiglashl mutant slicesn vitro can rescue the formation of
the corridor in the MGE and restore the growth GfAE into theMash1l” mutant
MGE region (Lopez-Bendito et al., 2006). Taken tbge these results show that the
MGE corridor is generated by tangential migratidrncells from the LGE into the
MGE, and that this tangential migration is requifed TCAs to travel through the
MGE (Lopez-Bendito et al., 2006).

1.2.2.3.2 Territories derived from the MGE are nonp  ermissive for TCAs
In vitro evidence

When GFP-expressing thalamic explants are posiione the wild-type
telencephalic slices, GFP-positive TCAs preferdigtigrow into the Isletl-positive
corridor of the MGE, avoiding the MGE ventriculandasubventricular zones and
globus pallidus. Secondly, TCAs show widespreadwvgrothrough the striatum.
However, when explants of the MGE ventricular andventricular zones or globus
pallidus are inserted into the striatum, TCAs aubiel heterotypic MGE ventricular
and subventricular zones or globus pallidus traargpl Thus thén vitro brain slice
culture shows that the MGE corridor and the LGikagim are highly permissive for
the growth of TCAs, while the MGE ventricular andbsgentricular zones and globus

pallidus are relatively nonpermissive to TCA outgtio (Lopez-Bendito et al., 2006).

1.2.2.3.3 Different isoforms of Nrgl cooperate to ¢ ontrol TCA
pathfinding

In vivo evidence

CRD-Nrg1, the membrane bound isoform of Mewrregulin-1 (Nrgl) gene, is highly
expressed in the LGE-derived corridor within the EJ@vhile 1g-Nrg1, the diffusible
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isoform ofNrgl, is highly expressed by progenitor cells in thesmantral region of
the pallium (the angle region) (Figure 8) (LopezmBio et al., 2006). In thEoxgl-
Cre/Nrgl-LoxP conditional mutants where all forms ®rgl are disrupted
specifically in the telencephalon, TCAs enter tldercephalon normally but
defasciculate through the MGE corridor and lardellyto navigate toward the cortex
(Lopez-Bendito et al., 2006).

In vitro evidence

In order to test the role of the Ig-Nrgl expressamgle region in TCA guidance,
brain slice culture experiments were carried ouéngtthe angle region was ablated,
and the consequence was that TCAs failed to rdechdrtex. Interestingly, addition
of 1g-Nrgl-expressing COS cells to the ablated enggion in the slice cultures
rescued the growth of TCAs toward the cortex (LeBemdito et al., 2006). In
another experiment where thalamic explants wereultoged with 1g-Nrgl-
expressing COS cell aggregates, the outgrowth alathic axons was dramatically
increased. However, thalamic axons did not spedifiextend toward the source of
Nrgl (Lopez-Bendito et al., 2006). This indicateattlg-Nrgl is a growth promoter
for thalamic axons, but it does not affect the dimn of thalamic axonal outgrowth.

These results show that CRD-Nrgl and Ig-Nrgl pnste&iooperate to guide TCAs
through the MGE corridor to the cortex. While CRDgll expression in corridor
cells contributes to the navigation of TCAs witlie ventral telencephalon, Ig-Nrgl
helps to direct TCAs towards the cortex, actingaadsng-range attractant (Lopez-
Bendito et al., 2006).

1.2.2.3.4 ErbB4, an Nrg1 receptor, is required for ~ TCAs navigation
ErbB4 receptors are expressed by thalamic neurDetetion of ErbB4 in the
thalamus results in a similar phenotype toNingl mutants, in which TCAs enter the

telencephalon but fail to advance toward the coriéese results indicate that ErbB4

signalling in TCAs is required for their normal mgation in the ventral
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telencephalon and support the hypothesis that Mngdliates its function in axon
guidance through ErbB4 (Lopez-Bendito et al., 2006)

1.2.2.3.5 Normal subcortical environment is crucial for TCAs entry

Celsr3 conditional mutants reveal the importance of the ventral
telencephalon in CTAs and TCAs navigation

Conditional knockout of Celsr3 in various regionk tbe forebrain reveals the
importance of the normal subcortical environmentthe guidance of CTAs and
TCAs. In Foxgl-Cre/Celsr3-LoxP conditional mutawtsere Celsr3 is inactivated in
the telencephalon driven by Foxgl-Cre, TCAs eitharaberrantly along the edge of
the basal telencephalon or cross the midline vignti@and none of the TCAs reach
the cerebral cortex (Zhou et al.,, 2008). In DIx&/i&/Celsr3-LoxP conditional
mutants where Celsr3 is deleted in DIx5/6 expregssills in the ventral region of
the telencephalon and diencephalon, a subpopulati®@As run aberrantly through
the pallidum and amygdala after crossing the digakc-telencephalic boundary,
and fail to grow toward the cerebral cortex. CTAsthe DIx5/6-Cre/Celsr3-LoxP
conditional mutants cross the pallial-subpalliabbdary and enter the lateral part of
the ventral telencephalon, but terminate and formalnormal mass in the dorsal
striatum and protrude into the lateral ventriclen Emx1-Cre/Celsr3-LoxP
conditional mutants where Celsr3 is inactivatedthie cerebral cortex driven by
Emx1-Cre, both CTAs and TCAs develop normally aedch their targets (Figure
9). These observations indicate that the normairemwment of the subcortical areas
maintained by ventral telencephalic cells is imaottfor the normal trajectory of
CTAs and TCAs.
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Figure 8
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(From Lopez-Bendito et al., 2006)

Figure 8. A group of cells form a ‘corridor’ in the ventral t elencephalon
that allows TCAs to traverse through it. The corridor cells are composed
of a subset of GABAergic interneurons migrating from the LGE to the MGE,
and they express Islet 1, Ebfl and CRD-Nrgl. Additionally, Ig-Nrgl, which is
highly expressed by progenitor cells in the most ventral region of the pallium-
the angle region, has been suggested to guide TCAs through the ventral
telencephalon and towards the cerebral cortex, acting as a long-range
attractant. Ncx-neocortex; dTh-dorsal thalamus; LGE-lateral ganglionic
eminence; MGE-medial ganglionic eminence; Str-striatum; GP-globus
pallidus.
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TCAs fail to enter the telencephalonin ~ Foxgl” mice

In Foxgl” mutants embryos which lack recognizable ventilahteephalic structures,
TCAs navigate through the thalamus but fail to tiaterally into the telencephalon;
instead, TCAs descend into the lateral hypothala(RPuatt et al., 2002). No back
labelled cell bodies were detected in the venencephalon oFoxgl” mutant
embryos after Dil placements into the thalamusicaithg the absence of transient
projections from the ventral telencephalon towatitis thalamus. These findings
indicate that a normal ventral telencephalon isiiregl for the turning of TCAs from
the diencephalon into the telencephalon. Additignahe abnormal invasion of
TCAs into the lateral part of the hypothalamusFioxgl” mutants suggests that
repulsion by the hypothalamus in vivo is not suéint to divert TCAs laterally into

the ventral telencephalon (Pratt et al., 2002).
1.2.2.4 The guidance from axonal scaffolds  en route
1.2.2.4.1 The roles of the transient projections fr om the LGE and MGE

The observation of LGE projections to the cortexd aMGE projections to the
thalamus comes from Dil/DiA tracing experimentsaad@ments of Dil crystals in the
cerebral cortex label the descending cortical axanth cell bodies located in the
cortical preplate and the large growth cones atifiseof the axonal fibers. However,
Dil labelled cell bodies are also observed nearfittvet of the cortical axons in the
LGE (simplified diagram in Figurel0). These cebs de clearly distinguished from
the surrounding growth cones by their chromatinteenshown by bisbenzimide
nuclear staining (Molnar et al., 1998a). The exatemm for these Dil labelled cells in
the LGE would be that these cells project axonsatda/ the cerebral cortex, and pick
up Dil at the crystal placement sites (Metin andi@uoent, 1996). In a telencephalic
vesicle culture experiments where dye crystals vpdseed into the cortex, sparse
cell bodies were back labelled in the LGE, suggedtinat cells from the LGE project

axons towards the cortex in these explants.
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Figure 9. A summary of axonal developmental patterns in Celsr3
conditional mutants. When Celsr3 is inactivated in the telencephalon driven
by Foxgl-Cre, TCAs either run aberrantly along the edge of the basal
telencephalon or cross the midline ventrally, and none of the TCAs reach the
cerebral cortex. When Celsr3 is deleted in DIx5/6 expressing cells in the
ventral region of the telencephalon and diencephalon, a subpopulation of
TCAs run aberrantly through the pallidum and amygdale after crossing the
diencephalic-telencephalic boundary, and fail to grow toward the cerebral
cortex. CTAs in the DIx5/6-Cre-driven Celsr3 deficient mice cross the pallial-
subpallial boundary and enter the lateral part of the ventral telencephalon,
but terminate and form an abnormal mass in the dorsal striatum and protrude
in the lateral ventricle. When Celsr3 is inactivated in the cerebral cortex
driven by Emx1-Cre, both CTAs and TCAs develop normally and reach their

targets.
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Similarly, DIA placements in the thalamus not ordyterogradely label the
descending thalamic axons, but also retrograddlgl leells in the MGE, indicating
that cells in the MGE send out axons towards tlaathus (simplified diagram in
Figurel0). Additionally, the prethalamus has beeggssted to project axons
towards the thalamus, since cell bodies are obdearvéhe prethalamus when Dil
crystals are placed in the thalamus (Braisted t18199; Molnar et al., 1998a;
Molnar and Cordery, 1999; Tuttle et al., 1999).

The functions of these transient early projectifvom the LGE and the MGE are not
clear. Since they share the same compartment hetldéscending CTAs and TCAs,
respectively, it is hypothesised that the reciprg@cajections from the LGE and the
MGE serve as axonal scaffolds for the early CTAd @@ As to navigate along and
be directed into the basal telencephalon (Figune TBus the pioneer cortical and
thalamic axons grow independently from each other enter the ventral

telencephalon (Metin and Godement, 1996).

LGE axons are absent in Pdn/Pdn mutant mice, delaying the entry of

CTAs into the ventral telencephalon

In the Gli3 hypomorphic mouse mutamiolydactyly Nagoya (Pdn), LGE pioneer
neurons were not detected by Dil placements im#erortex, suggesting that LGE
pioneer neurons either fail to send projectionsatawthe cortex or do not form
properly inPdn mutants (Magnani et al., 2010). At E14.5, cortiddlplacements in
Pdn/Pdn mutant embryos showed no labelled axons enternirigaving the cortex,
while normally cortical efferents would have cratskee PSPB and enter the ventral
telencephalon. However, corticofugal axons peretthé ventral telencephalon of
the Pdn mutants at PO, suggesting that the LGE pioneeronsuand their projections
might be important for the correct timing of CTAsdross the PSPB and that CTAs
would be guided into the ventral telencephalontwy later-arriving thalamocortical

axons in the absence of LGE axons (Magnani e2@1.0).

43



Figure 10

(From Metin and Godement, 1996)

Figure 10. Early steps of CTAs and TCAs development. 1. CTAs and TCAs project from
the cerebral cortex and the thalamus synchronously. Additionally, the LGE and the MGE
send transient pioneer axons towards the cerebral cortex and the thalamus, respectively. 2.
CTAs and TCAs meet in the ventral telencephalon, after which they continue their journey
towards the thalamus and the cortex, respectively. 3. CTAs and TCAs have reached their

targets. The transient projections from the LGE and MGE gradually disappear.
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MGE axons are absent in Mash-17 mice and TCAs fail to enter the
telencephalon

In Mash-17" mutants, many TCAs fail to pass through the prethal; instead, they
form a dense bundle at the border between thenthszand the prethalamus. A
small number of TCAs in th®ash-1"" mutants extend through the prethalamus and
reach the border between the prethalamus and thethialamus, but few of these
axons are able to cross the diencephalic-telentiedi@undary to enter the ventral
telencephalon (Figure 11 e). The reciprocal prajestfrom the ventral telencephalic
cells are also absent in tMash-1" mutants. These findings might indicate that the
ventral telencephalic neurons and their axons arpoitant for guiding TCAs

through the prethalamus and into the ventral telphalon (Tuttle et al., 1999).

However, apart from the ventricular zone of the MGEBE and CGEMash-1 is
also expressed in the ventricular zone of hypothat prethalamus and ZLI.
Alterations in the expression of genes sucliPras® andRPTPJ are detected in the
prethalamus and hypothalamusMésh-1"" mutants, which contribute to the more
inhibitory environment for TCA growth than in thalevtype (Tuttle et al., 1999).
Thus the failure of TCAs to navigate into the vahtrelencephalon iMash-1""
mutants might be due to the change of guidance ioui® diencephalon rather than
or in addition to the absence of reciprocal progecs from the ventral telencephalic
cells.

1.2.2.4.2 TCAs meet with pioneer preplate axons in the ventral

telencephalon and use them as an axonal scaffold to enter the cortex

It has been speculated that TCAs meet with théesadortical preplate axons in the
ventral telencephalon, after which TCAs navigatengl the pioneer corticofugal
axons descending from the corresponding corticdsaand reach their final targets
in the neocortex. This is described as the ‘HarkisHaypothesis
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Figure 11
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Figure 11. A schematic diagram showing the defects of CTAs and TCAs
in mutant animal models where different transcripti on factor genes are
inactivated. (a) Normal thalamocortical development in the wild type. (b)
Emx2 expression pattern and its mutant model. (c) Tbhrl expression pattern
and its mutant model. (d) Gbx2 expression pattern and its mutant model. (e)
Mash1l expression pattern and its mutant model. (f) Pax6/LacZ expression
pattern and its mutant model. (g) Nkx2.1 expression pattern and its mutant

model. (h) Ebfl expression pattern and its mutant model.
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(Allendoerfer and Shatz, 1994; Molnar et al., 1998alnar et al., 1998b; Molnar
and Blakemore, 1995; Molnar and Cordery, 1999). Bt exact location of the
‘Handshake’ event remains to be clarified. It hagrb proposed that the location
where TCAs and subplate axons meet and establishate association is at the

basal telencephalon (Molnar and Blakemore, 1995).

Evidence of the intermingling between cortical ahdlamic axons came from the
double labelling experiments where Dil and DIA ¢ays were placed in the cortex
and the thalamus, respectively (Molnar et al., H)98Bundles of labelled

corticofugal and thalamocortical axons are mixed gmxtaposed in the ventral

telencephalon and intermediate zone. Cross-sectaofi the mixed bundles reveals
the close association of the cortical and thalaamins, which are often lying side-by
side, literally in contact (Molnar et al., 1998Bpwever, cortical and thalamic axons
labelled by this double labelling strategy are abown to lay close to each other
within the intermediate zone but do not overlageasively (Miller et al., 1993). The

observations of spatially separate groups of laldetiortical and thalamic fibers can
be explained by the misalignment of dye placementie cortex and the thalamus,
since the handshake hypothesis demands that tltakamns only intermingle with

cortical axons from the corresponding region ofdbgex (Molnar et al., 1998a).

It is also suggested that thalamic and corticabrBbrun in separate, adjacent
compartments close to the target area in the cowék ascending thalamic axons
navigating within the subplate layer, whereas dedicg cortical efferents run below

the subplate (Bicknese et al., 1994). However, glgeement in the internal capsule
clearly labels identifiable thalamic axons runningclose association with cortical

efferents within the intermediate zone, followingemn right up to the subplate

(Molnar et al., 1998a).

1.2.2.4.2.1 The importance of the intermingling bet ween CTAs and TCAs
in the ventral telencephalon
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Since previously identified mutants with corticatoaal defects usually display
reciprocal TCA defects, the intermingling of TCA&dacortical axons may be
important for both sets of axons to reach theigats. However, caution is needed
when the cause of the CTA and TCA defects in théamis is being interpreted,
since most mutations tend to affect multiple foebrregions, making it hard to

isolate primary defects.

Absence of Tbrl in the cortex causes CTAs and TCAs defects in the

ventral telencephalon

However,the contact and association of CTAs and TCAs doseetn to guarantee
the success of their subsequent journey towards trgets, as is the case in the
Tbr1” mutants, where CTAs and TCAs associate in theriatecapsule but fail to
continue their pathfinding to the thalamus andexqrtespectively (Fig. 11 cJbrl

is a T-box transcription factor gene that expressdke cortex but not the thalamus
of mouse embryos. In the cerebral cortéll is strongly expressed in early-born
cortical neurons, including layer 6, subplate, &ajal-Retzius cells (Hevner et al.,
2001). InTbrl” mutants, CTAs enter the LGE normally at E14.5,ilsimto the
controls. TCAs inTbrl” mutants meet with CTAs in the internal capsuldhat
ventral telencephalon but deviate laterally throtigln middle of the internal capsule
and curve toward the external capsule (Hevner.e2@02). By E16.5Tbr1” CTAs
slow down or stop their growth in the midportiontbé subpallium, without entering
the diencephalon, while TCAs remain mainly in thérnal capsule, the external
capsule, and the amygdalar region, without innargatthe cerebral cortex.
Interestingly, the defects of CTAs and TCAs Thrl” mutants are observed in
occipital, parietal, temporal, and sensorimotortecorbut not in the prefrontal or
cingulate cortex regions where CTAs and TCAs aesgnved (Hevner et al., 2002).
This implies that the development of CTAs and TGAsregulated by various

mechanisms corresponding to different cerebralcantegions.

Absence of Gbx2 in the thalamus causes CTAs and TCAs defects in the

ventral telencephalon
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Another example that shows the defects of both CARE TCAs is th&bx2 mutant
(Fig.11 d). Gbx2 is a homeobox gene that is expressed in the thaldat not the
cortex of mouse embryos. Bbx2 mutants, the number of TCAs that project into the
internal capsule is reduced at E14.5, while thengroof CTAs into the ventral
telencephalon is normal at this age. At E16.5, T@Ahe Gbx2 mutants end in the
middle of the ventral telencephalon, while CTAdertend in the internal capsule or
continue into the cerebral peduncle, without gragvnto the thalamus. At E18.5,
TCAs in theGbx2 mutants still tangle in the internal capsule aaill tb enter the
cortex, while CTAs grow into the cerebral pedunlg none enter the thalamus
(Hevner et al., 2002).

Taken togethefTbrl or Gbx2 mutant mice show developmental defects of CTAs and
TCAs, with no CTAs or TCAs reaching their final dats independently of each
other. In bothlbrl” andGbx2” mutants, CTAs and TCAs first grow into the ventral
telencephalon independently without contact betwesech other. However, CTAs
and TCAs fail to form intimate connections with kaather in the subpallium of
Gbx2"" mutants and they both end mainly in the middli¢hef subpallium. IATbrl
mutants, although CTAs and TCAs are closely appesetloccupy the same fiber
bundles once they meet in the subpallium, theytéareach the thalamus and cortex,
respectively. Sinc&brl is expressed in the cortex but not in the thalanigslack of
Tbrl is not likely to affect the thalamic nucleidafCAs. Therefore, one explanation
for this phenotype ifTbr1” mutants is that the expression of bidirectionghailing
molecules is impaired in CTAs, so that CTAs and EQAtermingle but lose the
ability to signal to each other. Thus, not only thiermingling between CTAs and
TCAs in the subpallium but also the recognition ardirectional signalling between
CTAs and TCAs might be important to direct the axooward their final targets
(Hevner et al., 2002).

Additionally, in Tbr1” andGbx2” mutants CTAs are capable of crossing the PSPB

and navigating into the middle of the internal cdpsdbefore meeting TCAs in the

ventral telencephalon, indicating that CTAs aredgdi through the PSPB by non-
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TCA factors. During normal development in mice,twal pioneer axons cross the
PSPB and enter the ventral telencephalon at appadgly E13.5, and have reached
the middle of the internal capsule by E14.5, byieap to pause in the neostriatum
for 24-48 hrs (Bloom et al., 2007). It is specutatieat this pause in the neostriatum
provides the time for CTAs and the correspondind\3 @ gather and match up with
each other (Jacobs et al., 2007).

1.2.2.4.2.2 The PSPB is a choice point for CTAsand TCAs

Before entering the cerebral cortex, TCAs have tosc the pallial-subpallial
boundary (PSPB) between the dorsal and the vetaleticephalon, also known as
the cortico-striatal border (CSB). It is unclear etlrer the PSPB is a barrier for
TCAs, and whether TCAs need the guidance from CibAget through the PSPB
rats, CTAs and TCAs have been shown to pause &3R8 before crossing it, and
their axonal fasciculation patterns change whey #re crossing the PSPB (Lopez-
Bendito and Molnar, 2003; Molnar et al., 1998a; Mol and Butler, 2002; Molnar
and Cordery, 1999). For example, Dil crystals pliacego the dorsal cortex of E14
rat brain label numerous descending corticofugainaxthat reach the boundary
between the pallium and the subpallium where tleeyinate in large growth cones
(Molnar and Cordery, 1999). At E15, more corticailugxons arrive at the lateral
entrance of the internal capsule, but only a fegirb& cross the border between the
intermediate zone and the lateral edge of thenatezapsule (Molnar and Cordery,
1999). As TCAs leave the diencephalon, they forrthiak bundle to enter the
internal capsule. When TCAs navigate through thew® striatum, they are slightly
separated into distinct fascicles, which open um ifan-shape pattern. As TCAs
reach the border between the corpus striatum anchtermediate zone of the cortex,
they defasciculate and form a fairly uniform ar@yindividual fibers. Afterwards
TCAs remain more or less parallel as they ascermlitiin the intermediate zone into
the cortex (Molnar et al., 1998a).
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In hamster embryos, thalamic axons arrive at thatstn at E12.5, and their growth
cones accumulate at the boundary between theusiriahd the lateral cortical wall
(Metin and Godement, 1996).

In mouse embryos, carbocyanine dye tracing shovwet FAs and TCAs
temporarily pause at E14.5 at the PSPB, before tbayinue towards their targets
(Jones et al., 2002). The cortical fibers in th#éi-g@au-GFP mice appear to pause in
the presumptive neostriatum between E13.5 and EbBfére progressing rapidly to
the medial aspect of the pallidum at E16.5 (Jaeblas., 2007).

Interestingly, the PSPB also seems to be a |averaer for the ventral telencephalic
cells that project axons toward the thalamus (Molmad Cordery, 1999). In rat
embryos, Dil placements in the diencephalon babkila large number of internal
capsule cells under both medial and lateral gangli@minences. These back-
labelled internal capsule cells respect a sharddyaslightly medial to the PSPB and
thus the lateral edge of the back-labelled celugroever extends laterally to the

adjacent cortical intermediate or subplate zones.

Phr1” mice reveal the PSPB as a choice point for CTAs

The PSPB has been suggested to be a choice poidTias, as revealed by the
defects of CTAs in thePhrl” mutants (Bloom et al., 2007Phrl (for PAM,
highwire, rpm-1) is the single well-conserved murine ortholog loé thuman gene
PAM (encoding Protein Associated with Myc) and theenwbrate ubiquitin ligase
geneshighwire (in Drosophila) and rpm-1 (in Caenorhabditis elegans), which
functions cell-autonomously to regulate synapsevtiroand morphologyPhrl is
widely expressed in the developing and adult mo@BES. In constitutivePhrl
knockout mice Phrl KO) where deletion of the floxeBhrl gene is driven by-
actin-Cre expression, neither CTAs nor TCAs are ablgrow into the ventral
telencephalon. CTAs descend through the cerebraéxcof the constitutivd’hrl
knockout mice but terminate at the edge of thei@mstriatal boundary and fail to

enter the subpallium, while TCAs descend within thiencephalon along the
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boundary between telencephalon and hypothalamus faild to cross the

diencephalic-telencephalic boundary into the vémélancephalon (Figure 12).

However, in thePhrl cortical-knockout mice (Phrl cortical-KO) wheihrl
deletion is restricted in the cerebral cortex byng<€Emx1-Cre, CTAs and TCAs
develop normally and target the thalamus and cpntespectively, as in controls
(Figure 12). Therefore the failure of CTASs to crtiss corticostriatal boundary in the
constitutivePhr1 knockout mice is not due to the absenc@lufl in either cerebral
cortical neurons oEmx1-expressing glial cells. Instead, the presencehoi fh an
uncharacterized population of neurons or glia | shbcortical telencephalon may
be required to make the corticostriatal boundarysphle to CTAs (Bloom et al.,
2007).

In Coup-tfI” mice very few TCAs reach the cerebral cortex

There are examples where the subplate axonal &taffantact but TCAs fail to
enter the cerebral cortex, e.Goup-tf1” mutants. Chicken ovalbumin upstream
promoter-transcription factors (COUP-TFs) are orplhmembers of the nuclear
receptor superfamily.Coup-tfl, one of the twoCoup-tf homologs, is widely
expressed in the developing central and periplmealous systems (CNS and PNS).
At E11.5,Coup-tfl is detected in the dorsocaudal telencephalon emtephalon. At
E14.5, Coup-tfl is expressed in the thalamus, prethalamus andthgjamus, the
lateral and medial ganglionic eminence.Qoup-tfl mutants, TCAs projecting from
the ventrobasal thalamus (VB) navigate into therimdl capsule normally, but very
few TCAs grow out of the internal capsule, toward striatum (Zhou et al., 1999).
Even fewer TCAs are able to project into the intedrate zone of the cerebral
cortex, and those TCAs that turn into the interragdizone of the cortex follow a
disorganized route, with some axons turning eanly erossing with other axons in
mutants. The vast majority of TCAs in mutants dawmted after growing out of the
internal capsule and some almost turn backwardnewver project to their cortical
targets. However, the subplate neurons are alpedject pioneer axons toward the

thalamus normally iCoup-tf1” mutants, indicating that the subplate scaffolchalo
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Figure 12
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(From Bloom et al., 2007)

Figure 12. A summary of axonal developmental patterns in Phrl
conditional mutants. In constitutive Phrl knockout mice (Phrl KO) where
deletion of the floxed Phrl gene is driven by B-actin-Cre expression, neither
CTAs nor TCAs are able to grow into the ventral telencephalon. CTAs
descend through the cerebral cortex of the constitutive Phrl knockout mice
but terminate at the edge of the corticostriatal boundary and fail to enter the
subpallium, while TCAs descend within the diencephalon along the boundary
between telencephalon and hypothalamus and fail to cross the diencephalic-
telencephalic boundary into the ventral telencephalon. However, in the Phrl
cortical-knockout mice (Phrl cortical-KO) where Phrl deletion is restricted in
the cerebral cortex by using Emx1-Cre, CTAs and TCAs develop normally
and target the thalamus and cortex, respectively, as in controls (Bloom et al.,
2007).
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is not sufficient to guide TCAs iﬁoup—tfl"' mutants, although the improper subplate
neuron differentiation irCoup-tfl mutants may also lead to TCA defects. On the
other hand, intrinsic defects in the thalamus cabeauled out sinc€oup-tfl is also

expressed in the thalamus (Zhou et al., 1999).
Pax6 " mice show defects of CTAs and TCAs at the PSPB

For example, in mice lackingax6, both CTAs and TCAs project towards the PSPB
but fail to cross this cortico-striatal boundaryigife 11 f) (Hevner et al., 2002;
Jones et al., 2002). IPax6” mice, CTAs descend ventrolaterally through the
developing lateral pallium and extend towards theebof the ventral pallium (the
amygdaloid region). Most CTAs fail to cross the BS®hile some of them enter
into the subpallium in large bundles at more calmadls. Instead of turning into the
telencephalon from the diencephalon through thermai capsule as in a wild-type,
the majority of the TCAs iPax6” mice project aberrantly into the hypothalamus.
Additionally, TCAs are seen emerging abnormallynfrahe base of the ventral
telencephalon and turn dorsomedially towards thelifprative zone of the
ganglionic eminence, but fail to cross the PSPB.a/ghmore, double Dil/DiA
labelling experiments with DiA placed in the cortaxd Dil in the thalamus indicate
that no interactions occur between TCAs and CTAwiwithe internal capsule and
the PSPB.

In the Pax6” brains, the cells within the PSPB domain appedsetanore densely
packed than in wild-type brains. These densely @a@dhering cells at the PSPB of
the Pax6” brains might not be penetrable for TCAs or CTAg)sthmaking an
additional obstacle for the TCAs and CFAs to criies PSPB (Jones et al., 2002).
Additionally, the ventricular cellular mass and #igpical PSPB do not express glial
cell markers GFAP or vimentin, and do not expredbiodin or GABA, but express
neuronal marker b-tubulin class Ill, suggestingt tthey comprise undifferentiated

neurons (Jones et al., 2002).
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In the Pax6” brains, the altered expression pattern of axonalagee molecules
including Sema3c andSemaba in the pallium is also suggested to be responédile
the aberrant development of CFAs and TCAs (Jonak,&£2002). In wild-type brains,
Sema3c is expressed in the SVZ and intermediate pbrthe dorsal, lateral and
ventral pallial domains. IPax6” brains, Sema3c is still detected in the dorsal
pallium, but the expression is shifted into the tmagperficial zone of the cortical
plate. In the region of the ventral and lateralipai of the Pax6™ brains, however,

the expression dema3c is completely abolished.

In wild-type brains,Sema5a is expressed in the VZ of the rostral pallium wéth
lateral (high) to medial (low) expression gradiedhtprominent hybridization signal
of Semaba is seen within the VZ at the PSPB. In #ax6” brains, lower expression
level of Semaba is preserved in the medial pallium, but not in ¥ at the PSPB
(Jones et al., 2002).

SincePax6 is expressed in cortex, PSPB, basal telencephatahprethalamus, the
absence oPax6 in Pax6” mice may affect the molecular characteristics oteg
PSPB, basal telencephalon, and prethalamus. Teuieflects of TCAs and CTAs in
Pax6” mice could be due to the defects of the guidanass do multiple brain

regions, as well as the autonomous defects of T&RBRSCTAS themselves.

To test whether there is an autonomous defectllsf icethe thalamus that affects the
normal outgrowth of TCAs iPax6”” mice, in vitro explant culture experiments were

+/+

applied where thalamic explants froRax6™* or Pax6” embryos were co-cultured
with wild-type ventral telencephalic explants (Pret al., 2000). WhereaBax6™"*
thalamic explants showed strong innervation of styfoe ventral telencephalon in a
pattern that is reminiscent of the in vivo trajegtof thalamic axons as they grow
through the internal capsul®ax6” explants did not, indicating that the mutant
thalamic cells are unable to respond to guidan@s cwrmally present in ventral

telencephalon.
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To further investigate the role of Pax6 in the nakrdevelopment of CTAs and
TCAs, recent years have seen the use of the Cre-kggtem to conditionally knock
out Pax6 in the cortex driven bfmx1-Cre (Pinon et al., 2008) and in the basal

telencephalon driven §ix3-Cre (Simpson et al., 2009).

Cortex-specific Pax6 knockout mice show normal TCAs and CTAs

connections

In cortex-specific conditional Pax6 knock-out m{&nx1-CrefPax6-LoxP cKO),the
caudal cortical areas (putative visual and somasxgy) are expanded while the
rostral cortical domain (putative motor) is severedduced (Pinon et al., 2008).
Despite the rostral shift of graded expressionreadlamarkers in the cerebral cortex
and the accumulation of cells along the PSPB extgndrom the cortical
intermediate zone to beneath the lateral cortex amggdala, TCAs and CTAs
develop normally inrEmx1-CrefPax6-LoxP cKO mice. TCAs originating from VA,
VB, and dLGN correctly target the putative motopmatosensory, and visual
cortical areas, respectively. CTAs projecting fralifferent cortical areas descend
through the intermediate zone in an organized tggc order, and they are
capable of passing the PSPB and reaching the thalaimese results indicate that
molecular regionalization and thalamic targetingcortical areas are possibly not

strictly interdependent processes.

Deletion of Pax6 in the ventral telencephalon causes CTAs and TCAs

defects

When Pax6 is deleted in the ventral telencephalon closeht ihternal capsule,
driven by theSx3-Cre expression, some CTAs and TCAs derail fromnbenal
trajectory when they grow through the ventral tegghalon (Simpson et al., 2009).
Many TCAs take aberrant routes, either failing tontlaterally into the ventral
telencephalon or exiting the developing internglscée ventrally (Figure 13). Some
CTAs are misrouted to the lateral telencephalorGX3-CrePax6-loxP cKO mice,

the corridor in the ventral telencephalon appeaistbroader and less dense than
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Figure 13
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Figure 13 . A summary of axonal pathfinding defects in Pax6 conditional
mutants. When Pax6 is deleted in the ventral telencephalon close to the
internal capsule, driven by the Six3-Cre expression, some CTAs and TCAs
derail from the normal trajectory when they grow through the ventral

telencephalon (Simpson et al., 2009).
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normal, as revealed by Isletl-expressing cellscatohg that Pax6 is important for
formation of the Isletl-expressing corridor in thentral telencephalon. IRax6”
mice, no retrogradely labelled cells are deteateithé ventral telencephalon after Dil
placements into the thalamus, indicating the alsefdransient thalamic afferents
from the ventral telencephalon (Pratt et al., 206®)wever, the pioneer axons that
project from the ventral telencephalon to thalamngspresent s x3-CrefPax6-loxP
cKO mice. These results indicate that the expressib Pax6 in the ventral
telencephalon is important for formation of theet$lpositive corridor and the
thalamic and cortical axons that navigate throughuentral telencephalic corridor
(Simpson et al., 2009).

Summary

A number of previously identified mutants with CTdefects usually display
reciprocal TCA defects (Bloom et al., 2007; Hevaeal., 2002; Jones et al., 2002;
Komuta et al., 2007; Lopez-Bendito and Molnar, 2008sir et al., 2005; Wang et
al., 2002; Zhou et al., 1999; Zhou et al., 200&haugh in most cases the gene is
expressed in more than one location, which makiearder to interpret if the defects
of TCAs and CTAs are cell autonomous or non autansrand whether they are
associated. This prompted us to generate a mutantah model with a gene
specifically knocked out in the cortex but not metPSPB and other subcortical
structures, which may lead to the defects of CTAgmwth as well as the formation
of guidance cues from the cortex. By examiningghmvth pattern of TCAs during
their trajectory towards the thalamus in the caodal mutant, we may get some
insights into the importance of the cortex in thedgnce of TCAs, and whether
TCAs are able to enter the cortex normally when €Bfe disrupted. It would also
be interesting to delete a gene specifically in tthedamus, which may disrupt the
outgrowth of TCAs as well as the generation of gowk factors from the thalamus.
Examining the growth pattern of CTAs in the corahfll mutant may reveal how
important the thalamus is in the guidance of CTIAghe current work the candidate
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gene that | chose for specific cerebral corticaletiten as well as thalamic

inactivation is Adenomatous polyposis c&p).

1.3 Adenomatous polyposis coli (APC)

Adenomatous popyposis coli (APC) was originallyntiiged as the gene mutated in
Familial Adenomatous Polyposis (FAP), a diseaseatterized by the development

of multiple colorectal adenomas (Groden et al.,1399

1.3.1 The functions of APC

APC is well characterized as a tumor-suppressar pleys an important role in
controlling the stability and subcellular localivet of p-catenin f-cat), and
subsequently affects the Wnt signalling pathwaythiem absence of APQ-catenin
may enter the nucleus, binds LEF-1/TCF proteingl activates Wnt target genes
(Sierra et al., 2006).

Additionally, APC has been suggested to be involweda variety of cellular
processes such as cell migration, cell-cell adimesiitotic spindle assembly and

chromosome segregation, cell cycle progressionHgnoson and Miller, 2005).

During early brain development, APC is highly exgsed in some regions of the
cortex where the newly born postmitotic neurons lacated, which indicates that
APC may be important for the maturation of posttigtaells (Bhat et al., 1994).
APC has been shown to play important roles in tirenal growth and differentiation
of the cerebral cortex, regulating the cell numbbgerkinetic nuclear migration, cell
polarity, cell type specification, neuronal diffate@ation, axonal outgrowth, axonal
extension, etc (lvaniutsin et al., 2009; Yokotaakt 2009). It has been shown that
APC localizes to the end of microtubules in axomsl &tabilizes microtubule
polymerization, which is regulated by NGF-PI3K-G3[-pathway (Zhou et al.,
2004).
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1.3.2 Emx1-Cre/Apc-LoxP as a model to understand the importance of

the cerebral cortex in the guidance of TCAs

Since APC is involved in neuronal differentiatiomdaaxonal outgrowth and
extension, deletind\pc in the cortex may lead to defects of CTA outgroashwell
as the formation of guidance cues from the coriéxs would allow me to examine
the importance of CTAs and some cortical molecutegyuiding TCAs into the
cortex. In order to remove Apc specifically in tterebral cortex but not in any other
areas, | usedEmx1-Cre/Apc-LoxP mice, in which the expression &mx1-Cre
confers the recombination of loxP target loci, andsequently results in the specific
knockout of the gene at the loxP loci, in this ¢dlseApc gene.

As a member of th&amx family, Emx1 is a homeodomain transcription factor
expressed by progenitor cells of the embryonicesorin a low rostrolateral to high
caudomedial gradient (Bishop et al., 2002), andekpression begins from E9.5
(Cecchi and Boncinelli, 2000). Hence the deletidrine Apc gene in the relevant
part of the neocortex of themx1-Cre/Apc-LoxP conditional mutants may start at
E9.5.

In this work | examined the development of CTAs andAs, as well as the
expression of some cerebral cortical guidance mtdscin theApc conditional

mutant.

1.3.3 RORa-Cre/Apc-LoxP as a model to understand the importance of

the thalamus in the guidance of CTAs

In the current work | used tHRORa-Cre/Apc-LoxP mouse to generate a conditional
mutant model wher@pc was inactivated specifically in the thalamus. DietpApc

in the thalamus may interrupt TCA development ab agethe formation of guidance
cues from the thalamus. This would allow me to wttide importance of the
thalamus in the guidance of CTAs, and test whe@ieAs are able to reach the

thalamus in the absence of the guidance from theetheling TCAs.
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Investigating the thalamocortical tract systemhe Apc conditional mutants may
give some insights into the principles of thalamtical development, the
development of communication between the cortex twathmus, and the causal
relationships between signal molecules and theicabriand thalamic patterns.
Furthermore, it may provide some clues into thesoaa for some neurological
diseases during early brain development, and mayige a theoretical foundation

for therapy attempts.

The results of the current study are describedhapter 3, 4 and 5. In Chapter 3, |
demonstrate the growth pattern of CTAs and TCAs Emx1-Cre/Apc-LoxP
conditional mutant mice whewpc is specifically inactivated in the cerebral cortex
My results show that in the absence of Apc in thecortex, corticofugal axons fail
to grow, and that thalamic axons stop proximaldtig-subpallial boundary (PSPB).
Instead of entering the cortex, thalamic axons twentrally in the basal
telencephalon. These results reveal the PSPB asieecpoint for TCAs, and that

TCAs need guidance from the cortex to cross theBPSP

To further investigate what guidance cues are msacgsto guide TCAs into the
cortex, | examined the gene expression patteromisattractive molecules and used
in vitro explant culture assay to detect the possible umégn of repulsive cues in
the Emx1-Cre/Apc-LoxP mutant cortex. As described in chapter 4,results show
that some attractive molecules for TCAs are stidisgnt in the mutant cortex. Thus
the failure of TCAs to enter the cerebral cortexhi@ conditional mutant is less likely
to be ascribed to the lack of attractive molecskaseted by the cortex. Additionally,
the explant culture experiments show that the mutartex does not repel or inhibit
thalamic axonal outgrowth, and that the angle regbthe mutant cortex still has
growth promoting effects on thalamic axons. Thus fiilure of TCAs to enter the
cortex of the conditional mutant might be due te libss of descending CTAs in the
cortex. In support of this hypothesis, in timevitro brain slice culture experiments
where mutant cortex was replaced with control cortertical axons regenerate from

the control cortex and rescue thalamic axon growtb the cortex. These results
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indicate that descending cortical axons are impoitadirecting thalamic axons into

the cerebral cortex.

In Chapter 5 | describe the grow pattern of TCAd @TAs in theRORa-Cre/Apc-

LoxP conditional mutant mice where Apc is deletedhie primary sensory nuclei of
the thalamus. No dramatic defects of CTAs and T@#hsobserved in this mutant,
indicating that the deletion of Apc in postmitotieurons in the thalamus may not

affect axonal development between the cortex aadnhlamus.
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Chapter 2. Materials & Methods

2.1 Animals

Mice harbouring different transgenic alleles wesediin this studyApc™®®, Emx1“"®
and ROR:“"®. To generateEmx1"¥* Apc®®9%8%S progeny, Emx1¢"®* Apc®™*S* were
intercrossed withEmx1** Apc®®¥%8%, To generateROR""®" Apc®*%%S progeny,
RORx“"®* Apc®®* were intercrossed withRORo ™ Apc®®®¥%%S, The first day of
vaginal plug was designated as E0.5. Pregnant émmwedre killed by anesthesia and
cervical dislocation. The embryos were removed ichiately by caesarean surgery,
and their heads were immersed in cold fixativehla manuscript, ‘control’ embryos
were double heterozygoteBnix1“"®* Apc®®*S* and RORx“"¥* Apc®®™¥* | respectively),
which are phenotypically normaEmx1<®* Apc>®9%8%S and ROR:“"®* Apc>20S580S

embryos were designated as ‘conditional mutant’.
2.2 In Situ Hybridization

Brains of mouse embryos were fixed overnight in 4faraformaldehyde in

phosphate buffered saline (PBS) before processimgak blocks. Wax sections were
cut at 10 pm and collected on TESPA-coated sliDd templates for RNA probes
were prepared by digesting the plasmids with Hifidahd cleaning up using

QIAquick Gel Extraction Kit (50), Cat. N0.28704. RNorobes were labelled with

digoxigenin. In situ hybridizations forlg-Nrgl were performed as previously
described (Flames et al., 2004).

2.3 Immunohistochemistry

Embryonic heads were fixed overnight in 4% parafddehyde in PBS. Heads were
either embedded in wax and cut into sections atrhGhick or embedded in agarose
and cut into vibratome sections at 100 um thicke TFP explant cultures were
fixed in 4% paraformaldehyde 0.1M PBS for 1 hr oa before undertaking a GFP

immuno. Immunofluorescence was performed as prelyadescribed [Ivaniutsin et
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al.]. The following primary antibodies were usedfiiiti NA1297 rabbit polyclonal

anti-neurofilament cocktail, 1:500 (www.biomol.chmabbit anti-GAP43 (AB5220),
1:1000 (Chemicon International, Temecula, CA), neoasti-Map2, 1:500 (Sigma,
UK), mouse anti-RC2, 1:500 (DSHB), rat anti-L1, @05(Chemicon International,
Temecula, CA), rabbit anti-GFP, 1:3000 (Abcam), eatubit anti-calbindin, 1:2000.

The secondary antibodies included: polyclonal gaati-rabbit immunoglobulins

/biotinylated  (E0432, DakoCytomation), polyclonal oay anti-mouse
immunoglobulins /biotinylated (E0433, DakoCytomadioABC kit Strepavidin was
used to amply signal. The fluorescent secondaripadies were as follows: goat
anti-rabbit IgG Alexa Fluor 568, 1:200 (MoleculamPBes), goat anti-rat IgG Alexa
Fluor 568, 1:200 (Molecular Probes) and goat amtuse IgM Alexa Fluor 488,
1:200 (Molecular Probes).

2.4 Tracing experiments

In the present study, carbocyanine dyes were usdcheers in formaldehyde-fixed
brains (Godement et al., 1987). Using Dil and Digstal placements, we should be
able to trace the navigation pattern of CTAs and3 @nd the projections from LGE
domain in mouse embryos, since Dil and DiA areriisgent dyes that specifically
label axons and their cell bodies anterogradelsettrogradely. Tracing experiments
on the brains of embryos were performed as preljodsscribed (Métin et al.,
1996).

Brain fixation. After dissection in cold PBS (0.1M), brains wepeetl overnight in
PFA (4% paraformaldehyde in 0.1M phosphate buéed°C).

Labeling. For each embryo, the brain was separated intchadxes by cutting along
the midline. Tips of glass micropipettes coatedhwiitii were used to impale the
embryonic neocortex after the pia was removed. rileloto anterogradely label
cortical axons and retrogradely label projectiansf LGE, two Dil placements were
applied in the dorsal-lateral cortex, at the anterand posterior part of the

telencephalon. To anterogradely label thalamic ax@md retrogradely label
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projections from MGE or ventral telencephalon, Biid DiA were placed in the
thalamus, with Dil at the anterior part and DiAtla posterior part of the thalamus.
The brains were then returned to fixative and Kep#d weeks at room temperature

before analysis.

Analysis of labelling. Brains were embedded in 4% agarose, and serigbissavere
cut with a vibratome in the frontal plane at 100. 8Bactions were collected in 0.1M
PBS. Nuclei were counterstained with Hoechst orARID-3 iodide (Invitrogen) at 1
HUM. Before observation, the sections were rinsedBS and mounted in Mowiol or
Vectashield. Images were acquired by using an wpHiscence microscope and
digital camera (Leica, Nussloch, Germany) or a TS confocal microscope

(Leica).
2.5 Explant cultures

Mice harbouring different transgenic alleles wereed! in the explant culture

580S 10re/+ApCSSOS/5805 progeny,

experiments: Apc 1¢e
mice. To

and Enx1-". To generateEmx

Emx1°¥* Apc®*  mice were intercrossed wittEmx1** Apc®®09%80S
generate tau-GFP progeny, TgTP6.3 mice were imssed with CD1 wild type
mice. The first day of vaginal plug was designaasde0.5. Pregnant females were
killed by anesthesia and cervical dislocation. Thmbryos were removed

immediately by caesarean surgery.

E14.5 embryos were used for iimevitro explant culture experiments. Embryos were
collected in the Earle’s balanced salt solution $5B At E14.5,Apc mutant
embryos displayed an obvious open-mouth phenotyp&h appeared to be close-
mouth in the normal mouse embryos. Therefore trengtype of the embryos was
used to distinguish the mutants from the normal sec@mbryos. For the explant co-

culture experimentsApc mutant embryos wer&mx1S®* Apc®09580S

, while the
control embryos were the phenotypically normalefitmates which were either

melCreHApCSBOSH’ me1+/+ApC580515805 or me1+/+ApC58051+. The tau-GFP positive
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embryos were recognized and selected under a t@sdtuorescent microscope
with a GFP filter.

The thalamic tissues used for explant cultures waken fromtau-GFP positive
embryos so that thalamic axons could be distinguishom non-GFP cortical axons
by using anti-GFP antibodies. The thalamus from.&k12u-GFP positive embryos
was dissected out under a dissection microscopewndto small explants at a size
of about 500 x 500 x 300 um, using a fine dissecknife. The lateral cortex was
dissected out from E14.5 control and mutant bramespectively, and cut into small
explants at a size of about 500 x 500 x 250 um.hypothalamus was dissected out
from E14.5 control mice and cut into small explaats size of about 500 x 500 x
300 um. The explants were submerged in cold EBS#glihe dissection, after
which they were transferred to serum free cultuesliomn by pipetting and kept at
37°C.

Collagen (10-20 pl) was spread evenly onto thesaedla 4-well culture dish and
allowed to set at 37°C. In each well of the cultdish, onetau-GFP thalamic

explant was placed on top of the collagen adjadenbne cortical explant or
hypothalamic explant in a distance ranging from @0 to 500 pm. Another 20 pl
of collagen was added to submerge the explantaldmded to set at 37°C. Once the
collagen was set, 500 pl of serum free culture omadivas added into each well of
the culture dish and the explants were incubate87aC for 3 days to allow the

three-dimensional outgrowth of axons.

Explant cultures were fixed in cold 4% PFA in PB8 fL hour after 3 days of
incubation at 37°C. Then the explant cultures weashed in 0.1% Triton-X-100 in

PBS (PBSTx-100) for 15 minutes at 4°C, before bdilagked in 20% goat serum,
0.1% PBSTx-100 for 1 hour at 4°C. Primary antibadyabit GFP (1:3000) (Abcam)
was added to the explant cultures and incubatechigle at 4°C. Following washes
in 0.1% PBSTx-100 for 5 hours at 4°C, the cultuwese incubated overnight at 4°C
with secondary antibody: goat anti-rabbit Alexa dfllb68 (1:200) (Molecular

Probes). Following washes in 0.1% PBSTx-100 forobirk at 4°C, cultures were
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incubated in TO-PRO-3 (1:1000) in PBS for 1 houddT and then submerged in a
9:1 solution of glycerol: PBS. Once the collagercdme quite transparent, the
cultures were mounted in Mowiol and images wereumedq by using an

epifluorescence microscope and digital camera @,é\wssloch, Germany).

Figure 1 A shows a typical image of an E14.5 GFBitp@ thalamic explant
cultured with a cortical explant from the lateralrtex of E14.5 control embryos.
Figure 1 B-D demonstrate the procedures to andhgseercentage axon coverage in
each image. The thalamic explants were divided fatw quadrants (Figure 1 B).
The amount of thalamic axonal outgrowth was esthaby surrounding each
explant by a line at 60 pixel distance (yellow iy, 60 pixel distance 110 pum)
from explant border (blue) and calculating the patage of its circumference that
was covered by neurites crossing it (Figure 1 B)isTestimate is referred to as

‘percentage axon coverage’ (Tian et al., 2008).

The percentage axon coverage of thalamic axonkenquadrant that was facing
toward the cortical explant was compared to thahénquadrant that was away from
the cortical explant (Figure 1 B). Figure 1 C sh@avdose-up view of a region of the
explant featuring the neurite fascicles that wemessing the yellow polygon. In

Image J, the colour intensity of every pixel tha yellow polygon came cross in the
image was automatically measured by using a plugnd the results were shown as

a list of data as well as a colour intensity pkig(re 1 D).

In the colour intensity plot for Image J selectidhe X axis represented the
circumference of measuring polygon (the yellow leirem B), while the Y axis
represented the colour intensity of anything thatmeasuring polygon came across
in the image (Figure 1 D). The blue box highlightled colour intensity of the region
that the measuring polygon (yellow) came acrosS.i\ base line (red) was drawn
on the graph to distinguish the axonal signal ftbe background noise. The way to
determine the base line level is: First, draw a lgross an area in the background of
the image (see the yellow line in the backgroureéd an B). Second, get a graph that

shows the colour intensity plot of anything tha¢ tellow line came cross in the
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image. Third, identify the highest colour intensitythe plot and use it as the base

line level.

The data was copied into an excel file. The peeggtixon coverage was calculated
by summing up every pixel along the measuring pmtyg each quadrant with the
colour intensity above the base line level and ding it by the length of the
measuring polygon in each quadrant. Student’s tt-te@s used to assess the
significance of differences between the percentagm coverage of thalamic axons
in the quadrant that was facing toward the cortecgdlant and that in the quadrant

that was away from the cortical explaR&(.05).

For the comparison of total outgrowth of thalamxors between different culture
groups, the amount of thalamic axonal outgrowth maasured at 60, 100, 140, 180
& 220 pixel distances (yellow polygons, 60 pixe$tdnce=~ 100 um) from explant
border (blue). The % axon coverage was estimatedessribed in Figure 2. Since
the measuring polygons (yellow) in the quadrantthed thalamic explant facing
toward the cortical explant came across the cdrégplant in most cases, the %
axon coverage in the quadrant towards the corégalant was excluded. The %
axon coverage in the other three quadrants was sdnup for each explant. Two
Way Repeated Measures ANOVA was used to assessgifiécance of differences
between groups and, where differences were sigmifi¢?<0.05), Student’s t-test

were used to assess the differences between pareups.

2.6 Brain slice cultures

E14.5 embryos were used for tirevitro brain slice culture experiments. Embryos
were collected in ice cold Krebs in a Petri dishaiBs were removed and embedded
in LMP agarose in molds. The molds were placedcerfar hardening. 300 um thick
coronal sections were cut using a vibratome. Tiheatdme well contains ice cold
Krebs. Brain sections were collected into smalliRkshes containing sterile filtered
Krebs on ice. The sections were handled with tpetdas. The sections were then

transferred in the hood to the membranes in tissltare dishes containing 1 ml
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(Figure 1 continues on the next page)

69



close-up view

C

% axon coverage = sum of all neurite fascicle widths in each quadrant x 100

90

80

70

60

50

40

30

20

10

200

olour intensity plot for ImageJ selection

400 600 800 1000 1200

1400

cir

cumference of measuring polygon

circumference of measuring polygon in each quadrant



Figure 1. Measurement of % axon coverage in the explant cultu  re. (A) A
typical image of an E14.5 GFP-positive thalamic explant cultured with a
cortical explant from the lateral cortex of E14.5 control embryos.
Immunohistochemistry was with GFP antibody (red) and nuclei were
counterstained with TO-PRO-3 (blue). (B) The amount of thalamic axonal
outgrowth was measured at 60 pixel distance (yellow polygon, 60 pixel
distance = 110 um) from explant border (blue). The % axon coverage was
estimated by calculating the percentage of circumference of the measuring
polygon that was covered by neurites crossing it. The thalamic explant was
divided into four quadrants. The % axon coverage of thalamic axons in the
guadrant that was facing toward the cortical explant was compared to that in
the quadrant that was away from the cortical explant. (C) A close-up view of
a region of the explant featuring the neurite fascicles that were crossing the
yellow polygon. (D) A graph showing a colour intensity plot for a thalamic
explant under analysis. While X axis represented the circumference of
measuring polygon (the yellow circle in B), Y axis represented the colour
intensity of anything that the measuring polygon came across in the image.
The blue box highlighted the colour intensity of the region that the measuring
polygon (yellow) came across in C. A base line (red) was drawn on the graph
to distinguish the axonal signal from the background noise. The way to
determine the base line level is: First, draw a line across an area in the
background of the image (see the yellow line in the background area in B).
Second, get a graph that shows the colour intensity plot of anything that the
yellow line came cross in the image. Third, identify the highest colour
intensity in the plot and use it as the base line level. Student’s t-test was used
to assess the significance of differences between thalamic axons growing
towards and away from the cortical explant (P<0.05). cx — cortex, an — angle

region, th — thalamus, ht — hypothalamus.
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Figure 2

original image image under analysis

Figure 2. Measurement of the total % axon coverage in the exp lant
culture. (A) A typical image of an E14.5 GFP-positive thalamic explant
cultured with a cortical explant from the lateral cortex of E14.5 mutant
embryos. Immunohistochemistry was with GFP antibody (red) and nuclei
were counterstained with TO-PRO-3 (blue). (B) The amount of thalamic
axonal outgrowth were measured at 60, 100, 140, 180 & 220 pixel distances
(yellow polygons, 60 pixel distance = 100 um) from explant border (blue).
The % axon coverage was estimated as described in Figure 1. Since the
measuring polygons (yellow) in the quadrant of the thalamic explant facing
toward the cortical explant came across the cortical explant in most cases,
the % axon coverage in the quadrant towards the cortical explant was
excluded. The % axon coverage in the other three quadrants was summed
up for each explant. Two Way Repeated Measures ANOVA was used to
assess the significance of differences between groups and, where
differences were significant (P<0.05), Student’s t-test were used to assess

the differences between pairs of groups. Th-thalamus, cx-cortex.
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MEM medium. The sections were then incubated fdr 837°C, 5% CQ), before
being transferred to 1 ml Neurobasal medium. Triamép were cut with fine scissors
from the donor slice and transferred to the hogtesivith fine forceps. The

transplants were incubated at 37°C for 3 daysltovathe outgrowth of axons.

Transplants were fixed in cold 4% PFA in PBS owghhiafter 3 days of incubation
at 37°C. Then the transplants were rinsed with FB&I dyes were placed into the
thalamic transplants while green dyes were plaogéa the cortex. The transplants
were then returned to fixative and kept for 2 weatksoom temperature to allow the
diffusion of the fluorescence dyes along the axdime transplants were rinsed with
PBS before transferred to 1:1 Glycerol/PBS, andntarstained with TO-PRO 3.
Before observations, they were mounted in 1:1 GbldeBS. Images were acquired

by using a confocal microscope (Zeiss).
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Chapter 3. Apc deletion in the cerebral cortex and the defects
of CTAs and TCAs

In this chapter | describe the specific inactivatad Apc gene in the cerebral cortex
and the defects of reciprocal connections betwhercortex and the thalamus. The
mechanisms by which the cortex and the thalamwbksit reciprocal connections
are poorly understood. It has been postulated @¥iéas and TCAs meet in the
ventral telencephalon, after which they use eablerods axonal scaffolds to reach
their final targets. This is described as the Hhake hypothesis. To test this
hypothesis, | used themx1-Cre/Apc-LoxP mouse to generate a conditional mutant
model where CTAs development might be interrupted] test whether TCAs are
able to reach the cerebral cortex in the absenteeofjuidance from the descending
CTAs.

By using immunohistochemistry as well as axonatttteacing techniques, here |
show that neuronal differentiation in the cerebcalrtex is disrupted in the
conditional Apc mutant, and that there are fewer postmitotic nesi@ncluding the
projection neurons), which lead to the defects DA€ outgrowth. In addition, TCAs
fail to reach the cerebral cortex. TCAs navigatt ithe ventral telencephalon
normally, but could not pass the pallial-subpall@undary (PSPB) and enter the
cortex. These results reveal the PSPB as a choicg for TCAs, and that TCAs
need guidance from the cortex to cross the PSP8 Aflt mutant cortex lacks these

guidance factors, which might be the descending €TA

3.1 Proof of Apc deletion and the upregulation of  B-catenin in the cortex

In the current study, the Adenomatous polyposis (@gc) gene was conditionally
inactivated by Cre recombinase driven by the endogeEmx1 promoter Emx-Cre)
(Ivaniutsin et al., 2009 Emx1 starts to be expressed in the cerebral cortex &£0rb
(For review see Cecchi and Boncinelli, 2000). Thevay of Cre recombinase was

confirmed by LacZ staining of embryos carryiBgix1-Cre and a floxed-stop R26R
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LacZ reporter allele (Figure 1 A) (lwasato et 2D00). The staining was restricted to

the cerebral cortex and did not include the PSPB.

To examine the deletion of Apc protein in the mut@pc immunofluorescence was
performed on paraffin sections and vibrotome sastiof embryos (lvaniutsin et al.,
2009). My data showed a distinct expression patérpc throughout the cerebral
cortex from E11.5 to E14.5 during normal brain depment (Figure 1).

At E11.5, Apc showed prominent expression at thenaular surface of the cortex,
with small groups of high expressing cells pressrihe pial surface (Figure 1 B &
C). Radial processes within the cortex also showpd staining. In the mutant
cortex, the Apc expression level was decreasedLatSHFigure 1 D) compared to
the control (Figure 1 C). The prominent expressbthe ventricular surface of the
control cortex was not present in the mutant. Alsgraup of cells showed higher
expression of Apc near the pial surface of the mtutartex. Apc was observed in

some radial processes within the mutant cortexugieid. D).

At E12.5 and E13.5, Apc was expressed throughoaitvéntricular zone of the

control cortex especially at the ventricular suefaand showed the highest level of
expression in the newly formed cortical neurongFfé 1 E-H). Radial processes
within the control cortex also showed Apc stainilgthe mutant cortex, the level of
Apc expression was much lower than in the contr@8.5 (compare Figure 1 H &

[). No prominent expression of Apc was observethatventricular surface of the

ventricular zone in the mutant cortex. The Apc higixpressing cortical plate was
missing in the mutant cortex. Small groups of celith Apc staining were detected

in the ventricular zone and near the pial surfacéhe mutant cortex (Figure 1 1).

Radial processes with Apc staining were not presetiite mutant cortex.

At E14.5, Apc was strongly expressed in the cdritate and the intermediate zone
of the control cortex, with weaker signal in thentrecular zone (Figure 1 J & K). In

the mutant, there was a dramatic reduction of Aamig throughout the cortex

compared to the control at E14.5 (compare Figufe&lL). Very few cells in the
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Figure 1. Expression pattern of Emx1-Cre and the proof of Apc deletion in the
cortex. (A) Coronal section of Rosa26-LacZ reporter embryo at E15.5. Blue staining
showed the region of the cortex where Emx1-cre was active. Cx — cortex, th —
thalamus. vTel — ventral telencephalon. All other tissue looked negative. (B, E, G, J)
Coronal sections of control embryos. (C, F, H & K) Higher power magnification of
the control cerebral cortex. (C) At E11.5, Apc showed prominent expression at the
ventricular surface of the control cortex, with small groups of high expressing cells
present at the pial surface. Radial process within the cortex also showed Apc
staining. (D) In the mutant cortex, Apc expression level decreased at E11.5
compared to the control. The prominent expression at the ventricular surface of the
control cortex was not present in the mutant. A small group of cells showed higher
expression of Apc near the pial surface of the mutant cortex. Apc was observed in
some radial process within the mutant cortex. (F & H) At E12.5 and E13.5, Apc was
expressed throughout the ventricular zone of the control cortex especially at the
ventricular surface, and showed highest level of expression in the newly formed
cortical neurons. Radial process within the control cortex also showed Apc staining.
() In the mutant cortex, the level of Apc expression was much lower than the control
at E13.5. No prominent expression of Apc was observed at the ventricular surface of
the ventricular zone in the mutant cortex. The Apc highly expressing cortical plate
was missing in the mutant cortex. Small groups of cells with high levels of Apc were
detected in the ventricular zone and near the pial surface of the mutant cortex.
Radial process with Apc staining was not present in the mutant cortex. (K) At E14.5,
Apc was strongly expressed in the cortical plate and the intermediate zone of the
control cortex, with weaker signal in the ventricular zone. (L) In the mutant, there
was a dramatic reduction of Apc staining throughout the cortex compared to the
control at E14.5. Very few cells in the mutant cortex remained Apc positive.
Therefore Apc immunohistochemistry revealed a gradual decrease of Apc
expression in the mutant cortex from E11.5 to E14.5. While Apc expression level in
the mutant cortex was slightly lower than the control at E11.5, the loss of Apc was
dramatic in the mutant cortex at E14.5 compared to the control. Scale bars: (A) 100
um; (B, E, G, J) 200 um; (C, D, F, H, I, K, L) 50 um.
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mutant cortex remained Apc positive. Therefore, Apemunohistochemistry
revealed a gradual decrease of Apc expressioneinmilitant cortex from E11.5 to
E14.5. While the Apc expression level in the mutamtex was slightly lower than
the control at E11.5, the loss of Apc was dramatithe mutant cortex at E14.5
compared to the control. No Apc depletion was oleskrin the thalamus or the
ventral telencephalon of the mutant compared tociarol, indicating that Apc

inactivation was restricted to the cerebral coftégure 2 A-D).

Apc is well characterized as a tumor-suppressor peys an important role in
controlling the stability and subcellular localiwst of B-catenin via the Wnt
Uignalling pathway. In the absence of Apecatenin is stabilised and translocated to
the nuclei, binds LEF-1/TCF proteins, and activaté# target genes (Sierra et al.,
2006). Here3-catenin immunohistochemistry was performed toidate the regions
of the mutant cortex where Apc was depleted. Indtetrol cortex-catenin was
highly expressed in the cortical plate and thermegliate zone, and weaker in the
ventricular zone of the cortex at E14.5 (Figure & [F). In the mutantf-catenin
staining was dramatically enhanced in the cortéguiie 3 G & H). No increase i
catenin staining was observed in the ventral t&phalon or the thalamus, indicating
that B-catenin was only up-regulated in the cortex, cstesit with the observation
that Apc was only deleted in the cortex (Figure & O, compare with Figure 3 A &
B).

3.2 Loss of Apc causes CTA defects in the cortex

3.2.1 The reduction of Map2 positive neurons in the mutant cortex

Apc regulates cell proliferation and neuronal d#éfgiation. Our previous work has
shown that theApc mutant exhibits severe disruption in the developn® the
cerebral cortex, including a reduction in the z¢he cortex, the disorganisation of

cell types, and changes in the molecular identitiysocells (lvaniutsin et al., 2009).
This prompted me to wonder if the formation of et projection neurons is
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Figure 2

control

mutant

E14.5

Figure 2. Apc expressions in the subcortical areas were not a

the Apc mutants. (A, B, C & D) No Apc deletion was observed in the

thalamus or the ventral telencephalon of the mutant compared to the control,

indicating that Apc inactivation was restricted to the cerebral cortex. Scale
bars: (A, B) 100 um; (C, D) 50 pm.
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Figure 3

E14.5 control E14.5 mutant

APC

B-catenin

Figure 3. B-catenin immunohistochemistry was performed to furt her
confirm the inactivation of Apc. (C & D) At E14.5, there was a large
reduction of Apc throughout the mutant cortex compared to the control (A &
B). (E & F) In the control cortex, B-catenin was highly expressed in the
cortical plate and the intermediate zone, and weaker in the ventricular zone
of the cortex at E14.5. (G & H) In the mutant, B-catenin staining was
dramatically enhanced in the cortex. No increased [-catenin staining was
observed in the ventral telencephalon or the thalamus, indicating that (3-
catenin was only up-regulated in the cortex, consistent with the above
observation that Apc was only deleted in the cortex. Scale bars: (A, C, E, G)

200 um; (B, D, F, H) 100 pm.
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affected in théApc mutant. Cortical projection neurons are differatail post-mitotic
cells which project out axons to connect to thecsuixal areas. Here Map2
immunohistochemistry was carried out on paraffictisas of the embryos, as Map2
is a marker for post-mitotic neurons (Liu et aDP8; Menezes and Luskin, 1994). In
the dorsal telencephalon of the control, Map2 weteated through the whole extent
of the cortical plate and the intermediate zon&H3.5 (Figure 4 A). One or two
layers of cells in the most superficial area of tloetex were strongly labelled with
Map2, while in the intermediate zone, the signas weaker, and some tangentially

distributed processes were observed (Figure 4 C).

In the mutant especially more medially, very fewtical cells were Map2 positive at

E13.5, and in some regions of the cortical plat,cells expressed Map2 at all

(Figure 4 B). The very heavily labelled cells olvset in the preplate (PPL) in the

control cortex were not present in the mutant.hia fateral cortex, small groups of

Map?2 positive cells accumulated near the angleore@tigure 4 D, arrows). In some

sections, axon-like fibers were observed aroundatigle region, descending from

the lateral cortex (Figure 4 E). In tApc mutant, the width of the cortex at the angle
region was half that in the control embryos, arel thntricular zone was very near
the pial surface (compare Figure 4 C & D).

Map2 fluorescence immunohistochemistry was alsdieghpn E13.5 embryos. The
control cortex showed a high expression of Mapah@lthe whole extent of the
cortical plate and the intermediate zone, whilerthgant cortex showed a dramatic
reduction of Map2 positive cells (compare Figure dnd G). A small accumulation
of Map2 cells as well as axonal-like fibers wasestied again near the angle region
of the mutant cortex, whereas in the control cogeumber of axons and cells were
labelled in the cortical plate and the intermedizab@e near the exit of the cortex

(compare Figure 4 H and 1).
The expression pattern of Map2 in the ventral dphalon was similar between the

mutant and the control, indicating that neuron#fiedentiation and maturation were

not affected in the ventral telencephalon of théamu(compare Figure 4 A & B, F
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& G). Additionally, Map2 showed a similar expressipattern in the thalamus of
both the control and the mutant, indicating thauroeal differentiation and
maturation were not affected in the mutant thalamitiser (compare Figure 4 J &
K).

3.2.2 The decrease of Neurofilament staining in the mutant cortex

The large decrease of Map2 staining in the mutamtex indicates a dramatic
reduction of postmitotic neurons, including thejpotion neurons. The depletion of
projection neurons in the mutant cortex would ssg@elarge reduction of cortical
axonal outgrowth. To test whether cortical axonedvedopment is disrupted in the
mutant cortex, the expression of Neurofilament (NiEtein was examined. In E13.5
control embryos, cells in the whole tangential ekt the cortical plate expressed a
high level of NF (Figure 5 A). Additionally, CTAsr@ecting from these neurons
traversed within the intermediate zone toward thetnal telencephalon (Figure 5 C).

In the mutant, very few cells in the cortical platere stained with NF (Figure 6 B).
Very rarely, some axon-like fibers were detectedh&t most ventral site of the
neocortex, around the angle region, which desceattaty the lateral edge of the
cerebral cortex (Figure 5 D). These axon-like fibevincide with the Map2 positive
axon-like fibers in the lateral cortex (compareUfegg5 D and Figure 4 E). Thus
Map2 and NF immunohistochemistry revealed a largduction of projection

neurons as well as cortical axons in the mutartegor

3.2.3 GAP43 expression pattern changes in the mutan  t cortex

GAPA43 is another marker for axons. Expressed dt l@gels in neuronal growth
cones during development, GAP43 is considered &y @l key role in neurite
formation (Aarts 1998; Benowitz 1997). In E13.5 tohembryos, cells in the whole
extent of the cortical plate were stained with GAREigure 6 A). The descending
cortical axons and their growth cones were obsenmvede intermediate zone of the
cortex (Figure 6 C).
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Figure 4. Map2 expressing cells were largely reduce  d in the cortex of
Apc mutants. (A) Inthe dorsal telencephalon of the control, Map2 was
detected through the whole extent of the cortical plate and the intermediate
zone at E13.5. (C) One or two layers of cells in the most superficial area of
the cortical plate were strongly labelled with Map2, while in the intermediate
zone, the signal was weaker, and some tangentially distributed process were
observed. (B) In the mutant, very few cells were Map2 positive, and the very
heavily labelled cells observed in the preplate (PPL) in the control cortex
were not present in the mutant. (D) In the lateral cortex, small groups of
Map?2 positive cells accumulated near the angle region. (E) In some sections,
axon-like fibers were observed around the angle region, descending from the
lateral cortex. In the Apc mutant, the width of the cortex at the angle region
was half as that in the control embryos, and that ventricular zone was very
near the pial surface (Compare C and D). (C, D & E) Higher power
magnification of the areas boxed in A & B, respectively. (F, G) Map2
fluorescence immunohistochemistry on both control and mutant embryos.
The results were similar to those with DAB staining techniques in (A-E). (H, I,
J, K) Higher power magnification of the areas boxed in F & G, respectively.
The expression patterns of Map2 in the ventral telencephalon and the
thalamus were similar between the mutant and the control, indicating that
neuronal differentiation and maturation were not affected in the ventral
telencephalon and the thalamus of the mutant (Compare A& B, F&G,J &
K). Scale bars: (A, B) 100 um; (C, D, E) 100 pm; (F, G) 200 pm; (H, 1, J, K) 50

um.
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Figure 5

E13.5 control E13.5 mutant

Figure 5. The decrease of Neurofilament staining in the Apc mutant cortex. (A)
At E13.5 in the control embryos, cells in the whole tangential extent of the cortical
plate expressed high level of neurofilament (NF). (C) CTAs projected from the NF
positive neurons traversed within the intermediate zone toward the ventral
telencephalon. (B) In the mutant, very few cells in the cortical plate were stained
with NF. (D) Very rarely, some axon-like fibers were detected at the most ventral site
of the neocortex, around the angle region, which descended along the lateral edge
of the cerebral cortex. (C, D) Higher power magnification of the area boxed in A & B,
respectively. Scale bars: (A, B) 200 um; (C, D) 50 pm.
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In the mutant, GAP43 positive cells and fibers wiargely reduced in the cortical
plate, indicating the disruption of cortical axondévelopment (Figure 6 B).

However, many cells and processes in the ventricdae were strongly stained
with GAP43 (Figure 6 D). The reason for the upragah of GAP43 in the cortical

ventricular zone is unclear. It could be relatedh® cell proliferation defects in the
Apc mutant cortex, since GAP43 is a component of #grgrosome and has crucial
functions in neurogenic cell divisions. It also iiep that GAP43 expression might
be directly or indirectly regulated by Apc. The eagsion of Apc in the ventricular
zone might suppress the expression of GAP43 in albmmce. In the absence of Apc
in the mutant cortex, GAP43 might be upregulated.

3.2.4 Normal CTAs and reciprocal projections from the LGE are absent

in the Apc mutant

The large reduction of Map2 positive cells in thatamt cortex implies that mature
neurons, including projection neurons, are drarallyiceduced in the cortex and this
would contribute to the defects of cortical axonalitgrowth. Indeed, NF

immunohistochemistry showed a dramatic reductiomainal fibers in the mutant
cortex, suggesting that the outgrowth of CTAs suted in the mutant. To further
examine the defects of CTAs in the mutant, Dil talgsswere placed into the rostral
and caudal part of the lateral cortex in E13.5 gmfr By using this tracing

technique, any fibers projecting from/to the later@ortex will be

anterogradely/retrogradely labelled.

In E13.5 control embryos, CTAs were projecting froraurons along the whole
extent of the cortex (Figure 7 A). CTAs descendethiw the intermediate zone
towards the ventral telencephalon (Figure 7 Eoyelrrows). These axons could be
traced back to the strongly labelled neurons indbeical plate and the subplate
(Figure 7 G, a yellow arrow points to an axon whsra yellow arrowhead points to
a cell body). In the lateral cortex, radial gliabpesses were in an organized pattern,

perpendicular to the descending cortical fibergiFeé 7 E). On reaching the exit
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Figure 6

E13.5 control E13.5 mutant

Figure 6. The change of GAP43 expression pattern in  the Apc mutant cortex. (A) At
E13.5 in the control embryos, cells in the whole extent of the cortical plate were stained with
GAP43. (C) The descending cortical axons and their growth cones were observed in the
intermediate zone of the cortex. (B) In the mutant, GAP43 positive cells were largely reduced
in the cortical plate. (D) Many cells and processes in the ventricular zone were strongly
stained with GAP43. (C, D) Higher power magnification of the area boxed in A & B,
respectively. Scale bars: (A, B) 200 um; (C, D) 50 um.
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from the cortex, CTAs crossed the intermediate zane turned into the mantle
region of the LGE. Most of them were tipped withgla and bifurcated growth cones
(Figure 7 I, yellow arrow). In the LGE, CTAs werefdsciculated, navigating among
some retrogradely labelled cells (Figure 7 |, ywllarrowhead). Occasionally, fibers

were observed projecting from these round and leefjebodies.

However, CTAs were rarely detected in the late@tex of the mutant brain at
E13.5, confirming the disruption of CTA outgrowtihthe mutant cortex (Figure 7 C
& F). In some sections, | observed some radial ¢gids in both the medial and the
lateral cortex of the mutant, which seem more ndgrmsamilar to the control
(compare Figure 7 F & H to E & G). However, CTAsrevenot observed in these
areas. Very rarely, some fibers were seen in thdiaheortex: these underwent
several directional changes (Figure 7 J). Thesadimay originate from the cortical
projection neurons that have escaped the cre-neediaactivation of thé\pc gene
or perhaps these neurons are able to survive anécpaxons without the presence
of Apc. As mentioned above, cell bodies were often oleskm the mantle region of
the LGE in the control brain, distributed among GTAowever, these retrogradely
labelled cell bodies were hardly detected in theesponding regions of the mutant,
implying that reciprocal projections from the LG&the cortex are absent or largely
reduced in the mutant (Figure 7 C). In the vertelncephalon, a group of cells and
their fiber-like connections at the lateral edgeravstained with Dil (Figure 7 C,
yellow arrow), but | did not observe any axons ecting from these cells towards
the cortex. Therefore, these cells were probaltgtked in the ventral telencephalon
and accidentally picked up Dil from the placemet& sear the lateral-ventral cortex.
This is a problem with Dil labeling techniques. Tdrain of the mutant is somehow
different from the control, which is smaller andsha thinner cortex. It is more
difficult to predict the location in the mutantéaal cortex where the Dil should be
placed. Here in this particular mutant some vertgkncephalic cells were labelled

with Dil, in addition to the radial glial processesthe cortex.
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Figure 7. Normal CTAs and LGE projections were abse  ntinthe Apc
mutant. Dil placements in the lateral cortex of the control (A) and the mutant
(C). (B and D) The same sections as observed in A and C, respectively,
stained with Hoechst. (E, G, I) Higher magnification of the areas boxed in A.
(F, H, J) Higher magnification of the areas boxed in C. (E) In the control,
CTAs descended within the intermediate zone and left the neocotex at the
angle region (yellow arrows). Radial glial processes went across the
ventricular zone and the pial surface, with cell bodies along them. (F) Radial
glial processes were present in the lateral cortex of the mutant, but CTAs
were not detected. (G) In the control, cortical axons could be traced back to
the strongly labelled neurons in the cortical plate and the subplate (a yellow
arrow points to an axon whereas a yellow arrowhead points to a cell body).
(H) In the mutant, projection neurons and CTAs were not observed in the
medial cortex. (I) In the control, lots of cortical axons turned into the mantle
zone of the LGE, some of which were tipped with large and bifurcated growth
cones (yellow arrow). CTAs were defasciculated in the LGE, navigating along
some retrogradely labelled cells (yellow arrowhead). These retrogragely
labelled cells were not observed in the mutant. The yellow arrow in (C) points
to the unspecific Dil labelling of some ventral telencephalic cells. (J) In the
medial cortex of the mutant, some fibers were observed, turning in several
directions. Scale bars: (A-D) 200 pm; (E-J) 50 um.
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In order to not mis-interpret the Dil results iretmutant, another Dil placement
strategy was used where Dil crystals were placdatienrmedial part of the cortex at
E13.5. In the control, a great number of corticabres descended within the
intermediate zone and made a sharp turn at thdreri the cortex and turned into
the mantle region of the ventral telencephalonyféd A & E, star), which were not
observed in the mutant (Figure 8 C & F, star). Haeve an aberrant axonal tract
descended from the mutant cortex towards the latpeat of the ventral

telencephalon (Figure 8 F, white arrow), which wen observed in the control
(Figure 8 E). This aberrant axonal tract was veny tand not often detected,
suggesting that only very few axons were projectiogn the cortex. Also, the tiny
cortical axonal tract labelled by Dil coincides lwthe axon-like fibers detected with
Map2 and NF antibodies (Figure 4 E & 5D). Thus, pldcements in the cortex

showed that normal CTAs were absent in the mutant.

Figure 9 illustrates the Dil placement sites ane #xons that are labelled in the
control and the mutant at E13.5 (Figure 9). Indbatrol, Dil crystals placed in the
lateral cortex most likely label the pioneer axgmsjecting from the early born
lateral cortical neurons (Figure 9 A). These axarestravelling in the mantle region
of the LGE in the ventral telencephalon at E13n5thie mutant, Dil crystals placed
in the lateral cortex do not label pioneer axorad #re navigating through the ventral
telencephalon (Figure 9 B). Dil crystals placedhe medial cortex of the control
embryos label axons that are descending towardexih@f the cortex and just turn
into the ventral telencephalon at E13.5 (Figure) 901 crystals placed in the medial
cortex of the mutant embryos label a small amodnaxons that are descending
towards the lateral part of the ventral telencephalather than turning into the

mantle region of the ventral telencephalon (Fidui®).

In order to identify whether there were any CTAsading from the mutant cortex
and growing into the ventral telencephalon at latges, fluorescent dyes were placed
in both control and mutant cortex at E16.5 and &E18 the control, a large bundle

of Dil labelled axons was travelling through theniral telencephalon at
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Figure 8
E13.5 control E13.5 mutant

Figure 8. Defects of CTAs projecting from the medial cortex o fthe Apc
mutant. Dil crystals were placed in the medial cortex in both control (A) and
the mutant (C). (B & D) The same sections as observed in A & C,
respectively, stained with TO-PRO 3. (A & E) In the control, a great number
of cortical axons descended within the intermediate zone and made a sharp
turn at the exit from the cortex and turned into the mantle region of the
ventral telencephalon (star), which were not observed in the mutant (C & F,
star). (F) An aberrant axonal tract descended from the mutant cortex towards
the lateral part of the ventral telencephalon (white arrow), which was not
observed in the control (E). This aberrant axonal tract was very tiny and not
often detected, suggesting that only very few axons were projecting from the
cortex. Thus, Dil placements in the cortex showed that normal CTAs were
absent in the mutant. Scale bars: (A-D) 200 pum; (E, F) 50 pm.

92



Figure 9
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Figure 9. A diagram illustrating the Dil placement sites and the axons
that are labelled. (A) In the control, Dil crystals placed in the lateral cortex
most likely label the pioneer axons projecting from the early born lateral
cortical neurons. These axons are travelling in the mantle region of the LGE
in the ventral telencephalon at E13.5. (B) In the mutant, Dil crystals placed in
the lateral cortex do not label pioneer axons that are navigating through the
ventral telencephalon. (C) In the control, Dil crystals placed in the medial
cortex label axons that are descending towards the exit of the cortex and just
turn into the ventral telencephalon at E13.5. (D) In the mutant, Dil crystals
placed in the medial cortex label a small amount of axons that are
descending towards the lateral part of the ventral telencephalon rather than
turning into the mantle region of the ventral telencephalon. cx — cortex. th —

thalamus.
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E16.5 (Figure 10 A & C). However, normal corticabas were not observed in the
mutant cortex (Figure 10 B & D). In some sectioose or two axons were seen
descending from the mutant cortex towards the @xihe cortex, bearing a growth
cone at the tip of the axon (Figure 10 D, arrow) EA8.5, DIA crystals placed in the
control cortex anterogradely labelled axons prapgctfrom the cortex to the

thalamus and retrogradely labelled axons projedtiogn the thalamus to the cortex
(Figure 11 A). Cell bodies were observed in théaimais of the control (Figure 11 A,

star) but not in the mutant (Figure 11 B, xtddormal cortical axons were not

observed in the mutant cortex (Figure 11 C).

3.3 TCAs fail to enter the cerebral cortex inthe ~ Apc mutant

In the Handshake hypothesis, CTAs are proposeé tulding TCAs into the cortex
(Allendoerfer and Shatz, 1994; Molnar et al., 1998blnar and Blakemore, 1995).
Therefore, it is of interest to determine wheth€AE navigating into the mutant
cortex follow a normal route, where normal CTAs am present. At E15.5, Dil
crystal placements in the thalamus of the contrainbtraced a large bundle of axons
that were projecting from the thalamus and naungathrough the intermediate zone
of the cortex (Figure 12 A). In the mutant, thicknlles of axons were observed
traversing the ventral telencephalon but they stdppefore entering the cortex,
where they seemed to change direction and turnralgntin the ventral
telencephalon (Figure 12 B & C). In order to idgnwhether there were any TCAs
reaching the cerebral cortex of thpc mutant at later ages, Dil crystals were placed
into the thalamus of both control and mutant em&oE18.5. In the control, a large
bundle of Dil labelled axons was identified trawegsinto the cortex at E18.5
(Figure 12 D). Cell bodies were often observedha tontrol cortex at this age
(Figure 12 G, white arrows). In the mutant brairvast majority of TCAs turned
ventrally in the ventral telencephalon but a smalinber of axons did enter into the
cortex (Figure 12 E & H). Cell bodies were rarelyserved in the mutant cortex
(Figure 12 H, white arrow), while in the controlldeodies were more frequently
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Figure 10

E16.5 control E16.5 mutant

Figure 10. Dil crystals placed in the cortex at E16.5 revealed  CTAs
defects in Apc mutants at later ages. (A, C) In the control, a large bundle
of axons was travelling through the ventral telencephalon. (B, D) Normal
cortical axons were not observed in the mutant cortex. Very rarely, one or
two axons were seen descending from the cortex towards the exit of the
cortex, bearing a growth cone at the tip of the axon (D, arrow). (C & D)
Higher magnification of the area boxed in (A & B), respectively. Scale bars:
(A, B) 500 pum; (C, D) 200 pm.
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Figure 11

control

Lputant mutant

Figure 11. DIiA crystals placed in the cortex at E18.5 revealed CTAs
defects in Apc mutant at later ages. (A) In the control, green dyes placed
in the cortex anterogradely labelled axons projecting from the cortex to the
thalamus and retrogradely labelled axons projecting from the thalamus to the
cortex. Cell bodies were observed in the thalamus of the control (A, star) but
not in the mutant (B, star). (C) Normal cortical axons were not observed in

the mutant cortex. Scale bars: (A-C) 500 um.
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Figure 12

control mutant

Figure 12. Axon tracing experiments showed that most TCAs fall ed to
reach the cerebral cortex in the  Apc mutant. (A) At E15.5, Dil crystal
placements in the thalamus of the control brain traced a large bundle of
axons that were projecting from the thalamus and navigating through the
intermediate zone of the cortex. (B, C) In the mutant, thick bundles of axons
were observed traversing the ventral telencephalon but they stopped before
entering the cortex, where they seemed to change direction and turn ventrally
in the ventral telencephalon. (D, G) At E18.5, Dil placements in the thalamus
of the control brain labelled a large bundle of axons which was traversing into
the cortex. Cell bodies were often observed in the control cortex at this age
(G, white arrows). (E, H) In the mutant, a vast majority of TCAs turned
ventrally in the ventral telencephalon but a small number of axons did enter
into the cortex. Cell bodies were rarely observed in the mutant cortex (H,
white arrow). (F & I) TOPROS staining for the sections in (E & H). cx —
cortex, th — thalamus. Scale bars: (A-C) 200 um; (D-1) 200 pm.
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observed (Figure 12 G, white arrows). These axating experiments showed that
the vast majority of TCAs failed to reach the ceatbortex of the mutant embryos.

Topro 3 nuclear staining methods were used in gatjon with dye tract tracing
technigues to reveal the anatomical location wA&@ defects occur. At E18.5 in
the control, a great number of axons showed andiséibout 90 degree turn as they
crossed the region with high density of cells betmvéhe pallium and the subpallium
(Figure 13 A & B, arrow). This high cell densityrmis likely to be comprised of the
lateral cortical stream (LCS) migrating PSPB nearavhich originate from the
ventricular progenitors at the PSPB and migrateatd® the ventral part of the basal
telencephalon (Carney et al., 2006). In the mutduet,region with high cell density
was still present in the corresponding area contbtoyehe control, but there were
hardly any axons crossing this region from or taisathe cortex (Figure 13 C,
arrow). Very rarely in some sections of the mutang or two axons were observed
crossing the high cell density region and turnimig ithe cortex in a 90 degree angle
(Figure 13 D-H). In some other sections of theantita lot of axons traversing in
the ventral telencephalon were seen running doengalhe medial side of the high
cell density zone towards the basal ventral telehal®n, and a few axons managed
to cross the high cell density region from the varateral edge of the basal
telencephalon and ascend towards the cortex (Fit8ifeK). However, most axons
were turning ventrally in the ventral telencephalsithout crossing the high cell
density zone and entering the cortex.

3.4 TCA defects occur near the PSPB region

Dil tracing experiments showed that most TCAs thtle reach the cerebral cortex of
the mutant embryos. Topro 3 nuclei staining furtekowed that the anatomical
location for TCA defects was at the high cell dgneegion between the pallium and
the subpallium, which is likely to consist of LCSgmating cells. Since the LCS

migrating cells are derived from the PSPB (Carrtegl.¢ 2006; Carney et al., 2009),
and the PSPB has been suggested to be a terhiairf €As have to cross before
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Figure 13

control mutant 1 mutant 2

Figure 13. Dyes placed in the thalamus at E18.5 revealed TCAs  defects
in Apc mutant at later stages. Nuclei were counter stained with topro 3. (A,
B) In the control, a great number of axons showed a distinct about 90 degree
turn as they crossed the region with high density of cells between the pallium
and the subpallium (arrow). (C-K) Showing two mutant forebrain sections in a
rostral to caudal axis. The region with high cell density was still present in the
corresponding area compared to the control, but there were hardly any axons
crossing this region from or towards the cortex (C, arrow). Very rarely in
some sections of the mutant, one or two axons were observed crossing the
high cell density region and turning into the cortex in a 90 degree angle (D-
H). In some other sections of the mutant, thick bundles of axons traversing in
the ventral telencephalon were seen running down along the medial side of
the high cell density zone towards the basal ventral telencephalon, and a few
axons managed to cross the high cell density region from the ventral-lateral
edge of the basal telencephalon and ascend towards the cortex (I-K).
However, most axons were turning ventrally in the ventral telencephalon
without crossing the high cell density zone and entering the cortex. Scale
bars: (A-K) 200 pm.
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they reach the cortex (Molnar et al., 1998a; Molaad Butler, 2002; Molnar and
Cordery, 1999), it is of interest to examine theakon of the TCA defects in the

mutant in relation to the place where the PSPBadatkd.

During the early stage of brain development, airtistRC2 positive radial glial

processes is observed extending from the PSPReteathtrolateral telencephalic pial
surface (Carney et al., 2006; Carney et al., 2@@®apouton et al., 2001). Here
double immunofluorescence for RC2 and the axonakena.l was performed on
brain sections from both control and mutant emhryisE15.5 in controls, a great
number of axons passed the PSPB and navigatechwit@iintermediate zone of the
cerebral cortex (Figure 14 A & C). In the mutan€As traversed through the ventral
telencephalon but stopped proximal to the PSPBcatig that these fibers failed to
cross the PSPB and to reach the cortex at E15¢gur@il4 B & D). Although no

descending axons were observed crossing the PSPB mutant, a high level of L1
staining was detected in the mutant cortex (FidurdB). To further investigate the
L1 labelled tissue in the mutant cortex, high pomwgnification images were taken
at the cortical region. While in the control cortéd clearly labelled axonal fibers
navigating within the intermediate zone, in the amitcortex L1 labelled clusters of
cells and tissue, which did not mimic normal ax@igure 14, compare E and F). In
addition, RC2 positive radial glia in the controlriex could be clearly distinguished
from each other, extending from the ventricularfaee towards the pial surface
perpendicular to L1 positive axonal fibers (Figd# E). In the mutant, most RC2
labelled radial glia extended from the ventricudarface but lost their connection
with the pial surface. They were also mixed togetral bent in different directions

in the ventricular zone (Figure 14 F).

Next, RC2 & L1 double immunohistochemistry was parfed on brain sections of
E18.5 embryos in order to further examine the iocabf TCA defects in the mutant
verses the PSPB region at a later age. In theaaernbryos, a large number of L1
positive axons were identified within the intermadi zone of the cerebral cortex

(Figure 15 A & B). A thick bundle of L1 positive ars was also observed close to
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the lateral side of the RC2 positive radial glasdicles at the PSPB (Figure 15 A &
B). In the ventral telencephalon, L1 positive axdasciculated into small bundles
and spread in a fan-shape before crossing the Ry radial glia fascicles at the
PSPB (Figure 15 A & B). In the mutant, a large bemof L1 positive axons were
observed in the ventral telencephalon (Figure 1& O). Bundles of fasciculated
axons were heading towards the RC2 positive raglialfascicles at the PSPB, but
instead of spreading in a fan-shape and crossmd8PB, the L1 positive axons in
the mutant made a sharp turn ventrally towardsbéal telencephalon once they
reached the PSPB (Figure 15 C & D). These L1 p@sitixons were navigating
ventrally along the RC2 positive radial glia at #8PB and closely apposed to the
RC2 stained radial glial processes (Figure 15 C)& D

These data showed that TCA guidance defects ocetoréo TCAs reach the
anatomical defects in the cortex, suggesting tHaA Tefects are not due to the
anatomical structural change of the cortex, but t@ydue to the change of some
guidance factors from the cortex. Moreover, thessults reveal the PSPB as a
critical choice point for TCAs and indicate thaetlortex is very important for
guiding TCAs into their final targets. Thigpc mutant cortex lacks these guidance

cues for TCAs.

3.5 Loss of cerebral cortical Apc does not alter TC A topography

The results above showed that TCAs fail to getubhothe PSPB and enter the
cortex following the loss of Apc in the cortex. @etermine whether the topography
of TCAs is altered in the mutant, | applied Dil aboh placements in the rostral and
caudal part of the thalamus, respectively, to teasebpopulation of thalamic axons.
In both the control and the mutant embryos, Dikelédal TCAs from rostral thalamus

navigated dorsally while DiA-labelled caudal TCAaversed ventrally in the ventral
telencephalon at E14.5 (Figure 16 A-l). Thus theogyaphy of TCAs seemed to be
similar between the control and the mutant, imgythat TCA topography during

early development is not affected by the loss of Apthe cortex.
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Figure 14

E15.5 control

E15.5 mutant

L1 & RC2
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Figure 14. TCA defects occurred near the PSPB. (A, C) At E15.5, a great
number of axons passed the PSPB and navigated within the intermediate
zone (iz) of the cerebral cortex in the control mice. (B, D) In the mutant,
TCAs traversed through the ventral telencephalon but stopped proximal to
the PSPB, indicating that these fibers failed to cross the PSPB and reach the
cortex at E15.5. (C-F) Higher magnification of the areas boxed in A & B,
respectively. In the control cortex L1 clearly labelled axonal fibers navigating
within the intermediate zone, while in the mutant cortex L1 labelled clusters
of cells and tissue that did not mimic normal axons (Compare E and F). In
addition, RC2 positive radial glia in the control cortex could be clearly
distinguished from each other, extending from the ventricular surface towards
the pial surface perpendicular to L1 positive axonal fibers (E). In the mutant,
most RC2 labelled radial glia extended from the ventricular surface but lost
their connection with the pial surface, and they were mixed together and bent
in different directions in the ventricular zone (F). Scale bars: (A, B) 200 um;
(C, D) 50 ym; (E, F) 25 pym.
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Figure 15

L1/RC2

E18.5 control E18.5 mutant

Figure 15. TCAs in the Apc mutants failed to cross the PSPB at E18.5. (A,B) In
control embryos, a large number of L1 positive axons were identified within the
intermediate zone of the cerebral cortex. A thick bundle of L1 positive axons was
also observed close to the lateral side of the RC2 positive radial glial fascicles at the
PSPB. In the ventral telencephalon, L1 positive axons fasciculated into small
bundles and spread in a fan-shape before crossing the RC2 positive radial glia
fascicles at the PSPB. (C,D) In mutant embryos, a large number of L1 positive
axons were traversing in the ventral telencephalon. Bundles of fasciculated axons
were heading towards the RC2 positive radial glia fascicles at the PSPB, but instead
of spreading in a fan-shape and crossing the PSPB, the L1 positive axons in the
mutant made a sharp turn ventrally towards the basal telencephalon once they
reached the PSPB. These L1 positive axons were navigating ventrally along the
RC2 positive radial glia at the PSPB and closely apposed to the RC2 stained radial

glia processes. Scale bars: 500 ym.
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Figure 16

E14.5 control E14.5 Mutant 1 E14.5 Mutant 2

Figure 16. Loss of cerebral cortical Apc does not alter TCA to pography.
The topography of TCAs seems similar between the control (A, D & G) and
mutant 1 (B, E & H) and mutant 2 (C, F & I) at E14.5. Dil was placed in
rostral thalamus whereas DiA was placed in caudal thalamus. In both the
control and the mutant embryos, Dil labelled TCAs (red) were navigating
more dorsally compared to the DIA labelled TCAs (green) in the ventral

telencephalon. Cx — cortex, th — thalamus. Scale bars: 200 um.

105



3.6 The cellular and molecular patterns of the PSPB  are similar between

the control and the mutant

The above results showed that TCAs in Ape mutant failed to cross the PSPB and
enter the cerebral cortex. Since Emx1 is not esgcksn the ventral pallium (VP),
the deletion oApc by Emx1-Cre is not expected to occur in the PS&jton. Thus it

is less likely that the failure of TCAs to reacle tterebral cortex in the mutant is due
to the defects of the PSPB. In order to verify tthat characteristics of the PSPB in
the Apc mutant are not changed, | examined further théuleeland molecular
patterns of the PSPB.

At E13.5, the PSPB in the control embryos was dtaraed by the fascicles of RC2
positive radial glial processes (Figure 17 A, whitacket). In the mutant embryos,
the fascicles of RC2 positive radial glial processesre still present at the PSPB
(Figure 17 B, white bracket). Next, | compared plagtern of the radial glia processes
in the cerebral cortex between the control andntioéant. In the control embryos,
radial glial processes were present throughoutctreex at E13.5, extending from
the ventricular surface of the ventricular zonéh® pial surface, perpendicular to the
pial edge of the cortex (Figure 17 A, C & E). Indival radial glia were parallel to
each other and were clearly distinguishable frowheather. In the mutant, RC2
staining was prominent in the ventricular zone Wwas fainter in the cortical plate at
E13.5 (Figure 17 B, D & F). Individual radial gkzere mixed together and harder to
distinguish individually. Some of them bent in difént directions and did not show
a perpendicular pattern towards the pial surfacarelver, most radial glia processes
initiated from the ventricular surface of the véndtar zone but stopped near the
cortical plate area and failed to connect to tlzé gurface of the cortex (Figure 17 D
& F). Taken together, the observation that thealaglial processes lost their typical
features in the mutant cerebral cortex but nohatRSPB indicates that the radial
glial cell defects caused #®pc deletion were restricted to the cortex, but wereat
the PSPB.
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Gsh2 is a homeobox containing gene that express#seiventricular zone of the
LGE, and the expression stops at the boundary leetwee pallium and subpallium
(Carney et al. 2009). Therefore Gsh2 would be aratiseful marker to define the
PSPB, other than the RC2 positive radial glial iides. Here my data showed that
the pattern of Gsh2 expression at the PSPB wadasitmetween the control and
mutant embryos at E13.5 (Figure 17 A & B, whiteoarrindicating the lateral edge
of the LGE). Therefore, RC2 and Gsh2 double immiummoéscence implies that the
cellular and molecular pattern of the PSPB is rifaicéed by the loss of Apc in the

dorsal telencephalon.

3.7 Intermediate zone (1Z) cells are missing or lar gely reduced in the

lateral cortex of the Apc mutant

The above results demonstrate that most TCAsdaikdss the PSPB and reach the
cortex whenApc is inactivated in the cortex. The PSPB is notcéd in the mutant
and the expression pattern of genes that definesP®PB (i.e. Gsh2) is similar
between the control and the mutant. Normal CTAsafisent from the cortex. Since
CTAs and TCAs navigate within the intermediate zonthe cortex, and that CTAs
have been suggested to have close contact witindaikpositive intermediate zone
(1Z) cells and regulate the tangential migratiortrdse 1Z cells (Metin et al., 2000),
it is of interest to determine whether the trajegctf migrating cortical interneurons
is affected in theApc mutant. From Calbindin immunostaining, | obsentac
subpopulations of calbindin-positive cells migrgtimto the cortex from the LGE
(Figure 18 A). One of them advanced within the I&ile/the other was at the edge of

lateral cortex (Figure 18 B, arrows). They senglpnocesses towards the cortex.

Both populations of calbindin-expressing cells weoé detected in the lateral cortex
of the Apc mutant (Figure 18 D). Nevertheless, in some sestiof the mutant,

calbindin cells appeared as if they were attemptiingnter the neocortex, with long
process (Figure 18 E). The observation of calbidisitive cells attempting to enter

the cortex at the lateral edge of the mutant cartemcide with the detection of
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Figure 17

E13.5 control

E13.5 mutant

RC2 & Gsh2

RC2
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Figure 17. Disruption of RC2 positive radial glial cells in the Apc mutant
cortex. (A, C, E) In the control embryos, radial glial processes were present
throughout the cortex at E13.5, extending from the ventricular surface of the
ventricular zone to the pial surface, perpendicular to the pial edge of the
cortex. Individual radial glia were parallel to each other and could be clearly
distinguishable from each other. (B, D, F) In the mutant, RC2 staining was
prominent in the ventricular zone but was fainter in the cortical plate at E13.5.
Individual radial glia were mixed together and harder to individually
distinguish. Some of them bent in different directions and did not show a
perpendicular pattern towards the pial surface. Moreover, most radial glia
processes initiated from the ventricular surface but stopped near the cortical
plate area and failed to connect the pial surface. While radial glial processes
lost their typical features in the mutant cerebral cortex, the radial glial
fascicles seemed preserved at the PSPB in the mutant embryos. At E13.5,
the PSPB in the control embryos was characterized by the fascicles of RC2
positive radial glial processes (A, white bracket). In the mutant embryos, the
fascicles of RC2 positive radial glial processes were present at the PSPB (B,
white bracket). Additionally, Gsh2 showed similar expression pattern at the
PSPB between the control and mutant embryos at E13.5 (A & B, white
arrow). Scale bars: (A, B) 250 pym; (C-F) 50 um.
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axonal-like fibers in the lateral cortex of the @it in the adjacent sections shown
by Map2 as well as Neurofilament staining (Comp@igure 18 E with Figure 4 E

and Figure 5 D). Where there were no axonal-likers present at the exit of the
mutant cortex, the calbindin positive cells thatr@vattempting to enter the cortex
were not observed either (Compare Figure 18 D Wwiture 4 D). The expression
pattern of calbindin in the ventral telencephalaswimilar between the control and
the mutant, further confirming that the ventraketelephalon is not affected in the

Apc mutant (Compare Figure 18 A and C).
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Figure 18

E13.5 Control E13.5 mutant
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Figure 18. Large reduction of intermediate zone (12) cells in the lateral
cortex of the Apc mutant. Coronal sections of E13.5 control (A) and mutant
(C) mouse embryos showing Calbindin immunostaining in the forebrain. The
star indicates the ventricular angle. (B, D, E) Higher magnifications of the
areas boxed in (A, C), respectively. (B) In the neocortex of the control, a
stream of calbindin-positive cells is present within the lower half of the
intermediate zone (1Z, thick arrow), some of which are sending processes. A
few calbindin-expressing cells are seen at the edge of lateral cortex (thin
arrow). (D) Both populations of calbindin-positive cells are not observed in
the mutant. (E) Some calbindin positive cells send process toward the cortex
in the mutant (arrow). Scale bars: (A, C) 200 um; (B, D, E) 100 um.
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3.8 Discussion

This chapter introduced an animal model in which Apc gene is specifically
knocked out in the cerebral cortex, driven by tmexE-Cre expression. Since the
cellular features such as RC2-positive radial giralcesses and gene expression such
as Gsh2 in the mutant showed that the diencephatornwell as the ventral
telencephalon and the PSPB are not affected byoseof Apc in the cortex, this
animal model is useful to address how importantctbrgex is in guiding TCAs into

their final targets.

3.8.1 The PSPB is not directly affected by the dele tion of Apc in the

mutant cortex

The blue staining on the coronal section of E15dsd26-LacZ reporter mouse
embryo showed the region where Emx1-Cre is actiigufe 1 A). The section was
counterstained with Nuclear Fast Red, which ladelecell dense stream that is
LacZ-negative at the PSPB. Apparently Emx1 Cre @sgion was restricted in the
cerebral cortex and displayed a distinct patterth@tPSPB along the lateral edge of
the cell dense steam. SinBpc is inactivated specifically in the cortex drivey the
Emx1-Cre expression, it is very likely that the gibke disruption of gene expression
and cell differentiation will be restricted to therebral cortical area that is dorsal to
the PSPB, while the PSPB itself and the subcontegibn that is ventral to the PSPB
should not be affected, in theory. In fact, thetwartelencephalic based transcription
factor Gsh2 showed similar expression pattern @t 8PB between the control and
the mutant brain indicates that the ventral telphaéc tissue that is ventral to the
PSPB is not affected in thgpc mutant.

3.8.2 The PSPB is a choice point for TCAs

The PSPB is suggested to be a molecular barrieddosal and ventral cell types.
What's more, PSPB is also suggested to be a b&ori@TAs and TCAs. Pax6-LacZ
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mutants show that both CTAs and TCAs fail to crdss PSPB. However, the
mechanisms by which CTAs and TCAs cross the PSRihtnie different. CTAs
might not need the guidance from TCAs to crossRB#B, although once CTAs
meet with TCAs in the ventral telencephalon, CTAghhneed the scaffold of TCAs

to reach the thalamus. Tbr1” mutants, CTAs cross the PSPB and meet with TCAs
in the ventral telencephalon. Thus CTAs cross t88® through the guidance of
other factors, e.g. reciprocal projections from L@kvards the cortex. In the Apc
mutant, TCAs navigate into the ventral telencepmadormally but fail to cross the
PSPB and enter the cortex. This suggests that mredfactors from the cortex are
needed for TCAs to cross the PSPB, which are aliséimé Apc mutant.

There are a few possibilities what these guidaactofs might be. They could be the
descending CTAs or secreted molecules from theexoifhey could also be the
interneurons migrating from the ventral telencephahto the dorsal telencephalon
and generating a permissive corridor in the inteliate zone (1Z) of the cortex. It is
well known that CTAs descend within the 1Z and tloeoss the PSPB to traverse in
the mantle zone of the LGE. Therefore CTAs arengtimandidates for guiding TCAs
to cross the PSPB. In tigc mutant, TCAs arrive at the PSPB without the presen
of CTAs, indicating that TCAs navigate through tlemtral telencephalon by the aid
of other guidance cues, e.g. the corridor cellsnéad by cells migrating from the
LGE to the MGE. But the meeting with CTAs in thentral telencephalon may be
necessary for TCAs to establish intimate relatiath vworresponding CTAs and
prepare to cross the PSPB. In #yac mutant, CTAs are absent, which may be the
main reason that TCAs fail to cross the PSPB. Hewnew remains to be clarified
which CTA subtypes play the major role in the gaidaof TCAs, since all the CTA
subtypes such as those derive from the subplatdraadcortical plate cells fail to
grow out of the mutant cortex. In the control bgibil-labelled corticofugal axons
descend into the ventral telencephalon at aroursgdS:but the Dil labelling strategy
used here does not allow the distinction betwe#ardnt CTA subtypes, because the
Dil is likely to label a mix of subplate and co#l@late axons. To further investigate
the roles of different CTA subtypes in the guidanéd CAs, future work sees the

potential use of subplate specific Cre lines taiivate Apc in subplate cells.
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In conclusion, TCAs fail to cross the PSPB and rethie cortex in thé\pc mutant. In
the lateral cortex of the mutant, | observed theeabe of normal CTAs, cortical
plate, marginal zone and IZ migrating cells. Oneseveral of these missing cues
from the cortex might be critical candidates fordyug TCAs to pass the PSPB and
enter the cortex. In the next chapter, | will déserthe experiments that | did to
examine the expression of some potential attrachieéecules for TCAs in mutant
embryos, i.e. Ig-Nrgl. | will also introduce thevitro explant culture experiments,
which show that the mutant cortex does not seclatg-range chemorepellent
molecules to repel or inhibit thalamic axonal esten. In contrast, the angle region
of the mutant cortex still has the ability to pram¢halamic axonal outgrowth. Thus
it is less likely that the secreted molecules frdm cortex are sufficient in the
guidance of TCAs. The guidance factors for TCAs ldtely to function through
cell-cell contact mediated mechanisms. TCAs maydnie direct contact with

cortical axons and use them as an axonal scaffad@vigate into the cerebral cortex.
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Chapter 4. In vitro evidence that CTAs are important for
guiding TCAs into the cerebral cortex

In Chapter 3, | described the defects of TCAs anHmx1-Cre/Apc-LoxP conditional
mutant mice, where TCAs failed to cross the PSP® emter the cerebral cortex.
Normal CTAs were absent in the conditional mutaritkerefore one possible
explanation for the TCA defects in the conditiomaltant is that the mutant cerebral
cortex lacks CTAs which serve as an axonal scatmigliide TCAs into the cortex.

One other possibility is that the cortex of #ex1-Cre/Apc-LoxP conditional mutant

lacks secreted attractive molecules which are itaporto direct the TCAs into the
cortex. To test this, | examined the expressioniepatof the secreted isoform of
Neuregulin-1 (Ig-Nrgl), which was proposed to kstrang candidate to direct TCAs
into the cerebral cortex (Lopez-Bendito et al.,@0®ere | show that Ig-Nrgl is still
present in the ventricular angle of the conditiomaitant cortex. Thus the failure of
TCAs to enter the cerebral cortex in the conditiomaitants is less likely to be

ascribed to the lack of attractive molecules secrél the cortex.

However, another possibility is that thHemx1-Cre/Apc-LoxP conditional mutant
cortex becomes very repulsive to TCAs due to anease of repulsive molecules
secreted by the cortex. To test this, | usedtro explant culture experiments where
thalamic explants were co-cultured with corticaplaxts taken from both the control
and the conditional mutant cortex. The amount obnax outgrowth from the
thalamic explants was measured and compared beuhferent culture groups. The
results show that thalamic axons do not grow awam fthe cortical explants of the
conditional mutants, indicating that the failure TEAs to enter the cortex of the
conditional mutants is not due to an increase jpfilsve cues secreted by the mutant
cortex that repel TCAs and prevent them from naingainto the cortex. The angle
region of the conditional mutant cortex is capaiflpromoting the overall outgrowth
of thalamic axons, suggesting that the mutant gatid has growth promoting effect
on thalamic axons. Thus the failure of TCAs to emite cortex of the conditional
mutant might be ascribed to the loss of descen@ifgs in the cortex.
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To test this furtherin vitro brain slice culture experiments were performed rehe
mutant cortex was replaced with control cortex, tedresults show that descending
cortical axons regenerate from the control corted eescue thalamic axon growth
into the cortex. These results indicate that dediogncortical axons are important in

directing thalamic axons into the cerebral cortex.

4.1 In vivo evidence that the mutant cortex is still attractiv e to TCAs

Recently, it has been suggested that Neuregullg-Nigl) plays long-range roles in
attracting thalamic axons towards the cortex (Lepemdito et al., 2006). In the
Emx1-Cre/Apc-LoxP conditional mutant, Ig-Nrgl could be lost doghe deletion of
Apc in the cortex, and this might subsequently eahe TCA defects in this mutant.
To assess the expression pattermgefirgl in the conditional mutant cortex, in situ
hybridization was performed on E13.5 brailggNrgl was highly expressed in the
ventricular angle of the cerebral cortex of both tonditional mutant and the control
embryos, with a decreasing gradient towards dorsadial cortex as well as through
the ventricular zone of the ganglionic eminencegfé¢ 1 A & B, arrow). The
presence of Ig-Nrgl in the angle region of the domthl mutant cortex shows that
TCA defects in th&amx1-Cre/Apc-LoxP conditional mutants are not caused by loss
of 1g-Nrgl. It also indicates that Ig-Nrgl is naifficient for the extension of TCAs

in the conditional mutant, and that additional dastare needed to guide these axons

into the cortex.

4.2 In vitro evidence that the conditional mutant cortex neithe r repels

nor inhibits thalamic axonal outgrowth

Another possibility for the TCA defects in tiHemx1-Cre/Apc-LoxP conditional

mutant is that the mutant cortex becomes very spgito TCAs due to an increase
of repulsive molecules secreted by the cortex. Bpeell characterized as a tumor-
suppressor that plays an important role in cont@lthe stability and subcellular

localization off-catenin, and subsequently affects the Wnt siggadathway. In the
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Figure 1

E13.5 control

E13.5 mutant

Ig-Nrg1 in situ

Figure 1. The presence of attractive molecules for

axonal guidance in

the cortex of the Apc mutant. (A, B) Ig-Nrgl (Neuregulin-1), a gene that
was suggested to play long-range roles in attracting thalamic axons towards

the cortex was present in the angle region of both the control and the

conditional mutant (arrow), which indicates that Ig-Nrg1l does not account for
the TCA defects in the conditional mutant. It also implies that I1g-Nrgl is not
sufficient for the extension of TCAs in the conditional mutant, and that

additional factors are needed to guide these axons into the cortex. cx-cortex.

Scale bar: (A & B) 200 um.
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absence of Apdj-catenin expression is enhanced in the nucleusrenbdinds to
LEF-1/TCF proteins and activates the transcriptblVnt target genes (Sierra et al.,
2006). It is possible that the change of \Braatenin signalling due to the absence of
Apc in the cerebral cortex of the conditional mutemould affect the expression of
repulsive molecules in the cortex. The angle reggolocated at the entrance of the
cerebral cortex, and it contains an activity tisagssential for the normal navigation
of TCAs since the ablation of angle region in tihaif slice culture causes failure of
TCAs to grow towards the cortex (Lopez-Benditolet2006). Thus | wanted to test
whether the angle region of ti@nx1-Cre/Apc-LoxP conditional mutant cortex was
secreting repulsive molecules which prevented TGwsn entering the cortex.
Additionally, the lateral part of the conditionautant cortex, which is dorsal to the
angle region, could also be secreting repulsiveemdés that would repel TCAs

away from the cortex.

To test these hypotheses, | useditro explant culture experiments where thalamic
explants were co-cultured with cortical explantsetafrom the lateral cortex or the
ventricular angle region of E14.5 control or comial mutant cortex. The thalamic
explants used for explant cultures were taken f@RP+ embryos so that thalamic
axons could be distinguished from non-GFP corti@abns by using anti-GFP
antibodies. In previous explant culture assaysettiants were positioned within a
short distance, i.e. 150-300 um (Braisted et 8002 Braisted et al., 2009; Braisted
et al., 1999), or 200-400 um (Bonnin et al., 20@r)500 pm apart from each other
(Lopez-Bendito et al., 2006). Here | positioned ¢lxplants at 200-500 pum apart. By
culturing thalamic explants with cortical explamtghin a short distance, | would be
able to detect if the conditional mutant corteseasreting repulsive molecules which
repel thalamic axons away from the cortical ex@arRrevious explant culture
experiments have demonstrated that the hypothal@gmepulsive to thalamic axons
(Bagri et al., 2002; Braisted et al., 2009). Herdsb cultured thalamic explant with
hypothalamic explant and used it as a positiverobt test the sensitivity of the

current explant culture assay in detecting repalsiffects.
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4.2.1 Phenotype of explant cultures

By observing the phenotype of the explant cultutkere seemed to be variations
among different groups of explant cultures in theeaion of thalamic axonal
outgrowth, as well as in the length and densitytladlamic axons (Figure 2).
However, there were some trends from visual inspectirstly, there appeared to
be more thalamic axonal outgrowth when thalamiclaaxXp were co-cultured with
angle regions from either control or conditionaltemi cerebral cortex (Figure 2 J-O),
compared to thalamic explants cultured alone (EgurA-C). These results imply
that the angle region of the cortex might haveawtjn promoting effect on thalamic
axons. Secondly, explants of angle region seemstinmlate more thalamic axonal
outgrowth than explants of lateral cortex (compBrgure 2 J-L with D-F). This
observation implies that the angle region of theecomight be more capable of
promoting the outgrowth of thalamic axons, comparethe lateral cortex. Thirdly,
thalamic explants co-cultured with the conditiomaltant cortex seemed to produce
more thalamic axonal outgrowth (Figure 2 G-l), camgul to thalamic explants
cultured alone (Figure 2 A-C). This observation liegp that the conditional mutant

cortex might be capable of promoting thalamic axoundggrowth.

Since there was variation in the amount of thalaamiznal outgrowth in different co-
culture groups, a statistical analysis of quantitatiata was needed. Previous studies
have shown that molecules secreted by the hypothelare repulsive to thalamic
axons (Braisted et al., 2009). Therefore the datan fthalamic explants co-cultured
with hypothalamic explants in the present study used as a positive control for the
repulsive effects of diffusible molecules on theediion of thalamic axonal
outgrowth (Figure 2 P-T).

4.2.2 Statistical analysis of axon phenotype

Figure 3 illustrates a schematic diagram of thesids outcome in then vitro

explant culture experiments where thalamic explamse cultured alone or with

other explants. If the thalamic explant is cultuadohe, thalamic axonal outgrowth
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Figure 2
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(Figure 2 continues on the next page)
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Hyth + GFP th

Figure 2. Examples of E14.5 explant cultures from d ifferent culture
groups. Immunohistochemistry was with GFP antibody (red) and nuclei were
counterstained with TO-PRO-3 (blue). (A-l, P-T) Confocal images. (J-O)
Digital images with grey scale. (A-C) GFP+ thalamic explants cultured alone.
(D-F) GFP+ thalamic explants cultured with explants from the control lateral
cortex. (G-lI) GFP+ thalamic explants cultured with explants from the mutant
lateral cortex. (J-L) GFP+ thalamic explants cultured with explants from the
angle region of the control cortex. (M-O) GFP+ thalamic explants cultured
with explants from the angle region of the conditional mutant cortex. (P-T)
GFP+ thalamic explants cultured with hypothalamic explants from control
embryos. an-angle region; th-thalamus; cx-cortex; ht-hypothalamus; con-
control; mut-mutant. Scale bars: (A-1, P-T) 200 um; (J-O) 250 pm.
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would have no bias in different directions (FigeA). If the cortical explant is

secreting repulsive molecules that diffuse in adgnat and exert a repulsive effect
based on their concentration, the amount of thalaamional outgrowth would be
higher in the region that is facing away from tlatical explant than that in the
region that is facing toward the cortical explafigre 3 B). On the other hand, if
the cortical explant is secreting attractive molesuhat diffuse in a gradient and
exert an attractive effect based on their concgatrathe amount of thalamic axonal
outgrowth would be higher in the region that isirigctoward the cortical explant

than that in the region that is facing away from tortical explant (Figure 3 C).

However, if the molecules secreted by the corticgdlant exert a growth inhibiting
effect irrespective of their concentration or abavemaximum effect threshold,
thalamic axons would not particularly grow awaynfrohe cortical explant, but the
total amount of thalamic axonal outgrowth wouldide (Figure 3 D). On the other
hand, if the molecules secreted by the corticallaexpexert a growth promoting
effect irrespective of their concentration, thalamxons would not particularly grow
toward the cortical explant, but the total amourthalamic axonal outgrowth would
be high (Figure 3 E). If the cortical explant does secrete repulsive/attractive or
growth inhibiting/promoting molecules, the total @mt of thalamic axonal
outgrowth would be similar to thalamic explantsteréd alone, and also there would
be no significant difference in the amount of thala axonal outgrowth in any
direction (Figure 3 F).

Here different approaches were used to analyseefhdsive/attractive and growth
inhibiting/promoting aspects of the secreted mdesurom the cortical explant,
respectively.

4.2.2.1 Mutant cortex does not repel thalamic axons in vitro

In order to be able to examine the effect of diffies molecules on the direction of

thalamic axons quantitatively, the amount of thataaxonal outgrowth was
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Figure 3
Explant culture experiments
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Figure 3. Schematic diagram of the possible outcome in the in vitro explant

culture experiments where thalamic explants were cu ltured alone or with other

explants. (A) Thalamic explant cultured alone. (B) Thalamic explant cultured with
another explant that secretes repulsive molecules. (C) Thalamic explant cultured
with another explant that secretes attractive molecules. (D) Thalamic explant
cultured with another explant that secretes growth inhibiting molecules. (E) Thalamic
explant cultured with another explant that secretes growth promoting molecules. (F)
Thalamic explant cultured with another explant that does not secrete

repulsive/attractive or growth inhibiting/promoting molecules. th-thalamus.
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measured at 60 pixel distance (60 pixel distasndd.0 um) from the explant border

(see Figure 1 in Chapter 2 Materials and Methods efxplant cultures). Each
thalamic explant was divided into four quadrantsid®nt’s t-test was used to assess
the significance of differences between the peegmtaxon coverage of thalamic
axons in the quadrant that was facing toward th#icad explant and that in the
quadrant that was facing away from the corticall@xip(% axon coverage toward vs.

% axon coverage away).

My data showed that when thalamic explants wereuttwred with cortical explants
from the lateral cortex or the angle region of btite control and the conditional
mutant embryos at E14.5 (Figure 4 A), there weresigaificant differences in the
percentage axon coverage between thalamic axomgrngydrom the quadrant that
was facing toward the cortical explants and thainfthe quadrant that was facing
away from the cortical explants (first four setsbafrs in Figure 4 B; numbers of
cultures are 10-18). There were significantly mtralamic axons growing away
than towards the hypothalamic explants (fifth sebars in Figure 4 B; 5 cultures;

Student’s t-test, £0.05), which is consistent with the published figlithat the

hypothalamus repels thalamic axons (Bagri et 8022 Braisted et al., 2009), and
confirms the sensitivity of the explant cultureas the present study. These data
indicate that the molecules secreted by the cérégplants from the conditional
mutant cortex at E14.5 do not direct thalamic axiongrow away from the cortical

explants.

4.2.2.2 Mutant cortex does not inhibit thalamic axo  nal outgrowth in vitro
For detecting the growth inhibiting/promoting effe®f the molecules secreted by
the cortical explants on thalamic axons, | compatteel total percentage axon

coverage of thalamic axons from E14.5 GFP-positivaelamic explants, when

thalamic explants were cultured alone or co-cuttwéh cortical explants taken
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Figure 4
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Figure 4. The conditional mutant cortex is not more repulsive to thalamic axons

compared to the control cortex.  (A) A diagram showing that the explants were taken from
the region in the thalamus (th), hypothalamus (ht), the angle region of the cortex (an) and the
lateral cortex (cx). (B) Mean % axon coverage (xs.e.m.) 60 pixel distance (=110 pum) from
the border of thalamic explants. Student’s t-test revealed no significant differences in the
direction of thalamic axonal outgrowth in terms of growing towards or away from the cortical
explants of either the control or the conditional mutant cortex (P<0.05). There were
significantly more thalamic axons growing away than towards the hypothalamic explants,
which is consistent with the published finding that the hypothalamus repels thalamic axons.
cx — cortex; an — angle region; th — thalamus; ht (Hyth) — hypothalamus; con — control; mut —

mutant.
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from the lateral cortex or the angle region of @itthe control or the conditional
mutant E14.5 embryos.

The percentage axon coverage was measured at 60,140, 180 & 220 pixel
distances (60 pixel distanee110 um) from each explant border (see Figure 2 in
Chapter 2 Materials and Methods for explant cuftur&ach thalamic explant was
divided into four quadrants. Since the measurinlygams (yellow) in the quadrant
of the thalamic explant facing toward the cortieaplant came across the cortical
explant in most cases, the percentage axon covénatiee quadrant towards the
cortical explant was excluded. The percentage eamrerage in the other three
quadrants was summed up for each explant (Tabléwl).Way Repeated Measures

ANOVA was used to assess the significance of diffees between groups.

The analysis of total percentage axon coverage by Way Repeated Measures

ANOVA indicates that there were significant diffeoes in the total outgrowth of

thalamic axons in different co-culture groups<@5). To isolate which group(s)

differ from the others a multiple comparison praoedwas used (Table 2).

(1) No significant differences in ‘thalamus with or without control lateral

cortex’

When the differences in the total outgrowth of déimalc axons were compaired
between pairs of co-culture groups, no significdiffierences were detected in the
total outgrowth of thalamic axons between thalaexplants cultured alone and
thalamic explants co-cultured with cortical expaffom the control lateral cortex
(Figure 5 and Table 2, th alone vs. con cx + tlese data indicate that the cortical
explants from the control lateral cortex neithdmilnit nor promote thalamic axonal

outgrowth.

(2) There were significant differences in ‘thalamus with or without

mutant lateral cortex’
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Table 1

% axon percentage table for explant culture

Distance Means + S.E.M
Culture 60 pixels 100 pixels 140 pixels 180 pixels 220 pixels
groups (n
Th alone 162.947+24.336 | 80.373+17.765 46.85+11.541 23.404+5.866 7.529+2.479
(18)
Con cx+th 126.957+20.000 | 81.681+19.122 35.527+10.853 20.457+7.680 13.205+5.723
(10)
Mut cx+th 159.942+42 584 | 122.965+38.683 | 99.708+36.252 65.146+28.195 | 50.116+24.565
(10)
Conantth | 196.615+26.109 | 155.216+22.857 | 109.404%+20.931 | 59.903+16.645 | 34.311£10.718
(15)
Mut an+th 217.609+21.429 | 183.759+26.470 | 136.035+28.810 | 87.468+28.842 | 66.145+26.276
(13)

*Th alone: thalamic explant cultured alone

+Con cx + th: control lateral cortical explant cultured with thalamic explant
*Mut cx + th : mutant lateral cortical explant cultured with thalamic explant
*Con an + th : control angle region cultured with thalamic explant

*Mut an + th : mutant angle region cultured with thalamic explant

% axon coverage = sum of all neurite fascicle widths in each quadrant x 100

circumference of measuring polygon in each quadrant

Table 1. A data table for the mean of total % axon coverage (£s.e.m.) at 60,

100, 140, 180 and 220 pixel distances (60 pixel distance = 110 um) from the

border of thalamic explants.
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Table 2

Distance Student’s t-test (P<0.05)
Culture 60 pixels | 100 pixels | 140 pixels | 180 pixels | 220 pixels
groups
th alone vs. 0.327 0.963 0.524 0.765 0.301
con cx+th
th alone vs. 0.948 0.263 0.099 0.071 0.028 *
mut cx+th
th alone vs. 0.359 0.013* 0.010 * 0.034 * 0.013 *
con an+th
th alone vs. 0.130 0.002 * 0.003 * 0.017 * 0.014 *
mut an+th
con cx+th vs. | 0.066 0.032 * 0.013 * 0.079 0.145
con an+th

Table 2. A table showing the P values for the comparison of total % axon

coverage between different culture groups using Student‘s t-test, with

significant differences highlighted with a star.
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Figure 5

The mutant lateral cortex does not inhibit thalamic axonal outgrowth
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*mut cx + th : mutant lateral cortical explant cultured with thalamic explant
econ cx + th : control lateral cortical explant cultured with thalamic explant

+th alone : thalamic explant cultured alone

Figure 5. The Apc mutant lateral cortex does not inhibit thalamic ax onal
outgrowth. A diagram showing the mean % axon coverage (+ s.e.m.) 60,
100, 140, 180 & 220 pixel distances (60 pixel distance = 100 um) from the
border of thalamic explants. The data points within the same culture group
were lined up to show the trend. Results were from thalamic explants
cultured alone or with explants from the lateral cortex of either control or

conditional mutants.
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When the comparison was made between thalamic mspleultured alone and
thalamic explants co-cultured with cortical exptaritom the conditional mutant
lateral cortex (th alone vs. mut cx + th), no digant differences were detected in
the total thalamic axonal outgrowth at 60, 100, 248 180 pixel distances (Figure 5
and Table 2).

Nevertheless, a significant difference was deteee@20 pixel distance, with P
value = 0.028 for the comparison between ‘th alarel ‘mut cx + th’. These data
indicate that the initial outgrowth of thalamic @sowas similar between these two
culture groups, but thalamic axons grew slightiyger when thalamic explants were
cultured with cortical explants from the conditibmautant lateral cortex than
thalamic explants cultured alone. Thus a significhfierence was detected when the
percentage axon coverage was measured at a didtattver than 180 pixels from
the explant border. These results suggest thatdhditional mutant cortex actually

slightly promotes thalamic axon growth.

(3) There were significant differences in ‘thalamus with or without

control angle region’

Significant differences in the total outgrowth btamic axons were found between
thalamic explants cultured alone and thalamic explaco-cultured with cortical
explants from the angle region of the control coffeigure 6 and Table 2, th alone
vs. con an + th). The P value for the comparisdwéen ‘th alone’ and ‘con an + th’
at 60 pixel distance was 0.359, indicating that temsity of thalamic axonal

outgrowth was initially not distinguishable betwedbase two culture groups.

However, the P values for the comparison betweeralone’ and ‘con an + th’ at
100, 140, 180 and 220 pixel distances were 0.013100 0.034 and 0.013,
respectively, indicating that thalamic axons grewchlonger and the amount was
much larger when thalamic explants were cultureth wortical explants from the

angle region of the control cortex than thalamiplarts cultured alone. These data
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imply that the diffusible molecules from the angdgion of the control cortex have a

growth promoting effect on thalamic axonal outgrowt

(4) There were significant differences in ‘thalamus with or without

mutant angle region’

Significant differences were also found betweetatingc explants cultured alone and
thalamic explants co-cultured with cortical exptarfitom the angle region of the
conditional mutant cortex (Figure 6 and Table 2akbne vs. mut an + th). The P
value for the comparison between ‘th alone’ andt'miu + th’ at 60 pixel distance
was 0.130, indicating that the density of thalamMonal outgrowth was initially not

distinguishable between these two culture groups.

However, the P values for the comparison betwderalone’ and ‘mut an + th’ at
100, 140, 180 and 220 pixel distances were 0.00203) 0.017 and 0.014,
respectively, indicating that thalamic axons grewchlonger and the amount was
much larger when thalamic explants were culturetih wortical explants from the
angle region of the conditional mutant cortex thiaaamic explants cultured alone.
These data also imply that the diffusible molecutesn the angle region of the
conditional mutant cortex have a growth promotirfea on thalamic axonal

outgrowth.

(5) There were significant differences in ‘thalamus with control lateral

cortex or control angle region’

Significant differences were also detected in thtaltoutgrowth of thalamic axons

between thalamic explants co-cultured with cortexgblants from the control lateral

cortex and thalamic explants co-cultured with @aitexplants from the angle region
of the control cortex (Table 2, con cx + th vs. @n+ th). Significant differences

were detected at 100 and 140 pixel distances, Rvithlues = 0.032 and 0.013 for the
comparison between ‘con cx + th’ and ‘con an + téspectively.
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Figure 6

The mutant angle region does not inhibit thalamic axonal outgrowth
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Figure 6. The Apc mutant angle region does not inhibit thalamic axon al
outgrowth. A diagram showing the mean % axon coverage (+ s.e.m.) 60,
100, 140, 180 & 220 pixel distances (60 pixel distance = 100 pum) from the
border of thalamic explants. The data points within the same culture group
were lined up to show the trend. Results were from thalamic explants
cultured alone or with explants from the angle region of either control or

conditional mutant cortex.
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These data indicate that there were significantater amounts of thalamic axonal
outgrowth when thalamic explants were co-cultureth wortical explants from the

angle region of the control cortex than thalamiplarts co-cultured with cortical

explants from the control lateral cortex. It alsgpiies that the diffusible molecules
from the angle region of the control cortex haxgreater growth promoting effect on
thalamic axonal outgrowth than the control lateatex does.

Taken together, then vitro explant culture experiments show that the conaditio
mutant cortex actually slightly promotes thalamiom@al outgrowth, and that the
angle region of the conditional mutants is capabfepromoting the overall
outgrowth of thalamic axons. These results indidheg the failure of TCAs in
reaching the cortex is not due to the increaseepiilsive cues or the decrease of
growth promoting molecules secreted by the conationutant cortex. It implies
that the loss of descending CTAs in the conditionatants might be responsible for
the failure of TCAs to cross the PSPB.

4.3 TCAs were rescued into the cortex after replaci ng a mutant cortex

with a control cortex

To test whether descending cortical axons are tabtescue the failure of thalamic
axons from the conditional mutants to cross theB*&Rd enter the cortex, a series
of in vitro brain slice culture experiments were performed rehmutant cortex was
replaced with control cortex that is capable omhtiducing cortical axons (in
collaboration with Dario Magnani, who demonstratbé techniques ofn vitro
transplant culture to me and performed certain answf transplant culture to
contribute to the N number for this transplantagaperiment).

Before attempting a rescue, | first tested whether thalamus of the conditional
mutant is able to generate axons and whether tingraletelencephalon of the
conditional mutant allows axons to traverse ithe present culture system. E14.5

thalamic explants from either control or conditibmatants were transplanted to the
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diencephalic-telencephalic border of control slicekem where they all generated
axons that intermingled with the descending corticans and grew into the cortex
(Figure 7 A, B, E & F; n=7 out of 9 cultures fasrdrol and 5 out of 6 cultures for

conditional mutant thalamic explants).

When thalamic explant was transplanted to teleraléplslices from conditional

mutants, thalamic axons traversed the ventral ¢elgmalon, but did not enter the
cortex (Figure 7 C & G; n=9), mimicking the faikuobservedn vivo in conditional

mutants. When thalamic explant from conditional amig was transplanted to
telencephalic slices from conditional mutants whosgex was replaced by control
cortex, thalamic axons grew into the cortex in el@ssociation with descending
cortical axons derived from the control cortex (fy7 D & H; n= 4 out of 5

cultures). Arrow pointed to an example of a thatam@won that navigated into the
cortex through a bundle of the descending cortés@ns (Figure 7 D & H). These
results show that a normal cortex and its descegndintical axons are important in

directing TCAs into the cortex.

4.4 Descending cortical axons affect the fasciculat  ion of thalamic axons

When thalamic transplant was transplanted to telgimalic slices from conditional
mutants, a large numbers of thalamic axons nauigate the ventral telencephalon,
but these thalamic fibers were not fasciculatedufé 7 C & G). However, when the
mutant cortex was replaced by a control cortexlathee axons were fasciculated
into discrete bundles of axons, and these thalaxwns tend to make contacts with
the descending cortical axons from the control eortFigure 7 A, B & D). A
possible explanation is that small bundles of cafltaxons open a tract permissive
for thalamic axons and guide distinct bundles aflamic axons into the cortex.
Additionally, the descending cortical axons mayaske some molecules which can
affect the direction of thalamic axons. Thalami®m@x might be attracted by the
molecules secreted by the cortical axons and falsted into tight bundles of axons
to head towards the same source of attractantstfreroortical axons.
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Figure 7. TCAs were rescued into the cortex after replacing a mutant
cortex with a control cortex. (A, B, E, F) E14.5 thalamic explants from
either control or conditional mutants were transplanted to the diencephalic-
telencephalic border of control slices, from where they all generated axons
that intermingled with the descending cortical axons and grew into the cortex
(n= 7 out of 9 cultures for control and 5 out of 6 cultures for conditional
mutant thalamic explants). (C & G) When thalamic explant was transplanted
to telencephalic slices from conditional mutants, thalamic axons traversed the
ventral telencephalon, but did not enter the cortex (n= 9), mimicking the
failure observed in vivo in conditional mutants. (D & H) When thalamic
explant from conditional mutants was transplanted to telencephalic slices
from conditional mutants whose cortex was replaced by control cortex,
thalamic axons grew into the cortex in close association with descending
cortical axons derived from the control cortex (n= 4 out of 5 cultures). (I-L)
Higher magnification images from the boxed areas in A-D. Nuclei were
counterstained with TO-PRO-3 iodide. The diagrams underneath each
column of photographs summarize the experimental paradigms and their
outcomes. Scale bars: A-D, 50um; E-L, 25um. These results show that a
normal cortex and its descending cortical axons are important in directing

TCAs into the cortex.
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4 5Discussion

4.5.1 Conditional mutant cortex neither repels nor inhibits thalamic

outgrowth in vitro

In the current study, myn vitro explant culture experiments show that the
conditional mutant cortex neither repels nor intsibihalamic axonal outgrowth,
indicating that the failure of TCAs in reaching ttartex is not due to the change of
repulsive cues secreted by the mutant cortex. ddstehein vitro explant culture
experiments reveal a growth promoting effect of diffusible molecules from the
angle region of both the control and the conditionatant cortex on the outgrowth
of thalamic axons. Ig-Nrgl may be the major comporad the growth promoting
molecules from the angle region of both the contmod the conditional mutant
cortex. However, additional guidance cues are reeédeegulate the direction of
TCAs, which are likely to function through cell-cebntact mediated mechanisms.
The Emx1-Cre/Apc-LoxP conditional mutant cortex lacks these gui@afactors,

which might be the cortical axons.

4.5.2 Conditional mutant cortex lacks guidance cues for TCAs

In the brain slice culture experiments where thataexplant was transplanted to
telencephalic slices from conditional mutants, egdanumber of thalamic axons
navigated into the ventral telencephalon, but ¢atle enter the cortex. These results
indicate that the ventral telencephalon of the demhl mutant is penetrable by
thalamic axons, and that thalamic axons are growilgustly. The failure of
thalamic axons entering the cortex implies that goelance factors for directing

thalamic axons are absent in the conditional mutariex.

4.5.3 Descending cortical axons can rescue the fail ure of thalamic

axons from mutants to enter the cortex
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By replacing the conditional mutant cortex withantol cortex, cortical axons were
reproduced and descended into the ventral teleat@phfrom the conditional

mutant. Thalamic axons formed discrete bundles asgbciated intimately with

small bundles of descending cortical axons, follaythem into the cortex. These
bundled thalamic axons were not observed when rthal@xplants were cultured
with mutant slices where cortical axons were absdrgken together, these
observations show that a normal cortex with desogncortical axons is capable of
guiding thalamic axons into the cortex, and supploet hypothesis that the ‘hand

shake’ between TCAs and CTAs is important for T@#\seach the cerebral cortex.

In conclusion, my data show that guidance factomsnfthe cortex are needed for
TCAs to cross the PSPB, which are absent inBimgl-Cre/Apc-LoxP conditional
mutant. TCAs may need the direct contact with caltaxons and use them as an
axonal scaffold to navigate into the cerebral cqrte addition to the growth

promoting effect from Ig-Nrg1.
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Chapter 5. Inactivation of Apc in the thalamus and the
development of CTAs and TCAs

In this chapter I describe the conditional inadia of Apc gene in the thalamus and
its effect on the development of reciprocal conioest between the cortex and the
thalamus. As mentioned in the general introductiolhapter 1, CTAs and TCAs
are proposed to use each other as axonal scaffoldeach their final targets,
described as the Handshake hypothesis. To teshyipisthesis, | used thRORa-
Cre/Apc-LoxP mouse to generate a conditional mutant modbere TCAs
development might be interrupted, and test whe@€As are able to reach the

thalamus in the absence of the guidance from theetheling TCAs.

By using YFP reporter mouse here | show fR@Ra-Cre is mainly expressed in the
primary sensory nuclei of the thalamus, includiraysal lateral geniculate (dLG),
ventroposterior (VP), and medial geniculate (M&)c deletion is most obvious in
the dLG of RORa-Cre/Apc-LoxP conditional mutant thalamus, consistent with
high expression oRORa in this region. Examinations of the axonal tracts rubt
show dramatic defects of CTAs and TCAs in B@Ra-Cre/Apc-LoxP conditional
mutants. These results indicate that deletiorA\d in postmitotic neurons in the
thalamus may not affect axonal development betileerortex and the thalamus.

5.1 The expression pattern of RORa-Cre

In the current studyApc was conditionally inactivated in the thalamus bye C
recombinase driven by the endogenB@Ra promoter RORa-Cre). RORa starts to
be expressed in the thalamus from E11.5 (Nakagaweh GiLeary, 2003). The
activity of Cre recombinase was confirmed by GFmimofluorescence on embryos
carrying RORa-Cre and a floxed-stop YFP reporter allele (Figie At E14.5,
RORua-Cre was expressed in the mantle region of theathas, while the
proliferative zone of the thalamus was negative¥f6P+ cells (Figure 1 A). YFP+
thalamic axons descended from the thalamus anckrged through the ventral
telencephalon to enter the cerebral cortex (Figude arrows). At E18.5, YFP+ cells
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Figure 1. The expression pattern of RORa —Cre. GFP
immunofluorescence showing the expression of RORa -Cre recombinase in
mice carrying RORa Cre and a floxed-stop YFP reporter allele. (A) At E14.5,
RORa -Cre was expressed in the mantle region of the thalamus, while the
proliferative zone of the thalamus was negative for YFP+ cells. YFP+
thalamic axons descended from the thalamus and traversed through the
ventral telencephalon to enter the cerebral cortex (arrows). (B & C) At E18.5,
YFP+ cells were detected in the thalamus from rostral (B) to caudal (C)
sections. YFP+ thalamic axons navigated within the intermediate zone of the
cerebral cortex (arrow). (D, E & F) At P8, YFP+ cells were observed in the
primary sensory nuclei of the thalamus, including the dLG, VP, and MG.
YFP+ thalamic axons targeted in the cerebral cortex and formed arbors in
layer IV of the cortex. Artifacts were labeled by stars. Th-thalamus, Cx-
cortex, dLG-dorsal lateral geniculate, VP-ventroposterior, MG-medial
geniculate. Scale bars: (A-F) 500 ym.
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were detected in the thalamic cells from rostratdaadal sections (Figure 1 B & C,
respectively). YFP+ thalamic axons navigated witthie intermediate zone of the
cerebral cortex. At P8, YFP+ cells were observetha primary sensory nuclei of
the thalamus, including dorsal lateral geniculateQ), ventroposterior (VP), and
medial geniculate (MG) (Figure 1 D, E & F). YFP+allanic axons targeted in the
cerebral cortex and formed arbors in layer IV & tortex.

5.2 Proof of Apc deletion in the thalamus of the co  nditional mutant

To examine the deletion of Apc protein in the cdodal mutant, Apc
immunofluorescence was performed on paraffin sestiand cryostat sections of
embryos (Figure 2). In PO control mice, Apc proteias evenly expressed in the
thalamus (Figure 2 A & C). In thRORa-Cre/Apc-LoxP conditional mutant, Apc
expression level was reduced in the lateral regrthe thalamus, where the
presumptive dLG is located (Figure 2 B & D). In theterozygotes (Figure 2 E), a
large number of YFP+ cells were observed in the @@ the VP of the thalamus,
whereas in thdRORa-Cre/Apc-LoxP conditional mutant (Figure 2 F), YFP+ cells
were more sparsely distributed in the dLG and MR the cell density was lower,
compared to the heterozygotes. In the heterozyg@tegure 2 G), Apc was
expressed in both dLG and VP, whereas in R@Ra-Cre/Apc-LoxP conditional
mutant (Figure 2 H), APC was hardly detected in dB§ P14, Apc expression was
evenly distributed in the thalamus of the heteromggmice (Figure 2 1). In the
RORa-Cre/Apc-LoxP conditional mutant, Apc expression was reducethe dLG

and in the region ventral to the VP (Figure 2 J).

5.3 Apc deletion in the thalamus and the development of CT  As and
TCAs

At E14.5, the growth patterns of L1-positive axotratts were similar between the

control and theRORa-Cre/Apc-LoxP conditional mutant (Figure 3 A & B,

respectively), with L1-labelled fibers navigatingttveen the thalamus and the
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Figure 2. Proof of Apc deletion in the thalamus of the conditional

mutant. (A) APC protein was evenly expressed in the thalamus of PO control
mice. (B) In the mutant, APC expression level was reduced in the lateral
region of the thalamus, where the presumptive dLG is located. (C & D)
Higher magnification images of the boxed areas in (A) and (B), respectively.
(E & F) GFP (green) and APC (red) immunofluorescence on coronal sections
of PO control and mutant mice, respectively. Nuclei were stained with TO-
PRO-3 (blue). In the control (E), a large number of YFP+ cells were observed
in the dLG and the VP of the thalamus, whereas in the mutant (F), YFP+
cells were more sparsely distributed in the dLG and VP, and the cell density
is lower, compared to the control. (G & H) The same sections of (E) and (F),
respectively, showing the red channel. In the control (G), APC was
expressed in both dLG and VP, whereas in the mutant (H), APC was hardly
detected in dLG. (I & J) By P14, APC expression was evenly distributed in
the thalamus of control mice (l), whereas in the mutant (J), APC repression
was reduced in the dLG and in the region ventral to the VP. (A-D) Wax
sections. (E-J) Cryostat sections. Th-thalamus, Cx-cortex, dLG-dorsal lateral
geniculate, VP-ventroposterior, MG-medial geniculate. Scale bars: (A, B) 500
pm; (C-J) 250 um.
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Figure 3

L1 immunohistochemistry

control

mutant

E14.5

E18.5

Figure 3. Axonal developmental defects were not obs
At E14.5, the growth patterns of L1-positive

conditional mutant. (A & B)

axonal tracts were similar between the control (A) and the mutant (B), with

Cx

erved in the Apc

L1-labelled fibers navigating between the thalamus and the cerebral cortex.

(C & D) At E18.5, the growth patterns of L1-positive axonal tracts were

similar between the control (C) and the mutant (D), with large number of L1-

labelled axons growing through the ventral telencephalon. Th-thalamus, Cx-

cortex, vTel-ventral telencephalon. Scale bars: (A-D) 150 um.
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cerebral cortex. At E18.5, the growth patterns @fplositive axonal tracts were
similar between the control and tRORa-Cre/Apc-LoxP conditional mutant (Figure
3 C & D), with large number of L1-labelled axonsoging through the ventral
telencephalon. In P14 control mice, barrels werseoked in layer IV of the cerebral
cortex (Figure 4 A & C, arrow points to one of tharels). In P13RORa-Cre/Apc-

LoxP conditional mutant mice, barrels were alsoedetd in the cerebral cortex

(Figure 4 B & D, arrow points to one of the baryels

5.4 Apc deletion and cell death in the thalamus of the con ditional

mutant

As mentioned above, YFP+ cells were more sparsstyilalted in the dLG and VP
of the RORa-Cre/Apc-LoxP conditional mutant thalamus, and the cellsitgnwas
lower, compared to the heterozygotes. SIROR« is expressed in thalamic cells that
have exited cell cycle and become postmitotic nesirthe reduction of YFP+ cells
in RORa-Cre/Apc-LoxP conditional mutant thalamus would not be doethe
proliferative defects in cells that lackpc. In Emx1-Cre/Apc-LoxP conditional
mutant wheredpc is specifically inactivated in the cerebral cortar increase of cell
death is observed in the cortex (lvaniutsin et2009). Therefore | wondered if the
deletion of Apc in the thalamus could lead to an increase of d@efith inRORa-

Cre/Apc-LoxP conditional mutant thalamus, which causesdaiction of YFP+ cells.

Here Caspase 3 immunohistochemistry was carriedoytaraffin sections of the
embryos, as Caspase 3 is a marker for cells unitgrgpoptosis. At E18.5, the
RORa-Cre/Apc-LoxP conditional mutant showed slightly more Casp8-positive
cells in the thalamus (Figure 5 C & E, arrows), paned to the control (Figure 5 B
& D, arrows). In the medial part of the thalamugaadnt to the ventricle dRORa-
Cre/Apc-LoxP conditional mutants, a large number of Casgadablled cells were
observed, with pieces of cell debris scattered rmqrigure 5 C, arrows). This was
not observed in the control, where only a small benof Caspase 3-positive cells
were detected (Figure 5 B, arrow). In the latémalamus of th&ORa-Cre/Apc-
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Figure 4

P14 control

P13 mutant

Figure 4. Barrels were formed in the cortex of the

mutant. (A & B) APC (red) and GFP (green) immunohistochemistry on

Apc conditional

coronal sections. Nuclei were counter stained with TOPRO 3 (blue). (C & D)

The same sections as observed in (A) and (B), respectively, showing the

green channel. In P14 control mice, barrels were observed in layer IV of the

cerebral cortex (arrow, C). In P13 mutant mice, barrels were also detected in

the cerebral cortex (arrow, D). Scale bars: (A-D) 200 ym.
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Figure 5

¢ asedse)

E18.5 mutant
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Figure 5. A slight increase of apoptosis in the Apc conditional mutant.

(B & C) High power images showing the medial part of the thalamus in
control and mutant E18.5 embryos, respectively (boxed area on the left in A).
The mutant showed more Caspase 3-positive (green) cells in the medial
region of the thalamus (C, arrows), compared to the control (B, arrow). (D &
E) High power images showing the lateral part of the thalamus in control and
mutant E18.5 embryos, respectively (boxed area on the right in A). The
mutant showed more Caspase 3-positive cells in the lateral region of the
thalamus (E, arrows), compared to the control (D, arrow). These results
might indicate that there are more cells undergoing apoptosis in the thalamus
of the mutant, compared to the control. Scale bars: (A) 250 ym; (B-E) 50 pym.
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LoxP conditional mutants (Figure 5 E, arrows), aoréase of Caspase 3-labelled
cells was detected, but not as dramatic as sethreimedial thalamus of tHeORa-
Cre/Apc-LoxP conditional mutants. In the mutant laterahldmus, a cloud-like
structure was stained by Caspase 3 (Figure 5 BEhereft), which might be the
debris from apoptotic cells. This was hardly obsdrin the control, where only a
small number of Caspase 3-positive cells were tedgéigure 5 D, arrow).

Taken together, these preliminary data seemeddw shslight increase of Caspase
3-positive cells in the thalamus dRORa-Cre/Apc-LoxP conditional mutant,
compared to the control, although the differenceosdramatic. However, apoptosis
is a tightly regulated process that happens raptdénce even a small change of the
apoptotic rate may reflect the difference of celtudctivity between the mutant and
the control. Thus further quantitative work need®é done to clarify whether there
Is a significant increase of apoptotic cells in thalamus ofRORa-Cre/Apc-LoxP

conditional mutants.
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5.5 Discussion

In the current studypc is conditionally inactivated in the primary sensauclei of
the thalamus wherBORu is expressed. There are no dramatic defects ofsCaral
TCAs in this conditional mutant, indicating thatleteon of Apc in postmitotic
neurons in the thalamus may not affect axonal dgveént between the thalamus
and cortex. However, wheApc is specifically inactivated in the cerebral cortex
driven by Emx1-Cre expression, there are severe defects of CPAsSTELCAS, as
mentioned in Chapter 3. It is intriguing to compR@Ra-Cre/Apc-LoxP conditional
mutants withEmx1-Cre/Apc-LoxP conditional mutants, as these two conditional
mutants might reveal different aspects?pt in the development of the forebrain and

its axonal tracts.

Comparison between RORa-Cre/Apc-LoxP and Emx1-Cre/Apc-LoxP

conditional mutant models

Firstly, Apc is inactivated in different cell types in theseotaonditional mutants. In
Emx1-Cre/Apc-LoxP conditional mutantsApc is deleted in cerebral cortical
progenitor cells that expredsmxl, whereas INRORa-Cre/Apc-LoxP conditional
mutantsApc is inactivated in thalamic postmitotic neuronst tagoresRORu. It has
been shown that loss &pc in progenitor cells leads to severe defects in the
development of the cerebral cortex, such as caudisgiption in the anatomic
structure, cell type specification, neuronal difetiation and axonal growth, etc
(Ivaniutsin et al., 2009; Yokota et al., 2009). $Apc has important functions in
progenitor cells, and that loss Apc in the cerebral cortical progenitors will lead to
severe defects in axonal outgrowth and targetingwever, it is unclear what
functions Apc might have in the postmitotic cells in the thalanin the current
study, it is the first attempt to deledpc in postmitotic neurons in the thalamus and
study its effect on axonal development. The reshtswy that deletion ofpc in the
primary sensory nuclei of the thalamus driverR@Ra-Cre expression neither affect

the anatomic structure of the thalamus, nor cauaenakic defects in CTAs and

152



TCAs development, although minor axonal defects oah be ruled out at the
moment. Additionally, barrels are formed in PRORu-Cre/Apc-LoxP conditional
mutants, indicating that TCAs are able to targetdbmatosensory cortex. However,
there is a large reduction of Apc in the dLG aredjch raises the question of
whether axons projecting from and/or towards thesdare normal inRORa-
Cre/Apc-LoxP conditional mutants. Further experiments tigto Dil placements into
the visual cortex or the dLG may help to answer tiiethalamic axons derived
from the dLG are able to target the visual cortexnmally and vice versa. Since
RORu-Cre/Apc-LoxP conditional mutants survive to adult hoodithier behaviour
experiments such as visual tasks can be used towntesther the visual system
develops normally ifRORa-Cre/Apc-LoxP conditional mutants.

Secondly, Apc protein may be more stable in postigitcells than in progenitor
cells. INEmx1-Cre/Apc-LoxP conditional mutants, Apc expression is laygelduced
in the cerebral cortex soon after the Cre-inducedtivation ofApc occurs, whereas
in RORa-Cre/Apc-LoxP conditional mutants Apc expression seemset@ieserved
in the VP region of the thalamus. It is conceivatilat Apc is stabilized in the
cytoskeleton structure of postmitotic cells in ¥ region and so its expression still
maintains at postnatal ages. It would be intergstinisolate YFP+ cells from the
RORu-Cre/Apc-LoxP conditional mutant thalamus through FACS teghes and do
PCR to confirm the deletion &fpc gene in these cells, as this will prove that the
presence of Apc in the VP of tfRORa-Cre/Apc-LoxP conditional mutant thalamus
is due to the stable characteristics of this proteipostmitotic cells in the thalamus
rather than cells exemp{pc gene deletion. Nevertheless, Apc is largely redune
the dLG of the thalamus, probably due to the exélgrhigh expression dRORu in
this region (Figure 6 A).

When Apc is deleted in the cerebral cortex Bfmx1-Cre/Apc-LoxP conditional
mutants, a dramatic increase of cell death is ebserindicating thatApc is

important in regulating cell number in the cortdxaqiutsin et al., 2009). In the
RORa-Cre/Apc-LoxP conditional mutant, YFP reporter mice sholevaer density of

YFP+ cells in the primary sensory nuclei of thddhaus, which implies cell
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Figure 6

RORa in situ

Figure 6. Expression pattern of

(From B. Hamilton)

RORa in the thalamus. (A) RORa in situ

hybridization on P2 wildtype mouse (from B. Hamilton). RORa is strongly

expressed in the dLG, whereas it exhibits a high dorsolateral to low

ventromedial graded expression in the VP and a high lateral to low medial

gradient in the MG.
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autonomous defects in R@Fexpressing cells whewspc is inactivated. Loss o&pc

in thalamic cells oRORa-Cre/Apc-LoxP conditional mutants may cause cell death,
since Caspase 3 immunohistochemisty reveals aaaserof apoptosis in tfRORa-
Cre/Apc-LoxP conditional mutants. However, further workeds to be done to
guantify cell numbers in the dLG, VP and MG of tiROR«a-Cre/Apc-LoxP
conditional mutants, and compare to the control.

In Emx1-Cre/Apc-LoxP conditional mutants, loss of Apc leads toimerease of-
catenin/Wnt signaling in the cerebral cortex. Sipemtenin/Wnt signaling is robust
in the thalamus during early brain development, imecrease off-catenin/Wnt
signaling in the thalamus dRORa-Cre/Apc-LoxP conditional mutant due tApc
inactivation may not have a dramatic impact on piad¢terning of the thalamus.
Further study can be done to check whether them® e¢hange in the expression
pattern of3-catenin/Wnt signals in tHiRORa-Cre/Apc-LoxP conditional mutant.

In summary, conditional deletion dipc in the primary sensory nuclei of the
thalamus driven b)RORa-Cre expression does not show severe defects olsGhA
TCAs, which indicates thatpc does not play an important role in axonal growth
after thalamic cells become mature postmitotic oesr However, further
experiments through Dil/DiA placements in the d\® and MG areas dRORa-
Cre/Apc-LoxP conditional mutants may help to detect whetheere are any
topographic defects of CTAs and TCAs during deveiept.
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Chapter 6. Final discussion and future perspectives

6.1 CTAs are important for guiding TCAs into the ce  rebral cortex

Previously identified mutants with CTA defects ubualisplay reciprocal TCA
defects, which implies that the intermingling of ACand CTAs is important for
both sets of axons to reach their targets (Hevhal.,e2002; Jones et al., 2002). It is
proposed that not only the intimate associationvbeh CTAs and TCAs, but also
the recognition and bidirectional signaling betw&EhAs and TCAs are important
for them to guide each other to the final targetsvier et al., 2002). For instance, in
Tbr1” mutants CTAs and TCAs meet and intermingle intthsal telencephalon, but
they fail to reach the thalamus and cortex, respagt SinceTbrl is expressed in
the cortex but not in the thalamus, it could be tha expression of bidirectional
signaling molecules is impaired in CTAs, so thatASTand TCAs intermingle but

lose the ability to signal to each other (Hevnealgt2002).

In Emx1-Cre/Apc-LoxP conditional mutants, CTAs are absent, whefi@as grow
into the ventral telencephalon but fail to crose RSPB and reach the cortex.
Instead, TCAs navigate along the ventrally-direct€t5 cells towards the ventral
part of the basal telencephalon. However, a replao¢ of the mutant cortex by a
control cortex in then vitro brain slice culture experiments is able to restGAs
into the control cortex, indicating that a normalrtex is capable of producing
guidance cues to direct TCAs into the cortex. Aisothe brain slice culture
experiments, TCAs show intimate association with descending CTAs from the
control cortex, which indicates attraction betwé&hAs and TCAs. These results
show that CTAs may play important roles in reguigtthe direction of TCAs, and
support the hypothesis that the ‘hand shake’ betviee TCAs and CTAs provides

guidance for TCAs to reach the cerebral cortex.
In Emx1-Cre/Apc-LoxP conditional mutantdEmx1 starts to be expressed at about

E9.5, therefore driving the deletion Apc from an early age during development.

The defect of CTAs caused by this conditional dehebf Apc is dramatic, with no
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normal CTAs generated in the cerebral cortex, whiey also be the reason for the
almost complete absence of the ascending TCAsercditical region. However, it
would be interesting to see if deletiAgc in the cerebral cortex at later ages could
allow the growth of a subset of CTAs, which in twould guide a subpopulation of
corresponding TCAs into the cortex. Recent yeave Isgen the use of inducible-Cre
models, where target genes can be deleted at aafsggamoxifen is given to the
animal models. By using tamoxifen-inducBox1-Cre/Apc-LoxP mouse models to
inactivateApc at later ages, i.g. E10.5, E11.5 or E12.5, we bm@wble to detect a
small amount of projection neurons that escape fecontical deletion ofApc, and
subsequently produce normal CTAs that can passPBEB into the ventral

telencephalon and guide a subset of TCAs into dniex.

In Nestin-Cre/Apc-LoxP mutants Apc deletion occurs in Nestin expressing neural
progenitors from around E10 (Yokota et al., 200%e loss of Apc leads to severe
developmental defects of the cerebral cortex, ohaly the disruption of radial glial
polarity and scaffolding, the reduction of cortigakcursor proliferation, the defects
of cortical neuron migration and positioning. Indan, Nestin-Cre/Apc-LoxP
mutants exhibit disruption of both CTA and TCA deygnent. CTAs swirl around
and do not orient or fasciculate toward their appede targets, while TCAs do not
orient or fasciculate properly and are misroutedhi@ developing cerebral cortex.
However, Nestin is widely expressed in the develgpidial glia in the CNS, and
the deletion of Apc driven by thdestin-Cre transgene not only causes severe defects
of cerebral cortex, but also affects the subcdrigzaa, e.g. the size of the lateral
ventricles is increased and the ventral telencephil thinner, with a shape that is
very different compared to wild type. Also the @ralus in the mutant is smaller and
the structure is abnormal. Thus the defects of CaAd TCAs inNestin-Cre/Apc-
LoxP mutants might be due to the disruption of @copn neurons in the cortex and
thalamus, and/or the change of guidance cues iodttex, ventral telencephalon and
diencephalon. IMGFAP-Cre/Apc-LoxP mutants where Apc deletion occurs in the
hGFAP expressing radial glial progenitors in thesdb telencephalon from E13.5,
the radial glial scaffold is disrupted in the dérsdencephalon but not in the ventral

telencephalon, where radial glia extend long poéati processes as in controls
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(Yokota et al., 2009). However, the developmentCadiAs and TCAs inhGFAP-

Cre/Apc-LoxP mutants has not been reported.

The handshake hypothesis proposes that the picwécal efferents from the
subplate cells provide axonal scaffolds for theeading thalamic fibers to reach the
cortex. To further investigate the roles of subplatons in the guidance of thalamic
afferents, future work sees the potential use dipkie specific Cre lines to
inactivate Apc in subplate cells. Additionally, teeis potential use ofNexl1-Cre,
which is active in differentiating neurons. By délg important genes such Apc in
Nex1 expressing subplate and cortical plate cellsotitgrowth and development of
cortical efferents might be disrupted and we cabudether thalamic axons are able

to reach the cortex without the guidance from thiti@ofugal axons.

The observations of the growth pattern of the tn&aaxons inreeler mutant mice
have shed light on the guiding role of subplatenaxon thalamic axonal navigation.
Unlike wildtype mice where the preplate layer woblel split by the cortical plate
into the marginal zone and the subplate;egier mice the cortical plate accumulate
below the preplate, and the preplate axons run dbwough the cortical plate into
the intermediate zone. In normal mice, most thataafierents wait for a couple of
days in the subplate before invading the cortidaltep In reeler mutant mice,
thalamic fibers appear to penetrate the corticatiephs soon as they arrive, following
preplate axons up to the superficially located [atep(the superplate layer), where
they wait for 2-3 days before plugging down to terae deep in the cortical plate
(Molnar et al., 1998b). Thug,eeler mutant mice provide strong evidence that

thalamic axons follow the scaffold of preplate axdoowards their cell bodies.

In DIX5/6-Cre/Celsr3-LoxP conditional mutant mice whef@elsr3 is deletedDIx5/6
expressing cells in the ventral region of the tedgrhalon and diencephalon, both
CTAs and TCAs show defects in the ventral telenakph) with CTAs terminating
and forming an abnormal mass in the dorsal striacaach TCAs aberrantly invading
the pallidum and amygdala (Zhou et al., 2008). Hewethe initial outgrowth of

CTAs and TCAs are not affected in this mutant, ¢ating that the environment of
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the ventral telencephalon has influence on thedtajy of CTAs and TCAs through

the ventral telencephalon but not on their outghowt

In Foxgl-CrelCelsr3-LoxP conditional mutant mice whef@elsr3 is inactivated in
the telencephalon driven IByoxgl-Cre, TCAs either run aberrantly along the edge of
the basal telencephalon or cross the midline vignt(Zhou et al., 2008). In the
ventral telencephalon, the expressionFaixgl is broader tharDIx5/6, and the
environment of the ventral telencephalon in Boxgl/Celsr3 mutants appear to be
more hostile to TCAs than thBIx5/6/Celsr3 mutants, since TCAs reach the
amygdala region in the later mutant but are pusteedhe edge of the basal
telencephalon in the former one. These observatmahsate thaCelsr3 is important

in maintaining/ensuring the permissive charactessof the ventral telencephalic

cells for axonal pathfinding.

In Emx1-Cre/Celsr3-LoxP conditional mutant mice whe@elsr3 is inactivated in the
cerebral cortex driven bigmx1-Cre, both CTAs and TCAs develop normally and
reach their targets (Zhou et al., 2008), unlikedrematic axonal defects observed in
the Emx1-Cre/Apc-LoxP conditional mutant mice. These data indicatg different
genes have different functions in the same typeetis. While Apc plays a crucial
role in the development of the cortex and its caitefferentsCelsr3 does not have
a great impact on the outgrowth of corticofugal rsxoHowever, the presence of
Celsr3 in the ventral telencephalon is essential forrtbemal development of both
CTAs and TCAs, raising an interesting implicatidratt the same gene might have

different functions in different tissues.

6.2 The PSPB is a choice point for TCAs

Located at the boundary between the dorsal andalet@lencephalon, the PSPB

plays important roles in regulating the gene exgoes between the cortical and

subcortical regions on either side of the PSPB.ithatthlly, the PSPB has functions

in restricting cell migration between the dorsatl arentral telencephalon, and thus
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helps to maintain the different cell lineages ire tpallium and subpallium.
Interestingly, cells derived from the PSPB itselfl unigrate and populate other
regions in the telencephalon. For instance, pragenifrom the PSPB provide a
source for the lateral cortical stream (LCS), ayajon of neurons that migrate

ventrally towards the basal telencephalon.

The LCS is comprised of a mix of Pax6-positive ip&llerived and DIx2-positive
subpallial-derived neural progenitor cells, whiale appearing to migrate along the
RC2+ radial glial fascicles extending from the PSRPéntricular zone to the
ventrolateral telencephalic pial surface (Carneglgt2006). Thus the LCS appears
to be an extension of the PSPB across the whaealaborder of the striatum. In the
Emx1-Cre/Apc-LoxP conditional mutants, TCAs stop proximal te tinedial side of
the PSPB and turn ventrally along the RC2+ radial ¢pscicles at the PSPB. It is
unclear what features of the PSPB make it non-zsine for TCAs. One possibility
is that the dynamic movement of the LCS migratalsogenerates a barrier between
the cortical and striatal region and forms a teryitor TCAs to cross before they can
reach the cerebral cortex. At E11.5, a few Pax@is eee detected along the putative
route of the LCS (Carney et al., 2006). At E13.9DrenPax6+ cells are leaving the
PSPB ventricular zone with DIx2+ cells and migrgtialong the LCS to the
developing piriform cortex. By E15.5, Pax6+ and Dixcell migration along the
LCS are highly prominent, which target in the depahg basolateral complex of the
amygdala. By E18.5, Pax6+ and DIx2+ cells contitmenigrate along the LCS to
the basal telencephalon. To pass through the PBERs may need guidance from

the environment.

The developmental time points of CTAs indicate ttrety could be an important
guidance factor for TCAs to cross the PSPB. A samalbunt of CTAs descend from
the cerebral cortex and start to cross the PSP® thnt ventral telencephalon at
around E12, an age when cells from the PSPB siamigjrate along the putative
route of the LCS. It is conceivable that the e®IyAs that have passed the PSPB
could provide a potential scaffold for the laterro@&€TAs as well as TCAs to cross
the PSPB (Figure 1). From E13.5 to E14.5, numef@lAs cross the PSPB and
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enter the ventral telencephalon, but appear togauthe neostriatum for 24-48 hrs
(Bloom et al., 2007). It is speculated that thisiggin the neostriatum provides the
time for CTAs and the corresponding TCAs to forrintate association and match

up with each other (Jacobs et al., 2007).

The spectacular comb-shape pattern of CTAs and T&Athe PSPB appears to
reveal the physical force generated by the vewgtdifiected LCS cells (Figure 2 A).
Perhaps the migratory LCS cells encounter CTAs BBAs on their way towards
the basal telencephalon, and they push CTAs andsTi@Agentially in a dorsal to
ventral direction, which cause CTAs and TCAs todand make a unique curve
specifically along the LCS route (Figure 2 B). Bmx1-Cre/Apc-LoxP conditional
mutants where the descending CTAs are absentstiemding TCAs fail to cross the
PSPB, but follow the LCS cells ventrally towarde thasal telencephalon instead.

This suggests that LCS cells are capable of dirgcliCAs ventrally. It is proposed

Figure 1

LCS

Figurel. Relations between CTAs, TCAs and the LCS. It is conceivable that the
early CTAs that have passed the LCS migratory cells at the PSPB could provide a
potential scaffold for the TCAs to overcome the ventrally-directed force generated by
the LCS cells and cross the PSPB into the cortex.
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Figure 2

Figure 2. The patterns of CTAs and TCAs in relation  to the LCS. (A) The
spectacular comb-shape pattern of CTAs and TCAs at the PSPB appears to
reveal the physical force generated by the ventrally-directed LCS cells. (B)
The migratory LCS cells encounter CTAs and TCAs on their way towards the
basal telencephalon, and they push CTAs and TCAs tangentially in a dorsal
to ventral direction, which cause CTAs and TCAs to bend and make a unique

curve specifically along the LCS route.
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that the generation of LCS is dependent on the bdomain-containing gene Gsh2
and that cell migration along the LCS was largedguced in Gsh2-/- mutants
(Carney et al., 2006). It would be interesting xaraine the growth pattern of TCAs
and CTAs in the Gsh2-/- mutants and see how thesesabehave when there are

less LCS cells blocking their trajectory.

6.3 The angle region of the cerebral cortex has a g rowth promoting
effect on TCAs

It has been proposed that the angle region in thgt mentral region of the pallium
has important functions in TCA navigatidig-Nrgl, the diffusible isoform oNrg1,

is highly expressed in the angle region and is ssiggl to play long-range roles in
attracting TCAs towards the cortex (Lopez-Benditoak, 2006). In brain slice
culture experiments where the angle region wastedhla CAs failed to reach the
cortex. Interestingly, addition of 1g-Nrgl-exprassiCOS cells to the ablated angle
region in the slice cultures rescued the growtlTGAs toward the cortex (Lopez-
Bendito et al., 2006).

In the current studyig-Nrgl is still present in the angle region of thex1-Cre/Apc-

LoxP conditional mutants. Additionally, thalamic caral outgrowth was largely
increased when thalamic explant was cultured with dngle region from both the
control and Emx1-Cre/Apc-LoxP conditional mutants, indicating that the angl
region of both the control and the mutant have ¢gnogromoting effects on TCAs.
Nevertheless, thalamic axons did not particulangwg towards the angle region
explant of either the control &mx1-Cre/Apc-LoxP conditional mutants, consistent
with previous findings where thalamic axons prajggtfrom thalamic explants did
not specifically extend towards the source of IgNexpressing COS cell
aggregates (Lopez-Bendito et al., 2006). Thesdtsesliow that Ig-Nrgl expression
in the angle region can promote the growth of TChst it does not affect the
direction of thalamic axonal outgrowth. Therefoddiéional factors are needed to

direct TCAs into the cerebral cortex, which migbtthe descending CTAs.

163



In conclusion, my data reveal a choice point foiABGt the PSPB. Guidance factors
from the cortex are needed for TCAs to cross thBBR?Svhich are absent in the
Emx1-Cre/Apc-LoxP conditional mutants. TCAs may need the dirmmbtact with

cortical axons and use them as an axonal scafiab@vigate into the cerebral cortex,

in addition to the growth promoting effect fromMNygl (Figure 3).

In the Emx1-Cre/Apc-LoxP conditional mutants, no corticofugal axonsvgrout of
the cerebral cortex, and thalamic axons fail tsssrthe PSPB into the cortex. For
future experiments, induciblEmx1-Cre strategy can be used to deldpe at later
ages, which may allow the outgrowth of a small gapon of cortical efferents and
the arrival of some corresponding thalamocorticélerants in the cortex.
Additionally, there are potential use of other @nes such as subplate specific Cre’s
or Nex1 Cre (active in differentiating neurons) to remaMac from subplate and/or
cortical plate neurons, which may result in therupsion of cortical axonal
outgrowth and subsequently affect the guidancdatmic afferents. In the current
study, the PSPB appears to be a non-permissivedaoyrior TCAs, and guidance
cues are needed for TCAs to cross this territooy.f&ture work, the PSPB may be
removed by using PSPB specific Cre’s sucksga® Cre or in than vitro brain slice
culture experiments, so that the growth patternsodical and thalamic axons can be

examined in the absence of this boundary,
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Figure 3

Pallium

PSPB

Subpallium
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Figure 3. Diagram of the thalamocortical axonal development i n the
Emx1-Cre/Apc-LoxP conditional mutant animal model. In the cerebral
cortex of the conditional mutants, cortical axons are absent and that TCAs
initially navigate into the ventral telencephalon normally but fail to complete
their journey into the cortex. They stop as they approach the PSPB, although
the PSPB doesn’t seem to be affected by the deletion of Apc in the cortex.
Additionally, Ig-Nrgl (Neuregulin-1), the secreted protein that was suggested
to play long-range roles in attracting TCAs towards the cortex, is present in
the ventricular angle of the mutant cortex. This implies that 1g-Nrgl does not
account for the TCA defects in the conditional mutant. It also indicates that
Ig-Nrgl is not sufficient for the extension of TCAs in the conditional mutant,
and that additional factors are needed to guide these axons into the cortex.
The conditional mutant cortex lacks these guidance factors, which might be
the cortical axons. In conclusion, my data reveal a choice point for TCAs at
the PSPB. Guidance factors from the cortex are needed for TCAs to cross
the PSPB, which are absent in the conditional mutant. TCAs may need the
direct contact with cortical axons and use them as an axonal scaffold to
navigate into the cerebral cortex, in addition to the growth promoting effect
from Ig-Nrgl. cx — cortex, th — thalamus, ht — hypothalamus, PSPB-pallial-

subpallial boundary.
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