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Summary

Normal brain functioning in mammals depends on the establishment of speciic,

inely-organised neural networks connecting distant regions during development. In

particular, sensory stimuli processing is supported by projections from the thalamus to

the neocortex. Information from diferent sensory modalities reaches the thalamus

and is here segregated into discrete, specialised nuclei; neurons in each nucleus then

send, through topographically-deined axonal connections, elaborated inputs to cognate

cortical areas.

Our laboratory has previously demonstrated that Semaphorin-6A (Sema6A) exerts

key functions in thalamocortical tract formation. During normal brain development,

thalamocortical axons (TCAs) extend dorso-laterally through the ventral telencephalon

(vTel) to approach the neocortex; axonal navigation in these stages is aided by

guiding cell populations, such as the corridor neurons and the guidepost cells of the

internal capsule (IC). In Sema6A null mice, however, the caudally-directed dorsal

lateral geniculate nucleus (dLGN) axons abnormally extends in the vTel pial surface.

How Sema6A inluences TCA guidance so speciically has yet to be elucidated. Since

interactions between Sema6A, Plexin-A2 (PlxnA2) and Plexin-A4 (PlxnA4) have

been implicated in diverse neurodevelopmental processes, we hypothesised that

PlxnA2/PlxnA4 might also mediate Sema6A’s dLGN axon guidance functions at

subpallial level.

In the irst part of this study, we therefore focused on characterising thalamocortical

tract development in PlxnA2;PlxnA4 double mutants. The analysis of early postnatal

mutant brains, performed through axonal marker-speciic immunostaining and

neuroanatomical tracing techniques, revealed substantial defects in TCA pathinding

which extensively mirrored those observed in Sema6A mutant brains. These indings

supported the hypothesised role of Sema6A–PlxnA2-PlxnA4 interactions in TCA

guidance. Genetic interaction studies employing Sema6A;PlxnA2 and Sema6A;PlxnA4

mutant mice provided more evidence in favour of this model.

In order to understand where and when Sema6A–PlxnA2-PlxnA4 interactions may

be required for proper subpallial TCA guidance, we next analysed the spatiotemporal

dynamics of Sema6A, PlxnA2 and PlxnA4 expression during early stages of TCA

extension in the vTel. We speciically concentrated on characterising expression (i)

in thalamic neurons and ibers, and (ii) within intermediate structures that delineate
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TCA subpallial trajectories, and contain guidepost neural population. mRNA and

protein expression were investigated through in situ hybridisation and double

immunohistochemistry with known markers for TCAs and speciic vTel cell populations.

The data we obtained provided novel information on the presence of these guidance

molecules in speciic mouse forebrain regions from E12.5 to E14.5. Interestingly, we

observed that only Sema6A is present in caudally-projecting thalamic neurons, while

all proteins are expressed in corridor cells and other structures in the developing basal

ganglia.

In light of these and earlier indings, we hypothesised that Sema6A–PlxnA2/PlxnA4

interactions could play a role in spatially organising guidepost cell populations that

direct TCA growth in the vTel. Thus, we examined whether loss of function of our

genes of interest afects the development of corridor and IC guidepost cells. The irst

neurons were investigated through immunohistochemistry for the marker Islet1 at

E12.5–E13.5, while the latter population was analysed (in absence of a speciic marker)

via neuroanatomical tracing. We observed that in PlxnA2;PlxnA4 and Sema6A mutants

some IC guidepost cells are abnormally positioned in correspondence of the ventral

route taken by misprojecting TCAs. Furthermore, we reported additional defects in

basal forebrain patterning and axon guidance in both mutant mouse lines. Overall,

these indings supported our initial speculations on the function of Sema6A, PlxnA2

and PlxnA4 in the spatiotemporal arrangement of TCA guidepost populations in the

mammalian vTel.

In the inal part of this study, we focused on discovering new candidate molecules

involved in vTel TCA guidance either as guidance cues, or as regulators of subpallial

development and patterning. To this aim, we extracted regional gene expression

data from in situ hybridisation experiments collected in the Allen Developmental

Mouse Brain Atlas, which represents a set of ~2000 genes analysed at 7 time-points

throughout development. Cellular localisation of corresponding protein products per

entry was moreover determined using diferent webtools. With this annotated dataset,

we performed an in silico search for genes encoding cell–cell interaction mediators

particularly expressed within subpallial structures during early TCA navigation events.

This bioinformatics approach allowed us to identify several new factors potentially

participating, either directly or indirectly, in TCA guidance at the basal forebrain.
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Chapter 1

General introduction

The human brain can be described as a complex neural network, organised at a

macroscopic scale in a system of anatomical interconnections between spatially

distributed, specialised regions. These structural networks provide the biological

substrate for the dynamic integration of information across functionally distinct brain

areas, thus allowing the performance of higher-order sensory processing, cognitive

functions and complex behaviour (Bressler and Menon, 2010; Bullmore and Sporns,

2009; van den Heuvel and Sporns, 2013). The establishment of speciic, inely organised

neural circuits comprising often distant central nervous system regions, which is for

the most part completed in utero and early postnatally, is therefore essential for normal

brain functioning; indeed, many neurological and psychiatric disorders have been

characterised as potential neurodevelopmental disconnectivity / abnormal connectivity

syndromes (Van Battum et al., 2015), including autism spectrum disorders (Amaral

et al., 2008; Ameis and Catani, 2015; Belmonte et al., 2004; Geschwind and Levitt, 2007;

McFadden and Minshew, 2013; Wass, 2011), schizophrenia (Barch, 2014; Canu et al., 2015;

Fornito and Bullmore, 2015; Friston and Frith, 1995; Karlsgodt et al., 2008; Innocenti

et al., 2003; Pantelis et al., 2003, 2005; Woodward et al., 2012), and attention deicit

hyperactivity disorder (Cao et al., 2014; Konrad and Eickhof, 2010; Qiu et al., 2011).

The events leading to the appropriate wiring of diverse neural populations within

the brain are part of a highly intra- and inter-speciic conserved process, relying on

a dynamic interplay between genetically-deined neurodevelopmental programs and

environmental inputs. The irst step in central nervous system development consists

in the induction of the neural plate and subsequent diferentiation of distinct neuronal

lineages from neural progenitor cells (Jessell and Sanes, 2000), followed by the migration

of post-mitotic immature neurons from their birthplace at the centre of the forming

brain (the ventricular zone) to their inal locations (Marín and Rubenstein, 2003; Sidman

and Rakic, 1973; Valiente and Marín, 2010). Once there, neurons inally begin extending

axons that will connect them to their speciic targets, aided by guidance molecules

localised in the extracellular environment that are detected by the growth cone, a

sensory structure at the axon tip (Figure 1.1A) (Dickson, 2002; Tessier-Lavigne and

1



2 1.1. Molecular mechanisms of axon guidance

Goodman, 1996).

Growing axonal projections in the brain follow remarkably stereotyped pathways

en route to their inal destinations, characterised by numerous changes in direction.

Forebrain connections thus develop in a stepwise manner: as axons progressively

extend, speciic growth instructions are provided by spatial patterns of guidance factors

located at deined ’decision points’ along axonal paths (Braisted et al., 1999). The precise

spatiotemporal distribution of guidance molecules, supported by the development and

proper assembly of intermediate targets, is therefore just as essential as their ultimate

efects on growth cones (Garel and López-Bendito, 2014; López-Bendito et al., 2006;

Marín et al., 2010). While a wealth of knowledge has been gained in the past two decades

on axon guidance molecules and their roles in controlling axonal navigation at the

growth cone, our understanding of the molecular mechanisms underlying the formation

of intermediate targets, guidance cue patterning of the territories that axons navigate,

and the presentation of cues to elongating ibers, is still relatively limited (López-Bendito

et al., 2006; Raper and Mason, 2010).

So far, a number of cellular processes central to forebrain tract formation in this

latter context have been identiied. These include the migration at intermediate points

of “guidepost cells”, i.e. discrete, specialised cell populations that inely orient growth

cones via short-range cues and direct cell–cell contacts (reviewed in Squarzoni et al.,

2015). Interestingly, recent investigations have pointed to a role of guidance factors

also in this process, and have shown how these molecules can thus impact axonal

pathinding in an indirect manner. Hence, the characterisation, relative to intermediate

targets and guidepost cells’ development, of non-cell autonomous functions of axon

guidance proteins will be fundamental to further our understanding of mammalian

forebrain wiring.

1.1 Molecular mechanisms of axon guidance

In the past two decades, experimental approaches combining in vitro tissue culture

biochemical assays, forward genetic screenings and identiication of candidate genes

based on structure and/or expression patterns have led to the discovery of a number of

protein families (known as ’canonical’ axon guidance proteins) showing direct guidance

efects on growth cones (Kolodkin and Tessier-Lavigne, 2011). These axon guidance

proteins can be found in the environment surrounding developing axons as either

gradients of secreted factors, which act as long-range signals from target areas, or as
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membrane-bound cues with short-range, cell-cell interaction-mediated efects.

Guidance proteins can exert either an attractive or repulsive action on extending

axons, i.e. they can steer growth cones either towards or away from a speciic

region of the developing brain; changes in growth cone structure and orientation

are achieved through the activation, upon binding with speciic receptors located

on growth cones’ membranes, of intracellular signalling cascades leading to local

cytoskeletal reorganisation events (Figure 1.1A) (Dent and Gertler, 2003; Dickson, 2002;

Tessier-Lavigne and Goodman, 1996).

1.1.1 Canonical axon guidance protein families

Five families of canonical axon guidance molecules have been identiied so far: Netrins,

Slits, Ephrins, Semaphorins and, more recently, Repulsive guidance molecules (Figure

1.1B).

Netrins have been implicated for instance in midline attraction during formation of

brain commissures; two secreted members have been identiied in the mammalian brain

which can function as attractants or repellents by binding respectively to Deleted in

Colorectal Carcinomas (DCC) and Unc-5 receptors.

Slit proteins are secreted factors which mediate repulsive efects through receptors of

the roundabout (Robo) family, and are best known asmidline repellents (counterbalancing

the action of Netrins) for several axonal tracts during mammalian brain development.

Ephrins, short-range guidance cues with both attractant and repellent actions,

are divided into two subclasses, the GPI-anchored ephrin-As and the transmembrane

ephrin-Bs, and interact respectively with Eph-A and Eph-B receptors; one of their major

roles in CNS development consists in the topographic mapping of retinotectal and

retinothalamic projections in vertebrates.

Semaphorins, a large, phylogenetically conserved protein family including both

secreted and transmembrane attractants and repellents, have been shown to participate

in a variety of long-range and short-range axon guidance events (e.g. determine correct

pathinding of motor and sensory neuron projections through ’surround repulsion’) via

signalling mediated by members of the Plexin and Neuropilin families.

Finally, Repulsive Guidance Molecules, glycosylphosphatidylinositol (GPI)-anchored

repellents recognised by the Neogenin receptor, have been involved in axon guidance of

connectivity systems such as the retinotectal projections (Chilton, 2006; Dickson, 2002;

Kolodkin and Tessier-Lavigne, 2011; Pasterkamp, 2012; Van Battum et al., 2015).
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Figure 1.1: General mechanisms of growth cone guidance and canonical axon guidance
molecules. (A) During embryonic development, axons are guided along topographically-deined
pathways by proteins in the extracellular environment. Receptor proteins at the cell surface of
the growth cone bind to the guidance cues, activating signalling cascades which ultimately result
in local cytoskeletal reorganisation events. Axon guidance factors can act as attractants (green,
+) or repellents (red, –); they can either be secreted by target tissues and form gradients in the
extracellular matrix, thus exerting long-range efects on growth cones (chemoattraction versus
chemorepulsion), or be expressed as membrane-bound proteins with short-range efects (contact
attraction versus contact repulsion). (C) Canonical axon guidance protein families identiied thus
far (top) and their speciic growth cone receptors/coreceptors (bottom). RGM: repulsive guidance
molecules. (Adapted from Kolodkin and Tessier-Lavigne, 2011 and Van Battum et al., 2015.)
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1.1.2 Cell-adhesion molecules of the Immunoglobulin and

cadherin superfamilies

A role in axon guidance for cell-adhesion molecules (CAMs) of the immunoglobulin

(Ig) or cadherin superfamilies was hypothesised long before the characterisation of

canonical guidance cues, since homophilic adhesion of the Ig superfamily CAM Fasciclin

II was reported to inluence axon fasciculation and pathinding in the Drosophila

developing nervous system (Kolodkin and Tessier-Lavigne, 2011). However, more recent

experimental evidence has highlighted how these proteins can have additional functions

by forming heterophilic complexes and acting as co-receptors for other classes of

guidance proteins, as in the case of the L1 subfamily of neural Ig CAMs.

The L1 Ig CAMs subfamily, consisting of four members (L1 CAM (L1), neurofascin,

neuronal CAM (NrCAM), and close homolog of L1 (CHL1)), has been shown to

intervene in multiple wiring processes in the developing mammalian brain. For instance,

L1-deicient mice present guidance defects in the corticospinal tract, the retinocollicular

projections, the callosal commissure and the reciprocal connections between thalamus

and cortex, while abolishing CHL1 function afects fasciculation and/or pathinding

of hippocampal mossy ibers, olfactory axons, and somatosensory thalamocortical

projections.

Efects of these two Ig CAMs on selective fasciculation and axon guidance have been

proposed to depend on their interactions with Semaphorin or Ephrin receptor proteins.

Both L1 and CHL1 have been demonstrated to interact in cis with Neuropilin-1 (Nrp1),

a component of the Semaphorin-3A (Sema3A) receptor complex, and in case of L1 to

mediate Sema3A-induced repulsion or, by trans binding of L1 to cis-interacting L1–Npn1,

to convert Sema3A’s repulsive signal into an attractive one. Moreover, both Ig CAMs

have been shown to bind to Eph-A receptors and participate in growth cone repellent

responses to EphrinA5, and the disruption of these interactions has been hypothesised to

underlie the defects in motor thalamocortical axon guidance observed in L1/Chl1 double

knockout mice (Demyanenko et al., 2011b; Maness and Schachner, 2007; Pollerberg et al.,

2013; Wright et al., 2007).

Similarly to L1, NrCAM can associate with with Neuropilin-2, which functions as

a co-receptor for Semaphorin-3B (Sema3B) and Semaphorin-3F (Sema3F), and is able

to mediate repellent actions of Sema3B/3F or convert them in attraction. These types

of association have been implicated in the development of the anterior commissure,

and in motor and somatosensory thalamic axons pathinding en route to the cortex.
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In addition, NrCAM participates in guidance of retinal ibers at the optic chiasm by

modulating Semaphorin-6D–Plexin-A1 signalling (Demyanenko et al., 2011a; Kuwajima

et al., 2012; Maness and Schachner, 2007; Pollerberg et al., 2013; Sakurai, 2012).

Cadherins, a family of transmembrane glycoproteins mediating Ca2+-dependent

homophilic cell–cell adhesion, are another superfamily of CAMs with known roles

in the establishment of central nervous system connectivity in vertebrates. This

superfamily is organised in two major groups, namely the classic cadherins and the

protocadherins. Evidence indicates that classic cadherins, i.e. cadherins presenting a

highly conserved cytoplasmic region that associates with catenins (and thus with the

actin-based cytoskeleton) such as R-cadherin and N-cadherin, direct axonal growth

during retinotectal, tectofugal, commissural and aferent sensory ibers pathinding

through homotypic axon-substrate or axon-axon guidance mechanism (see section 1.2)

(Ranscht, 2000; Hirano et al., 2003; Hirano and Takeichi, 2012).

As for protocadherins (Pcdhs), which in mammals represent about 50 proteins

with a high variety of intracellular domains, diverse functions in brain wiring have

been identiied for several subfamily members especially in recent years. According to

their genomic organisation, Pcdhs are divided into “clustered” and “non-clustered”.

Within the latter group, OL-protocadherin (protocadherin 10) and the Drosophila

Flamingo orthologues Celsr 2–3 (discussed in more detail in section 1.1.3) have

been shown to play a role in thalamocortical and corticofugal axon pathinding by

participating in the organisation of intermediate guidance targets (see section 1.3)

during mammalian subpallial development (Chai et al., 2015; Qu et al., 2014; Uemura

et al., 2007). Additionally, NF-protocadherin-mediated cell–cell adhesion has been

implicated in Semaphorin-3A- and Netrin-1-induced guidance of Xenopus retinotectal

projections (Leung et al., 2013, 2015).

1.1.3 Morphogens and growth factors

In addition to canonical guidance cues and cell-adhesion molecules, a variety of protein

families initially investigated in relation to other neurodevelopmental processes have

also been demonstrated, in the past decade, to have speciic roles in nervous system

wiring. For instance, morphogens of the Hedgehog, Wnt and transforming growth

factor β (TGFβ)/bone morphogenetic protein (BMP) families, implicated in cell fate

determination, planar cell polarity and patterning of the developing brain, can direct

spatial navigation of growth cones through the activation of non-canonical signalling

pathways (for details see the review of Yam and Charron, 2013); in addition, some
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BMPs and Wnts can also inluence axon growth, while Shh is able to modulate axonal

responses to other guidance cues (Charron and Tessier-Lavigne, 2005; Chilton, 2006;

Kolodkin and Tessier-Lavigne, 2011; Tissir and Goinet, 2013; Yam and Charron, 2013).

In mammalian brain development, Sonic hedgehog (Shh) has been shown to control

commissural, retinal ganglion cell (RGC), and midbrain dopaminergic axon guidance,

providing both attractive and repulsive signals on extending axonal projections in a

context-dependent manner. Guidance roles have been identiied for several Wnts in

the pathinding of the corticospinal tract, post-crossing callosal axons, post-crossing

commissural projections in the spinal cord, and midbrain dopaminergic and serotonergic

axons; moreover, Wnt3 is known to speciiy medial-lateral retinotectal topographic

mapping in combination with members of the Ephrin/Eph receptors family, and recent

evidence suggests that the canonical β-catenin-dependent Wnt signalling pathway is

also involved in post-crossing commissural axon guidance (Avilés and Stoeckli, 2015).

Finally, BMPs have been implicated in the repulsion of commissural axons away from

the roof plate during spinal cord development.

Morphogens of the Wnt family can function in the control of axon guidance through

diverse intracellular signalling pathways, including the planar cell polarity (PCP)

pathway (Tissir and Goinet, 2013). Genetic manipulations in mice have started to

elucidate the guidance functions of many individual core PCP proteins, such as the G

protein-coupled receptor Frizzled 3 (Fzd3), the murine Flamingo orthologues Celsr1–3

(cadherin EGF LAG seven-pass G-type receptor 1–3) and Vangl2 (Van Gogh-like protein

2). Evidence accumulated so far indicates that Fzd3 and Celsr2/3 are required in a

Vangl-independent manner for proper formation and guidance of multiple forebrain

tracts, such as thalamocortical, corticothalamic, anterior commissure and corticospinal

axon bundles, while Vangl2 participates with Fzd3 and Celsr3 in the anterior–posterior

organization of monoaminergic axons in the brainstem and for the rostral turning of

post-crossing commissural axons in the spinal cord. Furthermore, Celsr3 and Fzd3 play

axon pathinding roles in the peripheral, sympathetic and enteric nervous systems (Chai

et al., 2015; Morello et al., 2015; Tissir and Goinet, 2013).

Recently, it has been proposed that Linx, a leucine-rich repeat and immunoglobulin

(LIG) family transmembrane protein that binds to the receptor tyrosine kinase Ret to

modulate axonal growth and guidance, might interact with Fzd3 and Celsr3 during

nervous system development. Linx knockout mutants in fact present defects in

thalamocortical, corticofugal and peripheral motor axon pathinding reminescent

of those observed in Fzd3 and Celsr3 deicient mice, and Linx, Celsr3 and Fzd3
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co-immunoprecipitate with Ret in transfected cells (Chai et al., 2015; Mandai et al., 2009,

2014).

A variety of growth factors have also been implicated in the attraction of speciic

axonal subsets in vertebrates’ developing peripheral and central nervous systems. These

include hepatocyte growth factor, ibroblast growth factors, glial-derived neurotrophic

factor for discrete populations of motor axons (Ebens et al., 1996; Kramer et al.,

2006; Shirasaki et al., 2006), the neurotrophins brain-derived neurotrophic factor and

neurotrophin-3 for sensory axons (O’Connor and Tessier-Lavigne, 1999), neuregulin for

thalamocortical axons (López-Bendito et al., 2006), and stem cell factor for post-crossing

commissural axons (Gore et al., 2008).

1.2 Classic and novel mechanisms of forebrain wiring:

the thalamocortical model

Central processing of peripheral sensory inputs is dependent on the formation of

projections from the thalamus, the brain’s main sensory relay and integration center, to

the cortex. Information from diferent sensory modalities is segregated at the thalamic

level into discrete, specialized nuclei, the neurons of which extend their axons following

highly topographically-organised pathways to connect with their cognate cortical areas.

The assembly of neural networks between the cortex and the thalamus is a

complex stepwise process, in which axonal sorting is aided by the presence of

guidance molecules patterns, cytoarchitecturally-deined permissive pathways, and

guidepost cell populations at multiple guidance ’decision points’, and at later stages by

interactions between thalamic and cortical projections. The thalamocortical system

therefore constitutes a unique model for understanding the molecular basis of the

various mechanisms involved in the establishment of topographically-arranged neural

connections.

In the mouse, the principal animal model employed in the study the of mammalian

central nervous system development, thalamocortical axons (TCAs) from the dorsal

thalamus (dTh) irst extend ventrally into the prethalamus, then make a sharp turn at

the diencephalic-telencephalic boundary (DTB) and proceed in a dorso-lateral direction

through the ventral telencephalon (vTel) to reach the pallial-subpallial boundary (PSPB).

As TCAs travel within the subpallium, they diverge along the rostro-caudal axis

according to the position of their inal cortical targets: thus, motor thalamic axons from
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the ventral lateral (VL) and the ventral anterior (VA) nuclei, somatosensory thalamic

axons from the ventrobasal complex (VB), and visual thalamic axons from the dorsal

lateral geniculate nucleus (dLGN) respectively elongate rostrally towards the primary

motor cortex (M1), intermedially towards the primary somatosensory cortex (S1),

and caudally towards the primary visual cortex (V1) (Garel and López-Bendito, 2014;

López-Bendito and Molnár, 2003; Molnár et al., 2012; Price et al., 2006) (Figure 1.2).

Navigation of axons in these early stages, taking place between embryonic day (E) 11–15

(Auladell et al., 2000; Molnár et al., 2012), has been demonstrated to rely on the presence

of intermediate vTel targets and guiding cell populations (Garel and Rubenstein, 2004;

Garel and López-Bendito, 2014; Leyva-Díaz and López-Bendito, 2013; Molnár et al., 2012;

Vanderhaeghen and Polleux, 2004), such as the corridor cells and the guidepost cells

found in the internal capsule (IC), a major telencephalic axonal bundle containing all

reciprocal connections between cortical and subcortical structures (Figure 1.2a).

By approximately E15, all TCAs have approached the PSPB: in this region, thalamic

projections make their irst contact with pioneer corticothalamic axons (CTAs), which

after crossing the PSPB between E13.5 and E14.5 have halted their progression in the

lateral subpallium. Recent evidence indicates that descending pioneer corticofugal

axons are required for proper guidance of TCAs across the PSPB and into the pallium

(in accordance with the ’handshake’ hypothesis formulated more than 20 years ago

(Blakemore and Molnar, 1990)), and at the same time TCAs are needed for CTAs to

extend in the subpallium, into the IC (Chen et al., 2012; Deck et al., 2013; Garel and

López-Bendito, 2014; Leyva-Díaz and López-Bendito, 2013).

Once in the pallium, thalamic ibers enter the neocortex through the intermediate

zone; as they reach their cognate cortical regions before their ultimate target neurons are

born (around E16), they pause at the cortical subplate for 2 or 3 days before extending

branches into the cortical plate and forming synapses in the appropriate cortical layers

(Garel and López-Bendito, 2014; Leyva-Díaz and López-Bendito, 2013; López-Bendito and

Molnár, 2003).

1.2.1 The subpallium as an intermediate target for developing

TCAs

The inal topography of thalamocortical projections has been shown to largely depend

on positional information intrinsic to the neocortex (Dufour et al., 2003; Garel and

López-Bendito, 2014; Leyva-Díaz and López-Bendito, 2013; Shimogori and Grove, 2005).
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Figure 1.2: Schematic representation of TCAs early development, their interactions with vTel
populations directing their navigation, and their trajectories from thalamus to cortex.
(a) LGE-derived neurons (blue) migrate in the MGE around E12, when TCAs (red) are still
extending in the prethalamus (ventral thalamus). These neurons form a permissive corridor for
TCA growth, which enables them to navigate subpallial regions through the internal capsule.
Corridor expression of the chemoattractant Neuregulin-1 contributes to TCA guidance in this
region, which is otherwise non-permissive to thalamic projections. Neurons located in the
internal capsule (gray) project into the dorsal thalamus around E13 and act as guidepost cells,
hypothetically by providing an axonal scafold, for TCAs crossing the DTB towards the vTel.
(b) Diagram of a horizontal E18.5 mouse brain section showing the topographic organization of
TCA bundles in relation to the rostro-caudal distribution of their cortical targets. Dorsal thalamic
nuclei project to distinct cortical areas: the dorsal lateral geniculate nucleus (dLGN) projects to the
primary visual cortex (blue), the ventrobasal complex (VB) to the primary somatosensory cortex
(green), and the ventrolateral nucleus (VL) to the primary motor cortex (orange). TCAs targeting
diferent rostro-caudal levels of the neocortex (Ncx) segregate in the internal capsule region and
follow distinct trajectories within the striatum (ST). (Adapted from Hanashima et al., 2006 and
Garel and Rubenstein, 2004.)
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However, the analysis of mutant mice with speciic pallial or subpallial development,

patterning, and local gene expression defects has revealed that the precise trajectories

followed by TCAs are the result of progressive axonal sorting processes driven by cues

present at intermediate targets. Indeed, while the genetic manipulation of cortical

patterning factors (e.g. FGF8) disrupts proper TCA targeting and arealisation in the

neocortex, these efects are observed without concomitant aberrancies in the subcortical

routes taken by thalamic ibers (Shimogori and Grove, 2005). One of these intermediate

targets has been identiied in the vTel/subpallium: in this region, guidance events are not

only essential for the extension of TCAs across the DTB, but also required to establish

the initial topological organisation of TCAs.

The precise mechanisms underlying TCAs pathinding at subpallial level are not yet

completely understood, but graded, combinatorial expression of attractant and repulsive

guidance cues in speciic vTel regions (e.g. ephrin-As, Netrin-1, Semaphorin-3 proteins,

Slit1/2), for which receptors are similarly expressed in dorsal thalamic axons (e.g. EphAs,

DCC and Unc5a-c, Neuropilins and Plexins, Robo1/2), have been shown to contribute to

TCA sorting at subcortical decision points. Moreover, two cell populations of subpallial

origins, the corridor cells and the IC guidepost cells, have been implicated in the formation

of permissive pathways for TCA extension across the DTB and into the striatum, and in

the correct positioning of distinct thalamic iber subtypes within the subpallium (Garel

and Rubenstein, 2004; Garel and López-Bendito, 2014; Leyva-Díaz and López-Bendito,

2013; Molnár et al., 2012; Vanderhaeghen and Polleux, 2004).

1.2.1.1 Early guidance of TCAs at the DTB: the IC guidepost cells

While the molecular mechanisms that direct growing axons irst from the thalamus into

the prethalamus, and subsequently across the DTB and into the vTel are still rudimentally

characterised, research in this ield has provided some insight into the cellular guidance

processes involved in early TCA development. Using axonal tracers from the dTh in order

to analyse the neuroanatomical features of the developing thalamocortical tract, studies

in rodent embryonic models have identiied two sets of projections, one prethalamic and

one from the vTel, that intermingle with thalamic axons and appear to drive their growth

ventrally towards the DTB and then laterally to the subpallium, respectively (Braisted

et al., 1999; Métin and Godement, 1996; Mitrofanis and Guillery, 1993; Molnár et al., 1998;

Molnár and Cordery, 1999; Tuttle et al., 1999).

Projections from the vTel arise from neurons surrounding the putative IC region

(hence the term “IC guidepost cells” used to describe them) in correspondence of the
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irst TCAs crossing the DTB (around E12.5) (Figure 1.2a); the timing and the type of

association between thalamic and subpallial processes are thus consistent with the idea

that IC guidepost cells may provide an axonal scafold necessary to direct TCAs across

the DTB and into the telencephalon (Braisted et al., 1999; Métin and Godement, 1996;

Molnár et al., 2012; Tuttle et al., 1999). Indeed, in mutant mice that determine the loss of

this neural population TCAs fail to extend into the vTel (Jia et al., 2014; Pratt et al., 2002;

Tuttle et al., 1999), while a decrease in number or a misplacement of guidepost cells has

been linked to guidance errors at the DTB, with subpopulations of TCAs often following

aberrant pathways into ventral subpallial areas (Bishop et al., 2003; Lakhina et al., 2007;

López-Bendito et al., 2002; Tuttle et al., 1999; Uemura et al., 2007).

1.2.1.2 Corridor cells in the formation of a permissive, spatially instructive

subpallial pathway for TCAs

Corridor cells are a subpopulation of GABA-ergic neurons that tangentially migrates from

the mantle region of the lateral ganglionic eminence (LGE) into the medial ganglionic

eminence (MGE) from E11.5 to E14 (Figure 1.2a). In the MGE, these neurons form a

corridor-like structure, located between the MGE’s ventricular/subventricular zones and

the globus pallidus, which is characterised by the expression of LGE-derived neuronal

markers like Islet1, Ebf1 and Meis2 (the surrounding MGE-derived populations express

instead molecular markers such as Nkx2.1).

Corridor cells have been demonstrated to constitute a permissive substrate for TCA

growth, in contrast to non-permissive MGE-derived cellular territories, that delineate an

essential path for TCA extension into the subpallium. From a molecular perspective,

corridor permissiveness was shown to be at least partially determined by the expression

of a membrane-bound isoform of Neuregulin1 (Nrg1), which acts as a short-range

attractant for the Nrg1 receptor ErbB4-expressing TCAs (López-Bendito et al., 2006). As

in the case of guidepost cells, mice mutation in which corridor formation is abolished,

partially disrupted or disorganised all show defects in TCA guidance at subpallial

level, ranging from an almost complete lack of axonal growth into the vTel to partial

stalling or misrouting events on the way to the pallium (Garel et al., 2002; Jia et al.,

2014; Lokmane et al., 2013; López-Bendito et al., 2006; Magnani et al., 2015; Mandai

et al., 2014; Morello et al., 2015; Simpson et al., 2009; Uemura et al., 2007). Corridor cells

therefore reveal a contingency of axonal pathinding to neural migration processes in

the thalamocortical system, the molecular basis of which has yet to be fully elucidated.

More recently, corridor cells have also been implicated in the formation of the



1.2. Classic and novel mechanisms of forebrain wiring: the thalamocortical model 13

fan-shaped rostro-caudal arrangement of TCAs observed within the subpallium. In

fact, it has been shown that the corridor contributes to striatal topographic navigation

by initiating, through the expression of guidance cues also found in the striatum, the

oriented segregation of thalamic ibers at the level of the IC (see next section).

1.2.1.3 Molecular mechanisms of TCA subpallial guidance

In parallel with the identiication of structures controlling TCA pathinding through the

vTel, the study of several mutant mouse lines has led to the discovery of some of the

molecular mechanisms underlying subpallial guidance events. A number of gradients of

classical guidance cues have been observed in the striatum, and indeed mice carrying

mutations for these factors have demonstrated a fundamental role for many of these

proteins in TCA navigation (Figure 1.3).

One of the irst family of known guidance factors that was implicated in guidance at

the vTel is that of Ephrins and their receptors. Ephrin-A5 is expressed in a caudal-high to

rostral-low gradient in the subpallium and, in a complementary fashion, EphA receptors

EphA4 and EphA7 are expressed in a rostromedial-high to caudolateral-low gradient in

the dTh (Dufour et al., 2003; Egea et al., 2005; Torii and Levitt, 2005). In mice deicient

in EphA4, EphA7, or both Ephrin-A5 and EphA4, TCAs originating from putative

motor thalamic nuclei were shown to follow a caudally-shifted pathway, leading to

their misprojection to S1 (Dufour et al., 2003, 2006); combined with in vitro evidence

indicating an EphA-dependent repellent action of Ephrin-A5 on TCAs (Vanderhaeghen

and Polleux, 2004), these indings led to the conclusion that Ephrin-A5 prevents the

invasion of intermediate cortical domains by rostral thalamic ibers.

Another canonical guidance cue, Netrin-1, was found to play a similar, but opposite

role on TCA pathinding in relation to Ephrin-A5. Netrin-1 expressed in the subpallium

forms a rostral-high to caudal-low gradient, and the protein was observed to play a dual

role in attracting rostral TCAs and repelling caudal TCAs (Bonnin et al., 2007; Braisted

et al., 2000; Powell et al., 2008). These contrasting efects were demonstrated to depend on

diferent expression levels of DCC and Unc5a-c on TCAs, and were furthermore shown

to be modulated by serotonin (5-HT) (Bonnin et al., 2007; Powell et al., 2008).

In addition to these families of axon guidance proteins, several Ig CAMs (L1, CHL1 and

NrCAM), in cooperation with Npn-1 and Npn-2, have been shown to participate in vTel

TCA pathinding by mediating repellent responses to subpallial caudal-high Sema3A/3F

and ephrin-A5 gradients (see section 1.1.2) (Bagnard et al., 1998; Demyanenko et al.,

2011b,a; Gu et al., 2003; Maness and Schachner, 2007; Wright et al., 2007). Indeed, in
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mice mutant for CHL1 or Npn-1, somatosensory TCAs show a caudal shift within the

subpallium, resulting in their mistargeting to the V1 (Gu et al., 2003; Wright et al., 2007).

Moreover, the combined genetic deletion of L1 andCHL1 results in amore severe shift that

involves projections from both rostral and intermediate thalamic nuclei (Demyanenko

et al., 2011b); a similar caudal misprojection of motor and somatosensory TCAs can be

observed in NrCAM or Npn-2 null mice (Demyanenko et al., 2011a).

As mentioned before, the topographical organisation of TCAs in the subpallium is

dependent on guidance processes that are already active in the corridor, where thalamic

ibers are pre-sorted along the rostro-caudal axis as they extend towards the striatum.

The corridor domain is characterised by the expression of Ephrin-A5, Sema3A/3F and

Netrin-1 in gradients matching those observed in striatal regions, suggesting a possible

redundant function of these cues in diferent subpallial areas.

Besides these guidance factors, corridor cells also express Slit1 in a caudal-low to

rostral-highmanner. This Slit1 gradient was found to have a dual role in TCA pathinding:

to prevent somatosensory axons invasion of rostral cortical areas by exerting a repulsive

activity, and additionally modulate Netrin-1 responsiveness in rostral TCAs to enable

attraction toward rostral cortical areas (Bielle et al., 2011b,a).

1.3 Class 6 Semaphorin–Plexin signalling in

thalamocortical axon guidance

So far, no speciic guidance mechanisms have been identiied in the guidance of axons

from each distinct thalamic nucleus. As indicated by indings that have been here

reviewed, matching of thalamic axons with appropriate cortical areas appears to emerge

from the combinatorial action of several guidance factors and their receptors, expressed

in complementary gradients within the dTH and the intermediate targets delineating

axonal paths to the neocortex. However, previous studies performed by the Mitchell lab

have demonstrated a key role of Semaphorin-6A (Sema6A), a member of the Semaphorin

protein family involved in axon guidance, in the subpallial pathinding of the visual

subset of thalamocortical connections (Little et al., 2009).

1.3.1 The Semaphorins

The Semaphorins are one of the largest protein family of guidance cues, with 20

members identiied so far in higher vertebrates, ive in invertebrates and two in DNA
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Figure 1.3: Molecular determinants of TCA guidance in the subpallium. Upper right inset:
Diagram of multiple axonal tracers inserted in the neocortex along the rostro-caudal axis showing
the arrangement of backlabeled neurons within the dTh. The schematic panels indicate the
appropriate sections with labeling. Part of the right hemisphere is enlarged to depict some of
the molecules involved in the guidance of each TCA subset across the thalamic eminence, the
Islet1-expressing corridor and the subpallium towards target cortical regions.
The combinatorial, graded expression of attractant and repulsive guidance cues (e.g.
ephrin-As, Netrin-1, Semaphorin-3 proteins, Slit1/2) in speciic vTel domains, for which
receptors, co-receptors and signalling modulators (e.g. EphAs, DCC–Unc5a-c–5-HT,
Neuropilins–Plexins–L1-CAMs, Robo1/2) are expressed in a similar fashion in dorsal thalamic
axons, has been proposed to contribute to TCA pathinding at subcortical choice points.
Expression of Neuregulin-1 in the corridor region provides a permissive signal for ErbB4+ TCA
growth into the vTel. The inal positioning of TCAs within the neocortex is partially regulated
by subplate and cortical plate intrinsic cues, such as Fgf8, Sp8, COUPTF1, Pax6 and Emx2. (Taken
from Molnár et al., 2012.)
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viruses (Pasterkamp, 2012; Yazdani and Terman, 2006; Yoshida, 2012) (Figure 1.4). This

highly phylogenetically conserved group comprises secreted, type I transmembrane and

GPI-anchored proteins all characterised by a signature N-terminal “Sema” domain of

approximately 500 amino acids. The Sema domain, characterised by a set of cysteine

residues that form intrasubunit disulide bonds, is essential for the association of

Semaphorins with their speciic signalling receptors of the Plexin family. In addition, all

Semaphorins, except for those virally encoded, present another cysteine-rich motif, the

plexin-semaphorin-integrin (PSI) domain, situated at the C-terminal side of the Sema

domain; other characteristic protein domains include immunoglobulin-like (Ig), type-1

thrombospondin (TSP), and basic C-terminal sequence motifs (Figure 1.5). On the basis

of phylogenetic analysis and structural/sequence similarities, Semaphorins have been

divided into eight distinct classes, ive of which (classes 3 to 7) represent proteins found

in vertebrates (Gherardi et al., 2004; Pasterkamp and Giger, 2009; Yazdani and Terman,

2006; Yoshida, 2012).

Although Semaphorins were originally identiied as growth-cone collapsing factors

involved in repulsive axon guidance (Pasterkamp and Giger, 2009; Pasterkamp, 2012;

Yoshida, 2012), it is now known that these proteins can also act as attractant cues, and

that their functions extend beyond axon pathinding to diverse processes relevant to

nervous system development, neural regeneration, immunoregulation, angiogenesis,

organogenesis, tumor progression, and the etiology of several pathological conditions

(Jongbloets and Pasterkamp, 2014; Pasterkamp, 2012; Roth et al., 2009; Yazdani and

Terman, 2006).

1.3.2 Semaphorin binding partners in the nervous system

In both vertebrates and invertebrates, Semaphorins signal predominantly through

receptor proteins of the Plexin family. Plexins are a large, phylogenetically conserved

group of transmembrane proteins distantly related to Semaphorins; members of this

family contain a divergent extracellular Sema domain and a conserved GTPase-activating

protein (GAP) -like cytoplasmic domain, named sex-plexin (SP), unique to these

receptors (Figure 1.5). Plexins include nine diferent proteins in higher vertebrates,

which are subdivided into four classes (A–D), and two members in invertebrates (Figure

1.4A).

While many Semaphorins can bind Plexins directly, by associating to their Sema-like

domain, several secreted vertebrate Semaphorins (except Semaphorin-3E) require

binding with the transmembrane co-receptors Neuropilin-1 or Neuropilin-2 to assemble
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Figure 1.4: Semaphorin and their receptors. The Semaphorin protein family consists of more than
20 members that have been categorised, based on phylogenetic analysis and structural/sequence
similarities, into eight classes. The irst two classes (Sema-1/2), with the addition of Sema-5c,
comprise invertebrate Semaphorins, while classes 3–7 represent vertebrate Semaphorins. Class V
includes Semaphorins found in a few non-neurotrophic DNA viruses. Semaphorins can either be
secreted (as in the case of class 2, 3, and V) or remain associated to the membrane as single-pass
transmembrane (class 1, 4, 5, 6) or GPI-anchored (class 7) proteins.
In neurons, Semaphorin signalling is mostly mediated by Plexins. Nine members have been
identiied in vertebrates (PLXNA1–A4, PLXNB1–B3, PLXNC1, PLXND1) and two in invertebrates
(plexin A (PlexA), plexin B (PlexB)) for this protein family. Sema-1s and -2s associate
respectively to PlexA and PlexB, which can form heteromultimeric receptor complexes. Neuronal
Semaphorins bind to Plexins and often other co-receptor/modulatory subunits (e.g. of-track
(OTK) co-receptors, vascular endothelial growth factor receptor 2 (VEGFR2), chondroitin sulphate
proteoglycans (CSPGs), heparan sulphate proteoglycans (HSPG)) to form active holoreceptor
complexes.
In vertebrates, SEMA5s/SEMA6s and SEMA4s can respectively interact with PLXNAs and PLXNBs
to directly initiate signalling, while SEMA3s, with the exception of SEMA3E, also require
Neuropilins (NRP1, NRP2) to do so. Some SEMA3s might also initiate signalling independently
from Plexins, by associating with Ig-CAMs. SEMA7A holoreceptor complexes are formed by
integrins and PLXNC1, which is also a binding partner for SEMAV. Some membrane-spanning
Semaphorins, including SEMA6s and Sema-1a, are also able to function as receptors for PLXNAs
or, in invertebrates, for other Semaphorins. In addition, SEMA6s and PLXNAs can negatively
inluence each other via inhibitory interactions in cis. (Taken from Pasterkamp, 2012.)
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Figure 1.5: Structure and domains of vertebrate Semaphorins and Plexins. The diagram shows the
schematic structure of ive classes (3–7) representing vertebrate Semaphorins, and their respective
Plexin and Neuropilins binding partners, which constitute the major holoreceptor complexes
required for Semaphorin-mediated responses in neurons. The key deines distinct molecular
domains found in these proteins. (Taken from Kolodkin and Tessier-Lavigne, 2011.)
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and activate a Neuropilin-Plexin holoreceptor complex (Pasterkamp and Giger, 2009;

Tamagnone et al., 1999; Tran et al., 2007). In addition to these ligand-binding subunits,

many other molecules have been shown to participate in the formation of Plexin-based

holoreceptor complexes, such as Ig CAMs of the L1 subfamily previously discussed, and

to modulate intracellular Semaphorin signalling (Jongbloets and Pasterkamp, 2014; Tran

et al., 2007; Zhou et al., 2008b); this versatility contributes in a fundamental way to the

pleiotropic roles of Semaphorins in development and disease.

1.3.3 A role for Semaphorin6A–PlexinAs interactions in TCA

subpallial guidance

In Sema6A null mice, all dLGN axons can be observed to abnormally extend outside the

IC and into more ventral areas of the vTel, while projections from other thalamic nuclei

develop normally (Leighton et al., 2001; Little et al., 2009; Rünker et al., 2011) (Figure

1.6). This results in an invasion of the presumptive visual cortex by somatosensory TCAs

at embryonic stages that persists until early postnatal days. A few days after birth, an

overall normal pattern of thalamocortical connectivity is in fact re-established by dLGN

axons navigating to the primary visual cortex via alternative routes, and outcompeting

VB-originated axons.

The exact mechanism by which Sema6A inluences TCA guidance in such a speciic

manner has yet to be elucidated. Plexin-A2 (PlxnA2) and Plexin-A4 (PlxnA4) have been

identiied as Sema6A binding partners in the central nervous system, and experimental

evidence indicates that interactions between Sema6A and PlxnA2/A4 control several

fundamental processes in the establishment of neural circuits, such as axon guidance

(Faulkner et al., 2008; Rünker et al., 2008), axonal growth (Suto et al., 2005), laminar

connectivity formation (Matsuoka et al., 2011; Suto et al., 2007), neural cell migration

(Bron et al., 2007; Renaud et al., 2008), and dendritogenesis (Zhuang et al., 2009).

Sema6A typically acts as a ligand for PlxnA2 and PlxnA4 in the brain, but it is known

to be capable of both forward and reverse signalling with the two Plexin protein family

members (Sun et al., 2015); moreover, the efects of Sema6A–PlexinAs binding are highly

context-dependent, and have been shown to be modulated by association between these

proteins in cis (see Chapter 3) .
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Figure 1.6: Abnormal ventral pathways followed by TCAs crossing the DTB in Sema6Amutants.
Anterograde labelling with the carbocyanine tracer DiI from the dorsal thalamus (dTH) as well
as immunostaining for neuroilament (a non-speciic marker for TCAs) show the presence of two
TCA bundles misprojecting into the vTel of E17.5 mutant mouse brains, one in the external capsule
(illed arrowhead) and another in the pial surface of the vTel (empty arrowhead). A schematic
diagram of normal and aberrant TCAs trajectories at embryonic stages is presented in the right
panel. (Adapted from Little et al., 2009.)

1.4 Research hypotheses and aims

In the body of experimental work here presented, we irst focused on the characterisation

of the PlxnA2;PlxnA4 double mutants, based on previous indings on Sema6A mutants

obtained by the Mitchell lab. By the use of immunohistochemical and neuroanatomical

tracing techniques, we were able to conirm and describe in detail substantial defects in

TCA pathinding, which extensively mirror those observed in Sema6A mutants.

In order to understand where and when Sema6A–PlxnA2-PlxnA4 interactions are

required for correct TCA guidance in subcortical regions of the developing murine brain,

we additionally aimed at unravelling the spatiotemporal dynamics of Sema6A, PlxnA2

and PlxnA4 expression during early stages of TCA extension. Based on the characteristics

of TCA pathinding errors displayed by PlxnA2;PlxnA4 and Sema6Amutants, we directed

our attention to expression patterns in thalamic neurons, their projections, and known

intermediate TCA guidance structures during axonal navigation across the subpallium.

Therefore, we employed in situ hybridisation and immunohistochemistry methods to

analyse mRNA and protein expression for our genes of interest, in combination with

known molecular markers for speciic vTel cell populations, in wild-type but also mutant

specimens. Our data has conirmed previous indings from in situ experiments at E14.5,

and has provided novel information on the localisation of these guidance molecules in
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distinct thalamic nuclei, in diferent subsets of TCAs, in structures directly involved in

TCA guidance (such as the corridor) and in other subpallial domains, from E12.5 to E14.5.

Interestingly, we have found that Sema6A, PlxnA2 and PlxnA4 have very speciic, often

overlapping as well as complementary mRNA/protein expression patterns. This was

particularly evident in thalamic neurons and ibers, where Sema6A and the two Plexins

mostly present in diferent nuclei, and at the level of the corridor and other structures in

the developing basal ganglia, where all proteins are expressed.

In light of these and earlier indings, we hypothesised that Sema6A–PlxnA2/PlxnA4

interactions could play a role in the early development of intermediate targets in TCA

pathinding, and in shaping permissive environments required for correct subpallial TCA

guidance. Thus, we proceeded to investigate whether loss of function of our genes of

interest afects the cytoarchitectural organisation of the subpallium, focusing in particular

on the two cell populations which have been implicated in TCA guidance, i.e. the corridor

cells and the guidepost cells found in the IC. We observed that in PlxnA2;PlxnA4 and

Sema6A mutants some IC guidepost cells abnormally localise in correspondence of the

path taken by ventrally-misrouted TCAs. Moreover, we reported additional defects in

patterning and axon guidance at subpallial levels in both mutant mouse lines. Overall,

these indings supported our initial speculations on the function of Sema6A, PlxnA2

and PlxnA4 in the spatiotemporal organisation of TCA guidance-relevant domains in the

mammalian basal forebrain.

In the inal part of this study, we focused on discovering new candidate molecules

involved in TCA guidance at ventral telencephalic level, either by exerting a guidance

cue function in these territories or by participating in patterning subpallial structures

and guidepost neural populations. To this aim, we turned our attention to genome-wide

developmental gene expression datasets that have been made publicly available in the

past recent years. The Allen Developmental Mouse Brain Atlas in particular caught our

interest for several reasons: irst, the atlas represents a collection of high-resolution in

situ hybridisation data of neurodevelopmentally-expressed genes; second, for each gene

included in the atlas, expression data is available across several time-points correlated

to major processes in mammalian brain development; third, all expression data has

been quantiied per spatial units (termed voxels), and mapped onto three-dimensional,

time-point-speciic reference templates, allowing for the screening of genes based

on particular spatiotemporal patterns of expression. Thus, we employed this dataset

to perform an in silico search for genes encoding cell–cell interaction mediators

particularly expressed within subpallial structures during early TCA navigation events
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(i.e. molecules most likely to be involved in our biological processes of interest).

This bioinformatics approach allowed us to identify several new factors potentially

participating, either directly or indirectly, in TCA guidance at ventral telencephalic level.



Chapter 2

Materials & Methods

2.1 Animals

All animal procedures were performed in accordance with Irish regulations on the use

of animals for scientiic purposes (Statutory Instrument No. 566 of 2002 and No. 543 of

2012) and institutional guidelines.

All experiments were performed on embryonic brains taken from C57BL/6J mice

(wild-type) (Jackson Laboratories), a C57BL/6J strain carrying a null mutation for the

Sema6A gene, and a PlxnA2;PlxnA4 double null mutant C57BL/6J strain. The Sema6A

mutation was obtained through the insertion of a gene-trap vector in the 17th intron of

Sema6A, which results in the production of an intracellularly sequestered N-terminal

Sema6A portion–β-galactosidase fusion protein (for further details see Leighton

et al., 2001, Mitchell et al., 2001). PlxnA2;PlxnA4 knockout mice were generated by

crossing single mutant lines obtained using gene-targeting strategies described by Suto

et al. (2007) (PlxnA2) and Yaron et al. (2005) (PlxnA4) (the PlxnA4 line was originally

generated in a CD1 background and backcrossed to C57BL/6J for 10 generations). Mice

were maintained and bred in a 12:12 hour light-dark cycle, in a speciic pathogen free

animal unit.

Pregnant animals for embryo collection were obtained through timed matings.

Embyrionic age was calculated considering the day of vaginal plug detection as E0.5.

For postnatal mice, the day of birth was designated as P0. Pregnant mice were sacriiced

by cervical dislocation; uterine horns were then removed and collected in ice cold PBS

to proceed with the dissection of single embryos. Newborn mice were sacriiced by

decapitation, and their heads collected in ice cold PBS. Mouse brains were dissected in

cold PBS and ixed in 4% paraformaldehyde (PFA)/PBS for 2-4 hours at 4°C. Mouse tail

samples (2-5 mm) were also collected for DNA extraction and genotyping.

23



24 2.2. Genotyping of embryos/mice

Target gene Primers PCR products

Sema6A forward:

5’-GAGATGCACAGCTAACTTCTGGTG-3’

reverse (wild-type allele):

5’-TTGAAGCCTGCTCTTAGTGGCTCC-3’

reverse (mutant allele):

5’-GCTACCGGCTAAAACTTGAGACCT-3’

wild-type allele: 1.43 Kb

mutant allele: 0.99 Kb

PlxnA2 forward (wild-type allele):

5’-GCTGGAACCATGTGAGAGCTGATC-3’

forward (mutant allele):

5’-GGTCATCTAGTCGCAGGAGCTTGC-3’

reverse:

5’-TACCCGTGATATTGCTGAAGAGCTTGG-3’

wild-type allele: 0.51 Kb

mutant allele: 0.93 Kb

PlxnA4 forward (wild-type allele):

5’-CCATGCTCTCCTTCAGCCTGCTCT-3’

forward (mutant allele):

5’-GCTAAAGCGCATGCTCCAGACTGC-3’

reverse:

5’-CTTCAGCACTGGCTGCTGTCATCT-3’

wild-type allele: 0.68 Kb

mutant allele: 0.43 Kb

Table 2.1: List of primers employed to genotype embryos/mice from the Sema6A and
PlxnA2;PlxnA4 lines, and relative PCR product sizes. Primer sequences and product sizes for
PlxnA2 and PlxnA4 alleles were obtained respectively from Suto et al. (2007) and Yaron et al.
(2005).

2.2 Genotyping of embryos/mice

Tissue samples were digested overnight at 56°C in a 1:100 solution of Proteinase K (Roche)

in Boston Bufer (50mMTris-HCl pH 8, 2.5 mMEDTA, 50mMKCl, 0.45% NP-40 and 0.45%

Tween 20). The genotype was determined by PCR, using a small aliquot of the digestion

solution, a PCR mix (KAPA2G Fast HotStart ReadyMix with dye, KAPA Biosystems)

containing dNTPs, a Taq polymerase and a loading dye, and primers for the gene of

interest (see Table 2.1). The PCR reaction was performed on an appropriate thermal cycler

(DNAEngine Peltier Thermal Cycler, Bio-Rad).
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2.3 In situ hybridisation

In situ hybridisation experiments were in part performed by Dr. Graham E. Little.

2.3.1 Digoxigenin-labelled antisense RNA probes production

Digoxigenin (DIG)-labelled antisense (as) riboprobes for in situ hybridization (ISH) were

produced on the basis of plasmid templates (Table 2.2). First, plasmids were linearised

overnight at 37°C with appropriate restriction enzymes (see Table 2.2). A transcription

reaction mix was then prepared using 1 μg of linearised plasmid template, 2 μL of 10x

RNA transcription bufer, 2 μL of 10x DIG labelling mix (Roche), 0.5 μL of RNase OUT (40

U/μL, Invitrogen), 20 U of T3 RNA polymerase, and brought to 20 μL volume with dH2O.

The reaction mix was incubated for 2 hours at 37°C and, at the end of the incubation

period, a small aliquote of it was used to verify RNA synthesis by gel electrophoresis.

RNA products were subsequently treated with 1 U of RNase-free DNase I for 15 minutes

at 37°C to remove the template. This reaction was stopped by adding 2 μL of 0.2 M EDTA

at pH 8.0. The synthesised RNA was then precipitated by addition of 2.5 μL of 4M LiCl

and 75 μL of ethanol, followed by incubation at -20°C for over an hour, and afterwards

pelleted by centrifugation at 4°C (17,000 g or over, 20 minutes). After discarding the

supernatant, the RNA pellet was washed with 150 μL of 70% ethanol by centrifugation

at 4°C (17,000 g or over, 2 minutes). The supernatant was again discarded; to ensure a

complete removal of residual ethanol, the pelleted RNA was centrifuged once again, and

the resulting supernatant was carefully eliminated. The pellet was briely let to air dry,

and then re-suspended in 50 μL of a 1 mM sodium citrate solution at pH 6.35.

The concentration of each RNA probe was measured by spectrophotometer analysis

of absorbance at 260 nm (Nanodrop 1000, Thermo Scientiic), and adjusted to 200 ng/μL

with additional sodium citrate solution. An equal volume of formamide was added to

protect the RNA from RNase activity. Concentrated probes were stored at -20°C.

2.3.2 DIG-labelled RNA probe in situ hybridisation protocol

Serial free-loating brain sections were obtained by slicing brains embedded in 4% w/v

RNase free, low melting point agarose/RNase-free phosphate bufered saline (PBS)

(obtained by treatment with diethylpyrocarbonate (DEPC)) with a vibratome (VT1000s,

Leica) at 60 μm of thickness, and were collected in DEPC-treated PBS.

Sections were washed twice for 5 minutes in DEPC-treated PBS containing 0.1%
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Probe Obtained from Size (bps) Linearisation

enzyme

Product

SD89 (Sema6A) Dr Kevin J Mitchell 280 XhoI as-Sema6A

PlxnA2 Dr. Alain Chédotal 315 XhoI as-PlxnA2

PlxnA4 Dr. Alain Chédotal 1260 EcoRV as-PlxnA4

Table 2.2: Details of riboprobes used for in situ hybridisation experiments.

Tween-20 (PBT) (all washes and incubations were performed on a shaker); they were

then permeabilised by incubation for 30 minutes in 0.5% Triton X-100 and 0.2% Tween-20

in DEPC-treated PBS at room temperature (RT), and additionally washed for 5 minutes

in PBT. Next, half of the PBT volume was removed and replaced by pre-hybridisation

solution (50% deionised formamide, 5x standard saline citrate (SSC), 1% sodium

dodecyl sulfate (SDS), 2.5 mg of yeast tRNA, 2.5 mg of heparin in DEPC-treated H2O)

pre-warmed at 65°C. The sections were incubated in this equilibration solution for 10

minutes at RT before being washed with warm pre-hybridization solution for 10 minutes

at RT, and then incubated in fresh pre-warmed pre-hybridisation solution for at least 1

hour at 65°C. A warm pre-hybridization solution containing the RNA probe of choice

at a concentration of 1 g/mL was next added to each section series for an overnight

incubation at 65°C in a humidity chamber (pre-equilibrated with 50% formamide/5x SSC

in DEPC-treated H2O).

Following hybridisation, three 30 minutes washes in solution I (50% formamide, 5X

SSC, 1% SDS) and three 30 minutes washes in solution III (50% formamide, 2X SSC,

0.1% Tween-20) were performed at 65°C. The sections were then washed three times

for 5 minutes in Tris-bufered saline (TBS) containing 1% Tween-20 (TBST) at RT, and

incubated in blocking bufer (TBST containing 10% heat-inactivated sheep serum)

for at least 1 hour. The blocking bufer was subsequently replaced with an alkaline

phosphatase (AP) conjugated anti-DIG antibody solution (1:2000 anti-DIG-AP Fab

fragment (Roche) in blocking bufer) for an overnight incubation at 4°C. The next day,

the sections were washed three times for 5 minutes in TBST, three times for 2 hours

in TBST, and three times for 10 minutes in AP bufer (NTMT; 0.1 M Tris-HCl pH 9.5,

0.1 M NaCl, 50 mM MgCl2, 1% Tween-20 in dH2O) at RT. Following these washing

steps, the sections were incubated in the dark in NBT (nitro blue tetrazolium)/BCIP

(5-bromo-4-chloro-3-indolyl-phosphate) staining solution (20 μL NBT/BCIP stock
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solution (Roche) per mL of NTMT). Once colour development was complete, the

NBT/BCIP solution was replaced with PBS to stop the staining reaction. Finally, the

sections were mounted on Superfrost Plus slides (Fisher Scientiic) in Aqua-Poly/Mount

(Polysciences).

Images were acquired with a camera-equipped Olympus IX51 inverted microscope,

using the dedicated Cell^A software (Olympus), and further processed with Adobe

Photoshop CS6 or ImageJ (U.S. National Institutes of Health).

2.4 Immunohistochemistry

Serial free-loating brain sections were obtained by slicing brains embedded in 4% w/v

agarose/PBS with a vibratome (VT1000s, Leica) at 40 μm (E14.5 brains) or 60 μm (E13.5

brains) of thickness, and were collected in PBS. The tissue was permeabilised by washing

three times for 10’ (for 40 μm sections) or 15’ (for 60 μm sections) per wash in PBS-Triton

X-100 0.2% at RT on a shaker. Sections were then incubated in blocking bufer (10%

solution of normal serum derived from the species in which secondary antibodies were

raised in PBS) for at least 1 hour at RT, or overnight at 4°C for thick sections, on a shaker.

Following blocking, sections were incubated with primary antibodies diluted in

PBS-NaN3 0.1% for 24-48 hours at 4°C on a shaker. Primary antibodies used were

mouse anti-neuroilament 2H3 (1:250; Developmental Studies Hybridoma Bank), rabbit

anti-Islet1 (1:500; Abcam), mouse anti-Islet1 (1:50; Developmental Studies Hybridoma

Bank), goat anti-mouse Sema6A (1:100; R&D), Armenian hamster anti-PlexinA4

(Mab-A4F5, 1:500; see Suto et al., 2005), Armenian hamster anti-PlexinA2 (Mab-A2D3,

1:50; see Suto et al., 2007), mouse anti-TAG1 (1:100, Developmental Studies Hybridoma

Bank), goat anti-mouse Neuropilin2 (1:100, R&D). Sections were subsequently washed

three (40 μm sections) to ive (60 μm sections) times for 10’ each in PBS at RT on

a shaker, and incubated for 2 hours at RT, or overnight at 4°C for thick sections,

with species-speciic secondary antibodies conjugated with cyanine dyes (Jackson

Imunoresearch) or Alexa Fluor® dyes (Invitrogen) in a 1:500 dilution in PBS. Sections

were washed three to ive times in PBS for 10’ each and post-ixed in 1% PFA/PBS for at

least 1 hour at RT, or overnight at 4°C.

After the post-ixation step, sections were counterstained with

4’,6-Diamidino-2-Phenylindole (DAPI) (Invitrogen), and mounted on Superfrost Plus

slides in Aqua-Poly/Mount. The slides were examined under an epiluorescence

microscope (Axioplan2, Zeiss) connected to a digital CCD camera (DP70, Olympus) or
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a laser confocal microscope (LSM 700, Zeiss), and pictures acquired using analySISB

(Olympus) or ZEN 2009 (Zeiss) imaging softwares. The pictures were further processed

and analysed with Adobe Photoshop CS6 or ImageJ.

2.5 Placental alkaline phosphatase staining

All placental alkaline phosphatase (PLAP) staining experiments were performed by Dr.

Graham E. Little, following the procedures described in Leighton et al. (2001) and Little

et al. (2009). Briely, mice were perfused with 4% PFA in PBS; their brains were then

dissected, postixed in 4% PFA overnight at 4°C and embedded in 4% w/v agarose/PBS.

Serial 100 μm thick sections were vibratome cut and air dried onto Superfrost Plus slides.

Slides were incubated for 1 hour in PBS at 65°C; next, PLAP activity was detected with an

AP staining bufer (0.1 mg/mL BCIP, 1 mg/mL NBT in 100 mM Tris-HCl pH 9.5, 100 mM

NaCl, 5mM MgCl2). Following the staining reaction, the tissue was then dehydrated in

methanol, cleared in benzyl alcohol : benzyl benzoate (1:2), rehydrated, and mounted in

Aqua-Poly/Mount. Imageswere acquiredwith a camera-equippedOlympus IX51 inverted

microscope using the Cell^A software, and processed with Adobe Photoshop CS6 or

ImageJ.

2.6 Neuroanatomical tracing experiments

To back-label thalamic neurons projecting abnormally in the ventral

telencephalon of PlxnA2;PlxnA4 double mutant mice, small crystals of

1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate (DiI) (Molecular

Probes) were inserted with a tungsten dissecting probe (World Precision Instruments)

into the vTel’s supericial layers of P0-P2 brain hemispheres. Back-labelling of thalamic

neurons from either the primary visual (occipital) or primary somatosensory (parietal)

cortex in PlxnA2;PlxnA4 double mutant/wild-type mice was performed by respectively

inserting small crystals of DiI and 4-(4-(dihexadecylamino)styryl)-N-methylpyridinium

iodide (DiA) in the supericial cortical layers of P0-P2 brain hemispheres. Following the

insertion of dye crystals, brains were kept in 1% PFA/PBS at RT in the dark for 4-6 weeks

to allow the complete difusion of the tracer in the axonal tracts and cell populations of

interest.

Similarly, retrograde tracing to label guidepost cells in the ventral telencephalon

of wild-type, Sema6A mutant and PlxnA2;PlxnA4 double mutant mice was carried
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out by insertion of small DiI crystals in the dorsal thalamic region of E13.5 brains,

hemisected with a microsurgical knife (MSP) in order to expose the thalamus. Brains

were subsequently kept in 1% PFA/PBS at RT in the dark for 2 weeks.

At the end of their incubation period, brains were washed in PBS, embedded into 4%

w/v agarose/PBS, and sectioned with a vibratome at 60 µm of thickness. Sections were

counterstained with DAPI, mounted in Aqua-Poly/Mount onto Superfrost Plus slides,

and analysed using an epiluorescence microscope (Zeiss) not more than one day after

sectioning, to avoid artifacts due to local dye difusion at the surface of the sections.

For guidepost cells labelling, Z-stacks (4 μm Z-step) were acquired with a laser confocal

microscope (LSM 700, Zeiss) using the ZEN 2009 (Zeiss) imaging software, and further

processed with ImageJ (U.S. National Institutes of Health) to obtain maximum intensity

Z-projections of the ventral telencephalic area.

2.7 In silico developmental transcriptome analysis

2.7.1 Data acquisition and pre-processing

In silico screening for novel candidates involved in subpallial morphogenetic

and/or axon guidance processes was performed using a inely-annotated gene

expression dataset, comprising 2002 genes, generated on the basis of the Allen

Developmental Mouse Brain Atlas (ADMBA). Details on the data acquisition

process were described in Lein et al. (2007) and Thompson et al. (2014). From

the atlas, Liscovitch and Chechik (2013) extracted gene expression data for all

developmental stages (seven time-points, from E11.5 to P28) and measured it over

36 non-overlapping anatomical regions, encompassing the entire developing brain.

Within the dataset, region-speciic data is expressed as expression density. For each

brain region R, the expression density is deined as the sum of expressing pixels in R

divided by the total number of pixels that intersect R (taken from ’Technical White

Paper: Informatics Data Processing for the Allen Developing Brain Atlas’ found at

http://developingmouse.brain-map.org/docs/InformaticsDataProcessing.pdf). The data

is publicly available for download at http://chechiklab.biu.ac.il/~lior/cerebellum.html.

From the folder hg_data_text, subpallium expression values per gene were extracted

for all the seven developmental time-points to generate a ’gene’ x ’subpallial expression

density’ matrix (Spreadsheet 1 in the Digital Appendix). Some genes for which no

expression values were available for any of the developmental stages (Chrna1, Hoxd9,
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Lef1, Nrp2, Pbx1 and Rnd2) were removed from the dataset, resulting in a inal matrix

of 1996 x 7 entries. Expression density values were subsequently normalised per

gene, by dividing individual data-points from E11.5 to P28 by the average expression

density calculated across all time-points. This normalisation process ensures that each

age-speciic data-point relects the variation in expression of a particular gene, rather

than its absolute expression, so that a value of, above or below 1 respectively indicates

an unvaried, higher or lower expression level compared to average. Therefore, analysis

on the normalised dataset allows to discriminate and categorise genes according to their

temporal expression pattern during development. Data normalisation was perfomed

with Microsoft Excel.

Screening of protein products based on cellular localisation was performed on the

basis of a comprehensive, manually curated annotation set generated in-house and

described in detail by Bibollet-Bahena (2015). Predicted protein localisation category

per gene in the ADMBA was assigned by a combined review of the outputs from

diferent tools available online, namely PSORTII, SignalP, Big-PI Predictor and TMHMM.

Through these online resources, protein sequences were analysed for signal peptides,

transmembrane domains and glycophosphatidylinositol (GPI)-anchors. Briely, the

MGI symbol and Ensembl gene identiier (through http://www.ncbi.nlm.nih.gov/gene)

were irst obtained for every gene in the dataset to subsequently ind their protein

counterparts. Where multiple isoforms were found to exist, the longest sequence

was used for further analyses. FASTA format sequences were then screened through

PSORTII (http://psort.hgc.jp) to determine the cellular localisation of all protein

products, and the number of predicted helices concerning transmembrane proteins

(Horton and Nakai, 1997; Nakai and Horton, 1999). Additionally, the SignalP prediction

program was used to determine whether a protein contained a signal peptide indicative

of an extracellular localisation (http://www.cbs.dtu.dk/services/SignalP/, version 4.1)

(Nielsen et al., 1997; Petersen et al., 2011). A GPI modiication site prediction, the

big-PI predictor, was employed to identify protein products with potential GPI-anchors

(http://mendel.imp.ac.at/sat/gpi/gpi_server.html, version released June 17th, 2005)

(Eisenhaber et al., 1998, 1999, 2000; Sunyaev et al., 1999).

When any of the three programs suggested an extracellular localisation for

a speciic FASTA sequence, the associated protein was deemed to be present in

the extracellular compartment. Protein sequences were also screened through the

TMHMM program to assess the presence and number of transmembrane domains

(http://www.cbs.dtu.dk/services/TMHMM/, version 2.0) (Krogh et al., 2001; Sonnhammer
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et al., 1998). When PSORTII and TMHMM gave conlicting results in terms of single-

versus multi-pass transmembrane domains for a speciic sequence, manual curation was

performed based on literature searches.

2.7.2 Clustering analysis

Clustering analyses on the developmental dataset were performed using a k-means

clustering module integrated in ArrayPipe, an online microarray analysis tool (version

1.7 available at http://www.pathogenomics.ca/arraypipe) (Hokamp et al., 2004). Data was

processed using the Euclidian distance standard algorithm for 1000 iterations. Results

were exported into Microsoft Excel spreadsheets. This software was subsequently used

to generate summary ’cluster’ x ’time-point’ heat-maps per k-mean analysis, and graphs

of expected/observed counts ratios across chosen k-means clusters per localisation

category (see the section below).

2.7.3 Statistical analysis

In the context of k-means clustering analysis, choosing an optimal number of clusters is

ultimately dependent on the particular characteristics of a dataset and the clustering

resolution level required by the user. However, some methods exists to help deine a

range of k values that best balance the separation of dissimilar data and the parsimonious

generation of data clusters. One of these methods is based on the “elbow criterion”,

which relies on the generation of a dataset-speciic agglomeration schedule using a

hierarchical, agglomerative clustering algorithm (e.g. the Ward’s / incremental sum of

squares method). The schedule is then inspected by producing an inverse Scree plot, in

which the X-axis represents the number of produced clusters in the agglomeration step,

and the Y-axis the agglomeration coeicient (i.e. the percentage of variance explained

by the clusters) value. According to this criterion, the optimal k value corresponds

to the number of clusters at which a signiicant decrease in the slope of the plot (i.e.

the “elbow”) is observed (Bacher et al., 2010; Madhulatha, 2012; Mooi and Sarstedt,

2011). Thus, this approach was used to identify an appropriate initial range of k values

(Spreadsheet 2 in the Digital Appendix).

Following the choice of a speciic k value upon inspection of clusters generated by

each k-means clustering analysis, Chi-square (Χ2) statistical analyses, where

Χ2 = Σ (observed - expected)2 / expected
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were employed to test for enrichment of genes encoding proteins with a

speciic cellular localisation across all clusters obtained with the k-means algorithm.

Cluster-speciic expected count values per localisation category assuming a random

distribution were calculated as follows:

expected = (total # of genes in cluster of interest / total # of genes) * total # of genes in

category of interest

Corrected p-values for multiple comparisons (with a standard threshold value set at

p < 0.05 for signiicance) were obtained by applying the Bonferroni method. Statistical

analyses, including the generation of contingency tables and agglomeration schedules,

were performed using SPSS Statistics v. 17.0 (IBM).

2.7.4 Candidate gene identiication and validation

From the clusters obtained with the k-means algorithm, a list of genes encoding

extracellular proteins was generated, based on the annotations previously described,

from clusters showing a peak in relative gene expression density values between E11.5

and E15.5. The list was manually curated through visual inspection of the high-quality

images of in situ hybridisation experiments available through the ADMBA online

platform. Genes were discarded from the list if (i) they presented extremely low, or

background noise-like levels of expression at E13.5 (the time-point most relevant for

our analyses); (ii) evident artifacts determining false expression peaks were observed in

the in situ data (e.g. bubbles, large crystals, section damage) at this stage; (iii) if mRNA

expression could only be detected in vessels. For genes of particular interest, full sagittal

section images were downloaded from the ADMBA website and processed with Adobe

Photoshop CS6.



Chapter 3

Analysis of thalamocortical tract

development in PlxnA2;PlxnA4

mutants

3.1 Introduction

Previous indings from our laboratory indicate a role for Sema6A in subpallial dLGN

axon guidance, but the molecular mechanisms involved in this process have yet to

be identiied. As several lines of evidence suggest that complex PlxnA2 and PlxnA4

interactions with Sema6A underlie the multiple functions of this latter protein during

brain development, both Plexin family members might also mediate Sema6A-induced

responses in early visual thalamic axon guidance. Therefore, we began to investigate the

potential role of Sema6A–PlxnA2/PlxnA4 signalling in subpallial TCA pathinding by

analysing the phenotype of null mutant mouse lines for the two Plexin proteins.

3.1.1 Semaphorin-6A–Plexin-A2/Plexin-A4 signalling in the

developing nervous system

Several studies in the past two decades have demonstrated that mammalian class 6

Semaphorins, a single-pass transmembrane Semaphorins group consisting of four

members (6A to 6D), bind directly and speciically to members of the Plexin-A receptor

subfamily to exert their functions in the nervous system. For instance, Semaphorin-6B

(Sema6B) has been shown to bind to Plexin-A2 and Plexin-A4 (Andermatt et al., 2014;

Suto et al., 2005; Tawarayama et al., 2010), while Semaphorin-6C and -6D (Sema6C,

Sema6D) have been reported to interact with Plexin-A1 (PlxnA1) (Kuwajima et al., 2012;

Yoshida et al., 2006).

Two members of the Plexin family, Plexin-A2 (PlxnA2) and Plexin-A4 (PlxnA4),

have been identiied as binding partners for Semaphorin-6A (Sema6A), and have been

found to associate with the latter protein to form active bivalent 2:2 heterotetramers

33
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(Janssen et al., 2010; Nogi et al., 2010). In mammalian nervous system development,

signalling mediated by these complexes is responsible for the induction of both

repulsion and attraction on growth cones, but has been also implicated in several other

neurodevelopmental processes, ranging from cell migration to synaptogenesis, in a

variety of contexts.

During corticospinal tract (CST) formation, Sema6A–PlxnA4 interactions underlie

guidance in the hindbrain, at the junction between medulla and spinal cord where the

pyramidal decussation is formed (i.e. the medullary pyramids): in both Sema6A- and

PlxnA4-defective mice a subset of CST axons, which normally extend and cross the

midline dorsally at this choice point, adopts an abnormal ventrolateral position and

fails to decussate. Since CST axons express PlxnA4, while Sema6A is expressed in the

inferior olives, situated before the medullary pyramids, Sema6A appears to represent

a repulsive cue that constrains CST axons navigation dorsally and near the midline as

they approach the decussation (Faulkner et al., 2008; Rünker et al., 2008).

In cerebellar development, Sema6A–PlxnA2 signalling has been proposed to control

tangential migration, and possibly the switch from tangential to radial migration, of

postmitotic granule cells (GCs) in the external granule cell layer (EGL); in fact, in both

Sema6A and PlxnA2 null mutant mice, migration of late-born cells in particular is severely

perturbed in the EGL, resulting in the ectopic localisation of GCs in the molecular layer,

due to defects in nuclear translocation (Kerjan et al., 2005; Renaud et al., 2008; Renaud

and Chédotal, 2014).

During hippocampal development, Sema6A–PlxnA4 binding has been demonstrated

to induce a repulsive response in hippocampal mossy ibers (the axonal projections that

extend from granule cell neurons in the dentate gyrus to the CA3) indispensable for the

correct formation of the lamina-restricted pattern of CA3 innervation (Suto et al., 2007).

In the formation of the mammalian retina, Sema6A cooperates with PlxnA4 to

control the stereotypic lamina-speciic neurite arborisation by amacrine and retinal

ganglion cells in the inner plexiform layer (IPL), as shown by analysis of laminar

stratiication-defective Sema6A and PlxnA4 null mutants. The two proteins are

complementarily expressed in the IPL sublaminae, indicating that lamina-speciic

targeting relies on the Sema6A–PlxnA4 signalling-mediated transmembrane repulsion

between diferent IPL subtypes (Matsuoka et al., 2011). In addition, Sema6A and PlxnA4

null mutants display defects in outer plexiform layer (OPL) axonal stratiication,

dendritic arborization and dendritic self-avoidance of horizontal-cells; in this case,

evidence suggests that PlxnA4 and Sema6A, expressed within the OPL, interact to
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restrict horizontal-cell neurite stratiication to the OPL, and that repulsive signaling

between the two proteins is required in horizontal-cells dendrites for self-avoidance (and

thus proper dendritic patterning) (Matsuoka et al., 2012). Finally, Sema6A, PlxnA2 and

PlxnA4 interactions are involved in another aspect of the visual system development, i.e.

the assembly of anatomically distinct On and Of direction-selective circuitries. In this

context, Sema6A–PlxnA2 signalling mediates a repulsive cue that induces the separation

of Sema6A+ On and PlxnA2+ Of starburst amacrine cell (SAC) processes, therefore

facilitating subtype-speciic dendrite stratiication, and regulates On SAC dendritic

arborisation and self-avoidance, allowing the elaboration of symmetric dendritic ields

(Sun et al., 2013). Furthermore, Sema6A–PlxnA2/PlxnA4 signalling is required for

proper axon targeting of On direction-selective retinal ganglion cells (DSGCs) to the

medial terminal nucleus (MTN) of the accessory optic system (AOS): in Sema6A and

PlxnA2;PlxnA4 null mutants, On DSGCs axons defasciculate and target an abnormally

broad area in the vicinity of the MTN (Sun et al., 2015).

3.1.1.1 Semaphorin-6A–Plexin-A2/Plexin-A4 interaction modalities

In many of the developmental processes regulated by Sema6A–PlxnA2/PlxnA4

interactions just reviewed, Sema6A acts as a ligand that binds in trans to PlxnA2 and

PlxnA4, which serve as Sema6A’s functional receptors. However, Sema6A, PlxnA2

and PlxnA4 are also able to engage in cis interactions, and such interactions have

been shown to modulate Sema6A–PlxnA2/PlxnA4 signalling in trans in a complex,

context-dependent manner (see Figure 3.1).

In some cases, binding of Plexins to Sema6A in cis can block its interactions with

Plexins expressed on adjacent cells/neurites. This modality has been observed during

hippocampal development: while Sema6A–PlxnA4 binding in trans prevents PlxnA4+

hippocampal mossy ibers from entering the Sema6A-expressing suprapyramidal

region of CA3, in the stratum lucidum (where Sema6A is expressed with PlxnA2)

Sema6A–PlxnA2 binding in cis renders the ligand unavailable for trans interactions with

PlxnA4, and therefore allows the selective extension of mossy ibers in this region (Suto

et al., 2007). On the other hand, binding of Sema6A to a Plexin receptor in cis can prevent

interactions between the latter and Sema6A presented in trans. For example, both

mouse dorsal root ganglion (DRG) and sympathetic neurons express PlxnA4, but strong

repulsive responses to Sema6A exposure in vitro can only be induced in sympathetic

neurons due to the presence of Sema6A on DRG axons. In this particular context

Sema6A, which binds to PlxnA4 in cis, hinders trans PlxnA4–Sema6A interactions,
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thereby reducing sensory axons’ responsiveness to the repellent (Haklai-Topper et al.,

2010). Likewise, in the mouse developing retina Sema6A can bind PlxnA2 in cis in

Sema6A+/PlxnA2+ On SACs and is able to block their responsiveness to Sema6A in vitro

(Sun et al., 2013).

Adding to the complexity of Sema6A–PlxnA2/PlxnA4 interactions, increasing

evidence indicates that transmembrane semaphorins, originally identiied as ligands,

can function as receptors to mediate Plexin-induced reverse signalling through their

own intracellular domains. In Drosophila melanogaster development, transmembrane

semaphorin 1a (Sema1a), the invertebrate Semaphorin most closely related to

Semaphorin class 6 proteins, is known to act as a receptor in dendritic targeting of

second-order olfactory projection neurons (Komiyama et al., 2007), R-cell axon guidance

and axon-axon attraction in the visual system (Caferty et al., 2006; Hsieh et al., 2014;

Yu et al., 2010), motor axon fasciculation and target recognition (Jeong et al., 2012), and

synaptogenesis (Godenschwege et al., 2002; Godenschwege and Murphey, 2009). In

vertebrates, PlxnA1-induced reverse signalling via Sema6D is involved in the regulation

of myocardial patterning during chick cardiac development (Toyofuku et al., 2004);

moreover, during chick commissural axon guidance at the spinal cord midline, Sema6B

functions as a receptor in post-crossing axons for loorplate-derived PlxnA2 (Andermatt

et al., 2014).

Recently, bi-directional signalling has also been reported to occur between Sema6A

and PlxnA2/PlxnA4 during the development of the murine visual system. As mentioned

before, Sema6A is expressed in On DSGC bodies and axons innervating the AOS, and is

necessary for On DSGCs axonal targeting to the MTN. Interestingly, PlexA2 and PlexA4

are expressed in the nucleus, and here they appear to serve as attractive, rather than

repulsive, ligands for Sema6A+ On DSGCs: in fact, PlexA2;PlexA4 double-mutant null

mice phenocopy Sema6A null mutants, abolishing PlxnA2/PlxnA4 function in the retina

doesn’t result in AOS innervation defects, and the two Plexins’ ectodomains are able to

attract On DSGCs in vitro (Sun et al., 2015).

3.1.2 Defects in thalamocortical tract development in Sema6Anull

mutants

In the past decade, a number of studies on Sema6A-deicient mice has demonstrated the

fundamental role of this guidance cue in the development of several forebrain tracts,

included the thalamocortical tract (Little et al., 2009; Rünker et al., 2011). In fact, Sema6A
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Figure 3.1: Multiple modes of Sema6A–PlxnA2/PlxnA4 interaction during mammalian nervous
system development. (A) Sema6A acts as a ligand for PlxnA4; Sema6A-induced signalling is
involved in corticospinal tract (CST) axon guidance, mossy ibers’ laminar targeting in the
hippocampus, aspects of inner and outer retina development. (B) Sema6A acts as a ligand
for PlxnA2; Sema6A-induced signalling is involved in cerebellar granule cell migration and the
development of distinct On/Of direction-selective circuits in the retina. (C) Sema6A reverse
signalling via PlxnA2/PlxnA4; this modality controls On direction-selective retinal ganglion cells
(On DSGC) axon targeting. (D) Sema6A–PlxnA2 binding in cis prevents Sema6A to associate
with PlxnA4 in trans; this interaction mode directs mossy ibers’ laminar targeting in the
hippocampus. (E) Sema6A–PlxnA4 binding in cis prevents Sema6A–PlxnA4 trans binding; this
type of association is observed in dorsal root ganglion (DRG) neurons. (F) Sema6A–PlxnA2
binding in cis prevents Sema6A–PlxnA2 trans interactions; this modality is observed in On
starbust amacrine cells (SACs) in the developing retina.
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null mutant mice present a striking defect in TCA guidance at the ventral telencephalic

(vTel) level: axons projecting towards caudal cortical regions in these mice abnormally

defasciculate from other thalamic ibers and extend, as soon as they enter the vTel,

towards the amygdala. As they grow into subpallial regions, these projections follow

two routes, one in the external capsule (EC) and one in the pial surface of the vTel, that

persist in the adult brain (Figure 3.2), and eventually reach their appropriate neocortical

regions (at early postnatal stages) either by rejoining other TCAs before entering

pallial areas, or by elongating through supericial cortical layers (Little et al., 2009).

Importantly, the aberrant projections displayed by Sema6A mutants have been shown to

originate from a single thalamic nucleus, the dLGN (which connects to visual cortical

domains (V1)), and to completely avoid the IC once they have crossed the DTB (Figure

3.3). Furthermore, although most visual thalamic ibers innervate the presumptive V1

postnatally, the visual cortical regions of Sema6A-deicient mice appear to be transiently

invaded by somatosensory TCAs as dLGN axons grow along ventral subpallial paths

(Figure 3.4).

Overall, these indings indicate that Sema6A is part of amolecular system that possibly

underlies correct axonal pathinding of a speciic subset of thalamocortical connections,

from the dLGN to the V1. This system however has still to be characterised in detail, and

it is yet unknown which cellular processes it directs at subpallial level.

3.1.3 Hypotheses and aims of the study

In mammalian central nervous system development, the pleiotropic functions

characterised so far for Sema6A depend on context-speciic associations with two Plexin

binding partners, PlxnA2 and PlxnA4. It is likely that such interactions also play a role

in Sema6A-dependent axon guidance processes during thalamocortical connectivity

development. Therefore, this study aims at characterising the phenotype of PlxnA2

and PlxnA4 single and double null mutant mouse lines, focusing in particular on TCA

development and pathinding in the vTel. We hypothesised that abolishing the function

of PlxnA2 and PlxnA4 would result in dorsal lateral TCA guidance defects equivalent to

those observed in Sema6A null mutants. Additionally, we analysed the efects of PlxnA2

and PlxnA4 null mutations on TCA development in Sema6A heterozygous mutant

mouse brains, which normally do not show any phenotypical abnormalities compared to

wild-type mice. Assuming a role for Sema6A–PlxnA2/PlxnA4 interactions in dLGN axon

guidance, we expected to observe some mild, Sema6A mutant-like pathinding defects in

these brains as well.
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Figure 3.2: Sema6A null mutant mice show misrouting of thalamocortical ibers in the vTel.
Staining for PLAP (placental alkaline phosphatase), an axonal marker encoded by the Sema6A

null allele gene trap cassette, in adult Sema6A+/− (A–C) and Sema6A−/−(F–L) mutant mouse
brains reveals an abnormal extension of some TCAs towards the medial amygdala (MeA) in
homozygous null mutant mice (heterozygous mice show normal thalamocortical connectivity
through the striatum (Str)). Aberrant thalamocortical projections follow two routes in the vTel
of Sema6A−/−mice, one in the external capsule (ec) (black arrows) and one in the pial surface of
the vTel (red arrows). Axons extending on this latter pathway innervate the neocortex (NCx) at
the level of its outermost layers (H, I).
Scale: A, F, L, 1 mm; B, C, G, H, I, 200 μm.
(Adapted from Little et al., 2009.)
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Figure 3.3: Sema6A ablation in mice determines visual thalamocortical pathinding defects at
subpallial level. Retrograde tracing with carbocyanine dyes DiA and DiI placed respectively in the
IC or in the vTel of E17.5 mutant mouse brains reveals how dLGN neurons misproject in the vTel
(all cells are labeled byDiI), completely avoiding the IC (noDiA labeling is detected in this thalamic
nucleus), while TCAs from other nuclei, such as the VB, follow a normal pathway through the IC
(only DiA is observed in VB neurons).
Scale: 500 μm.
(Adapted from Little et al., 2009.)
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Figure 3.4: Sema6A-deicient mice show a caudal shift of somatosensory axons in the neocortex
in embryonic and early postnatal stages. Retrograde tracing with carbocyanine dyes DiA and
DiI placed respectively in somatosensory (S1) or in visual (V1) cortical domains at E16.5 and P0
demonstrates that, upon failure of dLGN axons to reach the V1 in Sema6A mutant brains, some
thalamic ibers from the VB invade the occipitally-located V1, instead of innervating the parietal
S1 (DiI labeling is absent from the dLGN, and is present in the most dorso-lateral part of the VB).
Scale: 200 μm.
(Adapted from Little et al., 2009.)
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3.2 Results

3.2.1 PlxnA2;PlxnA4 double mutant mice show defects in

subpallial TCA guidance

In order to analyse the development of thalamocortical connections in PlxnA2 and

PlxnA4 mutant mouse brains, immunohistochemistry for the 165 kDa neuroilament

subunit (clone 2H3, Developmental Studies Hybridoma Bank), a pan-axonal marker, was

irst performed on PlxnA2−/−;PlxnA4−/−, PlxnA2+/−;PlxnA4+/−, PlxnA2−/−;PlxnA4+/+ and

PlxnA2+/+;PlxnA4−/− early postnatal littermate brains (n ≥ 3 for all genotypes analysed)

(Figure 3.5). No defective TCA phenotype was observed in either single mutants

for PlxnA2 and PlxnA4, nor in PlxnA2;PlxnA4 double heterozygous mice; however,

PlxnA2−/−;PlxnA4−/−mice were found to present a strikingly Sema6A mutant-like defect

in TCA pathinding at the vTel. In all PlxnA2−/−;PlxnA4−/− specimens analysed (P0–P2,

n = 5), caudally-projecting TCAs were found to misproject ventrally in the vTel in

correspondence of the internal capsule, which these axons completely avoided (Figure

3.6A, B). A detailed analysis of the trajectories followed by the misrouted TCAs also

highlighted the presence, like in Sema6A mutants (Figure 1.6 and 3.2), of two discrete

TCA bundles extending in distinct pathways in the vTel. At a more intermediate

level of the rostro-caudal axis, axons were found to travel into the external capsule

(Figure 3.6C), while more caudally TCAs, after their ventral turn, proceeded laterally

across the supericial layers of the vTel (Figure 3.6D). At P2, some of these axons were

observed to extend into the pial surface of the vTel and reach the most supericial layers

of the neocortex (partially shown in Figure 3.6D), raising the possibility that, in later

developmental stages, establishment of a normal thalamocortical connectivity through

alternative routes might also occur in PlxnA2;PlxnA4 double mutants.

A compound efect of PlxnA2 and PlxnA4 loss-of-function mutations on

thalamocortical connectivity was further demonstrated by the analysis of

PlxnA2+/−;PlxnA4−/− and PlxnA2−/−;PlxnA4+/−mutant P0 brains (n = 2 per genotype):

immunohistochemistry for neuroilament indeed revealed a few misprojecting caudal

thalamic ibers in the vTel of these specimens (Figure 3.7).
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Figure 3.5: Immunohistochemistry for neuroilament 2H3 in PlxnA2;PlxnA4 double mutant,
trans-heterozygous and single mutant P0 brains. Staining for neuroilament (red) conirms the
presence of a Sema6A-mutant-like TCA defect only in PlxnA2;PlxnA4 double mutant postnatal
brains. No abnormal thalamic projections in the vTel are observed in either PlxnA2 or
PlxnA4 single mutants. Additionally, misrouted TCAs are not present in PlxnA2;PlxnA4 double
heterozygous brains.
Scale: 500 μm.
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Figure 3.6: Immunohistochemistry for neuroilament 2H3 in a PlxnA2;PlxnA4 double mutant
P2 brain. Neuroilament immunostaining (red) reveals the presence of misrouted TCAs in the
vTel of PlxnA2;PlxnA4 double mutants (A, B). This TCA phenotype is markedly similar to that
observed in Sema6A homozygous mutants; at more rostral levels (C), TCAs extend mainly along
the external capsule (illed arrowheads), while at caudal levels (D) TCAs mostly follow a ventral
route in the vTel, then proceed laterally across the telencephalon following a supericial pathway
(empty arrowheads).
Scale: A, 500 μm; B, 200 μm; C, D, 500 μm.
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Figure 3.7: Immunohistochemistry for neuroilament 2H3 in PlxnA2+/−;PlxnA4−/− and
PlxnA2−/−;PlxnA4+/−P0 brains. Neuroilament immunostraining (red) reveals the presence of some
TCA guidance defects in PlxnA2+/−;PlxnA4−/− and PlxnA2−/−;PlxnA4+/−postnatal brain, similar to
those observed in double mutant brains but restricted to only a few thalamic ibers (empty
arrowheads).
Scale: 200 μm.
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3.2.2 Misrouted TCAs in PlxnA2;PlxnA4 doublemutants originate

from dorsal lateral dTh nuclei

Retrograde neuroanatomical tracing methods were employed next to identify the

thalamic origin of the misrouted TCA bundles in the ventral vTel of PlxnA2−/−;PlxnA4−/−

P0 mouse brains (n = 4). As in Sema6A mutants, placement of crystals of the luorescent

carbocyanine dye DiI (1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine

perchlorate) at the pial surface of the vTel labelled thalamic projections which could be

back-traced to the dLGN, as well as cell bodies within this nucleus (Figure 3.8A, B). In

addition, PlxnA2;PlxnA4 double mutants also showed back-labelling in axons and somas

of a small, dorso-lateral portion of the VB (Figure 3.8B).

3.2.3 Somatosensory TCAs invade the visual cortex early

postnatally in PlxnA2;PlxnA4 double mutants

To explore the possibility of topographical alterations in the neocortex arising due to

defects in subpallial dorso-lateral TCA guidance in PlxnA2−/−;PlxnA4−/−mice, retrograde

double tracing experiments were performed from the visual (V1) and somatosensory (S1)

cortex of PlxnA2−/−;PlxnA4−/−and wild-type P0 mouse brains (n = 4 per genotype) (Figure

3.9A). In PlxnA2−/−;PlxnA4−/−mice, back-labelling from the visual cortex with DiI resulted

in the identiication of a misprojecting VB neurons subset, indicating the invasion by

somatosensory TCAs of this cortical region in the absence of dLGN projections (Figure

3.9D, E). Connectivity between some PlxnA2−/−;PlxnA4−/− somatosensory TCAs and their

cognate cortical domains appeared to be preserved, as DiA crystals placed in the S1 led

to the back-labelling of a ventro-medial VB cell population. Somas of the V1-invading

thalamic neurons were observed adjacent ventro-medially to the VB neuron subset

that could be backtraced from the vTel (see Figure 3.8B), conirming the extension to

somatosensory TCAs of the PlxnA2−/−;PlxnA4−/−miswiring phenotype characterised with

vTel tracing experiments.

3.2.4 Subpallial TCA guidance defects are present in

Sema6A+/−;PlxnA2−/− and Sema6A+/−;PlxnA4−/− adult brains

Overall, the TCA pathinding phenotype displayed by PlxnA2−/−;PlxnA4−/− mice argue

for a role of Sema6A, PlexinA2 and PlexinA4 in the same molecular mechanism

controlling subcortical guidance of a speciic TCA subset. To further investigate this
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Figure 3.8: Retrograde labelling with carbocyanine dyes from the vTel in the PlxnA2;PlxnA4

double mutant P0 brain. Retrograde tracing from the vTel identiies visual thalamic neurons as
a dTh subpopulation sending aberrant ventral projections in PlxnA2;PlxnA4 double mutants. (A)
Insertion of DiI crystals in the vTel (asterisk) results in back-labelling of thalamic axons and cell
somas located in the dLGN (B), a inding that coincides with data obtained from Sema6A mutant
brains. In addition, dye-labelled neurons are also found in the VB, indicating the extension of
guidance defects to a subset of thalamic axons which are normally directed to somatosensory
cortical areas.
Scale: 250 μm.
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Figure 3.9: (See legend overleaf.)
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Figure 3.9: Back-labelling of thalamic neurons with two distinct carbocyanine dyes from the
visual (occipital) cortex and the somatosensory (parietal) cortex in P0wild-type and PlxnA2;PlxnA4
double mutant brains. Neuroanatomical tracings highlights the axonal invasion of the visual
cortex by somatosensory, VB-located thalamic neurons in PlxnA2;PlxnA4 double mutant mice.
(A) Schematic representation of the cortical sites of dye placement in P0 brain hemispheres (OB:
olfactory bulb). DiA (green) and DiA (red) crystals are placed respectively on parietal (Par) and
occipital (Occ) regions of the cortex. (B–E) Insertion of DiI crystals in visual cortical areas of
PlxnA2;PlxnA4 double mutant P0 brains results in the back-labelling of some thalamic neurons
of the dorso-lateral VB (E), rather than the dLGN (as instead observed in wild-type brains (C)),
suggesting a miswiring of somatosensory TCAs to the visual cortex similar to that present in
Sema6Amutants. Normal connectivity between ventro-medial VB neurons and the somatosensory
cortex is preserved, as indicated by back-labelling of these cells by DiA.
Scale: 500 μm.

hypothesis, thalamocortical connectivity was analysed in Sema6A+/−;PlxnA2−/− and

Sema6A+/−;PlxnA4−/− adult mouse brains through histochemical staining for the axonal

marker PLAP (placental alkaline phosphatase), encoded by the gene trap cassette in

the Sema6A null allele (n = 2 per genotype) (Figure 3.10). As Sema6A is expressed in

oligodendrocytes in adult mice, this staining labels all myelinated ibers (Little et al.,

2009).

In Sema6A+/− mice, TCA pathinding is known to proceed normally in the vTel,

supported by the residual Sema6A activity provided by the wild-type allele (Little

et al., 2009). However, in Sema6A+/−;PlxnA2−/− and Sema6A+/−;PlxnA4−/−mice a few

caudal thalamic ibers were found to misproject ventrally after the DTB, revealing

a genetic interaction between Sema6A, PlxnA2 and PlxnA4 in the axon guidance of

caudally-projecting thalamic neurons.
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Figure 3.10: PLAP staining in Sema6A+/−;PlxnA2−/− and Sema6A+/−;PlxnA4−/−adult mouse brains.
PLAP staining, which labels axons from Sema6A-expressing neurons in Sema6A secretory trap
mutant mice, shows the presence of misrouted Sema6A+ TCAs in the vTel of Sema6A+/−;PlxnA2−/−

and Sema6A+/−;PlxnA4−/−adult brains. The phenotype closely resembles those observed in
Sema6A-/− and PlxnA2−/−;PlxnA4−/−mutant brains, indicating an interplay between these guidance
molecules in the subpallial guidance of a Sema6A-expressing TCA subset.
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3.3 Discussion

During thalamocortical connectivity development, guidance of thalamic ibers from the

dLGN to the visual cortex has been demonstrated to rely on the function of Sema6A.

Little is known, however, about how Sema6A acts as a guidance factor for these speciic

thalamocortical projections from a cellular/molecular perspective. This study provides

novel insights into the molecular mechanisms of dLGN axon guidance by identifying

two members of the Plexin protein family, PlxnA2 and PlxnA4, as potential Sema6A

interacting partners in this process.

PlxnA2−/−;PlxnA4−/− murine brains exhibit visual TCA pathinding defects that closely

replicate those displayed by Sema6A null mutants: like in these latter mice, thalamic

ibers that can be back-traced to the dLGN turn ventrally once having crossed the DTB,

and, instead of entering the IC, proceed in fascicles along two ventral pathways in the

subpallium, one in the external capsule (that appears to rejoin the IC axon bundle at

the PSPB) and one at the pial surface of the vTel. Moreover, at P2 the misrouted axons

can be observed to elongate laterally in the pial surface and dorsally in caudal pallial

areas, at the level of the outermost neocortical layers; this inding might be indicative of

an early postnatal recovery of visual thalamic nuclei–visual cortical areas connections

via alternative axonal routes in supericial vTel and cortical territories, which is also

characteristic of Sema6A mutants (Little et al., 2009).

Another aspect of the PlxnA2−/−;PlxnA4−/−TCA pathinding phenotype that mirrors

that of Sema6A−/− mice is the invasion of visual cortical domains by somatosensory

thalamic ibers originating from dorso-lateral VB regions. In Sema6A-deicient mouse

brains, this caudal shift in TCA targeting is clearly observable around birth, but

doesn’t persist beyond P4, possibly due to somatosensory axons being out-competed

by recovering visual projections in the innervation of the presumptive V1 (Little et al.,

2009). Accordingly, the same shift in thalamocortical topography can be seen in P0

PlxnA2−/−;PlxnA4−/−mouse brains.

Our results show that not only PlxnA2−/−;PlxnA4−/−mice phenocopy Sema6A−/− in

terms of dLGN guidance, but also that the genetic interaction of Sema6A with PlxnA2,

and Sema6A with PlxnA4 is required for proper guidance of caudally-projecting

axons during thalamocortical tract development. Taken together with molecular

evidence showing binding of Sema6A with both PlxnA2 and PlxnA4, and with the

numerous studies demonstrating a role of Sema6A–PlxnA2/PlxnA4 signalling in

diverse neural development processes, these indings overall strongly suggest that



52 3.3. Discussion

Sema6A–PlxnA2/PlxnA4 interactions support the subpallial navigation of dLGN axons

towards their appropriate cortical targets. As PlxnA2 and PlxnA4 single mutants don’t

show any defect in TCA guidance, it can be furthermore concluded that the two

guidance factors act in an at least partially redundant manner in directing axonal growth

from the dLGN. Functional redundancy between Plexins, including PlxnA2/PlxnA4, has

been shown in other neurodevelopmental contexts (Schwarz et al., 2008; Sun et al., 2015;

Yaron et al., 2005).

How can Sema6A–PlxnA2/PlxnA4 signalling direct visual thalamic axon

pathinding? During early TCA development, Sema6A has been previously shown

to be expressed in all the dTh, particularly in dorso-lateral nuclei; on the other

hand, PlxnA2 and PlxnA4 expression is absent in these latter thalamic regions, while

both genes are highly transcribed in medial dTh nuclei, and additionally in discrete

subpallial domains that surround the IC (Garel et al., 2002; Little, 2008; Little et al., 2009;

Magnani et al., 2015). Combining these observations with recent evidence indicating

that Sema6A—PlxnA2/PlxnA4 reverse signalling regulates axon guidance and targeting

during murine optic system development (Sun et al., 2015), it can be hypothesised that

PlxnA2 and PlxnA4 may act as a guidance cue for Sema6A+ dLGN axons in the vTel,

at the level of the IC. In this scenario, PlxnA2/PlxnA4 could, for instance , provide

a repellent signal constraining axonal growth within the IC and acting speciically

on dLGN projections, since axons originating from other thalamic nuclei might be

unresponsive to subpallial Sema6A due to co-expression of PlxnA2 and PlxnA4.

At the same time, it has been shown that loss of Sema6A expression in the vTel, dorsal

and ventral to the IC, is also correlated to the improper extension of caudally-directed

TCAs outside the IC, and into presumptive amygdala territories (Garel et al., 2002;

Magnani et al., 2015). It can’t be excluded therefore that Sema6A–PlxnA2/PlxnA4

interactions might be required within the subpallium to deine caudal axonal pathways,

for instance by regulating migration, process extension or function of guidepost and/or

corridor cells at IC level.

Interestingly, data here presented shows that defects in TCA guidance characterising

PlxnA2−/−;PlxnA4−/−mice extend to a small population of VB neurons located at the

interface between visual and somatosensory thalamic nuclei. This observation suggests

that additional cues might participate in PlxnA2/PlxnA4-dependent TCA guidance

mechanisms, and indeed both Plexins have been shown to mediate signalling of other

Semaphorin family members. The association of PlxnA2 with Sema6B and Sema5A

plays an essential role during commissural and hippocampal axon guidance (Andermatt
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et al., 2014; Suto et al., 2005; Tawarayama et al., 2010), and in the regulation of dentate

gyrus GCs synaptogenesis (Duan et al., 2014), respectively. As for PlxnA4, this guidance

protein has been demonstrated to mediate axon-repulsive responses by binding to

Sema6B (Suto et al., 2005), and to cooperate with other Semaphorin/Plexin cues in

sensory and sympathetic axon pathinding by interacting with Sema3A (Suto et al., 2005;

Yaron et al., 2005). This latter type of interaction is particularly interesting in the context

of the guidance defect observed in Sema6A null mutant mice, since the high caudal

expression of Sema3A in the subpallium provides a Npn1-mediated repulsive signal for

somatosensory thalamic axons (Molnár et al., 2012; Wright et al., 2007). PlxnA2 and

PlxnA4 might therefore cooperate with additional Plexins in the subpallial guidance of

axons from the VB.





Chapter 4

Sema6A, PlxnA2 and PlxnA4 forebrain

expression patterns during early

thalamocortical tract development

4.1 Introduction

Together with previous reports on Sema6A-deicient mice, our analysis of PlxnA2;PlxnA4

and Sema6A;PlxnA2, Sema6A;PlxnA4 null mutant mice revealed the presence of a

functional interaction among these proteins in TCA pathinding, and its essential

role in directing axonal growth for a discrete population of thalamic neurons. To

further understand the biological mechanisms behind this guidance process, we next

required to elucidate the developmental stages and the subcortical sites at which such

interactions take place. Here, we made a irst step in this direction by characterising the

spatiotemporal expression patterns of Sema6A, PlxnA2 and PlxnA4 during the extension

of thalamic ibers in subpallial regions of the developing mouse brain.

4.1.1 Known expression patterns of Sema6A, PlxnA2 and PlxnA4

during early TCA development

Previously obtained data from the Mitchell laboratory indicates that around embryonic

day (E) 14.5 Sema6A is expressed in all dorsal thalamic neurons, while PlxnA2 and PlxnA4

are selectively expressed in a dorso-medial portion of the thalamus (Figure 4.1; see also

Little et al., 2009). At the same developmental stage, all of our genes of interest are

moreover transcribed in subpallial areas surrounding the IC, both in structures permissive

for TCA growth, like the corridor, as well as non-permissive, such as the globus pallidus

(López-Bendito et al., 2006); Sema6AmRNA is in addition detectable at the pial surface of

the vTel, the region invaded by misrouted TCAs in all of our mutant mice (Figure 4.2; see

also Little, 2008; Magnani et al., 2015).

Similar expression patterns can be observed at E13.5, via the analysis of mRNA

55
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Figure 4.1: Expression of Sema6A, PlxnA2 and PlxnA4mRNA in the dorsal thalamus (dTh) of E14.5
mouse brains. Levels of mRNA expression were detected by in situ hybridization with antisense
RNA probes. Sema6A is strongly expressed in both lateral (grey arrows) and medial (black arrows)
dTh; in contrast, PlxnA2 and PlxnA4 are highly transcribed only in the medial dTh.
Scale: 500 μm.

expression data available online at the Allen Developing Mouse Brain Atlas website

(http://www.developingmouse.brain-map.org): in particular, parallel inspection of

results for Sema6A, PlxnA2 and PlxnA4 with the corridor cell marker Ebf1 highlights the

presence of mRNA for all the three genes in IC domains correspondent to areas of the

Ebf1 mRNA-expressing corridor (Figure 4.3).

Overall, these indings suggest that Sema6A, PlxnA2 and PlxnA4 might be present on

extending TCAs as they navigate subpallial territories, and furthermore be diferentially

expressed across axon subsets originating from diferent thalamic nuclei. Moreover, they

indicate that these three guidance molecules might be expressed from very early stages

at the level of intermediate ’decision points’ delineating TCA pathways in the vTel.

4.1.2 Hypotheses and aims of the study

Expression patterns of Sema6A, PlxnA2 and PlxnA4 at the earliest stages of TCA

development, when axons cross the DTB and start their growth into the vTel, have

yet to be characterised. Furthermore, no protein expression data is available for these

three guidance factors either on thalamic ibers or in the subpallium of early embryonic

mouse brains.

On the basis of evidence available so far, it can be speculated that all these proteins
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Figure 4.2: Expression of Sema6A, PlxnA2 and PlxnA4 mRNA in the subpallium (vTel) of E14.5
mouse brains. Levels of mRNA expression were detected by in situ hybridization with antisense
RNA probes. Sema6A mRNA is highly present in areas surrounding the IC (asterisks), in the
pial surface of the vTel, and the ventricular zone; it is additionally moderately observed in
subventricular subpallial regions. PlxnA2 shows maximum expression in the globus pallidus,
ventral to the IC, and strong expression levels in subventricular and mantle layers, while PlxnA4
is highly present in two discrete bands located dorsal and ventral to the IC.
Scale: 500 μm.

may be present both on thalamic axons and subpallial structures in this timeframe; that

being the case, functional interactions between Sema6A, PlxnA2 and PlxnA4 might be

hypothesised to participate in axonal guidance by acting on the axons themselves, or

within cell populations that deine intermediate ’choice points’. Thus, the main objective

of this study was to analyse in detail the spatial dynamics of Sema6A, PlxnA2 and PlxnA4

expression in TCAs and in vTel subdomains fromE12.5 to E14.5. This age range represents

a temporal window that includes guidance events occuring at the DTB, the corridor, and

the striatum, as well as patterning/migration events crucial for the proper organisation

and function of intermediate TCA pathinding targets. To this end, for all our genes of

interest we investigated mRNA expression patterns via in situ hybridisation techniques,

and protein expression through double immunohistochemistry with markers speciic for

axonal projections, or for LGE-derived neuronal subpopulations.
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Figure 4.3: Expression of Ebf1, Sema6A, PlxnA2 and PlxnA4 mRNA in the subpallium (vTel) of
E13.5 mouse brains. Sections were processed for in situ hybridization for mRNA detection, and
subsequently Feulgen-HP yellow DNA counterstained. Sema6A, PlxnA2 and PlxnA4 expression
domains at the IC (the unstained axon bundle between the corridor (Co) and the globus pallidus
(GP)) partially overlap with expression of the corridor marker Ebf1, suggesting the presence of
these guidance factors in corridor cells during TCA extension in the subpallium. (Images taken
from the Allen Developmental Mouse Brain Atlas.)
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4.2 Results

4.2.1 Sema6A, PlxnA4 and PlxnA2 mRNA/protein subpallial

expression at E12.5

Expression of Sema6A, PlxnA4 and PlxnA2 in the mouse vTel at E12.5, when TCAs are

extending across the DTB and the development of subpallial structures delineating TCA

is still ongoing, was investigated via in situ hybridisation and immunohistochemistry

methods.

Immunohistochemistry for Sema6A on coronal sections from wild-type E12.5 brains

(n = 6) revealed the presence of this protein particularly in pial surface areas, at the level

of the lateral olfactory tract; low Sema6A expression could also be observed throughout

ventricular and subventricular zone areas, and in a discrete ventral cell population in the

mantle zone (4.4A–A’).

In situ hybridisation for PlxnA2 and PlxnA4, using anti-sense RNA probes, on coronal

sections from wild-type E12.5 brains (n = 2 per gene) indicated mRNA expression for the

two genes in difering, but partially overlapping patterns in respect to each other and to

Sema6A. PlxnA2mRNA could be detected in high concentrations within a discrete ventral

MGE region, corresponding to presumptive pallidal areas; more moderate expression

could be furthermore observed in dorsal mantle regions where Sema6A appeared to be

absent, and in pial surface layers where Sema6Awas also expressed, while low expression

was found in ventral LGE mantle areas characterised by low concentrations of Sema6A

(4.4B). As for PlxnA4, mRNA expression could be detected at low levels in the subpallial

subventricular and dorsal mantle areas, with a peak in correspondence of the PSPB (4.4C).

4.2.2 Sema6A, PlxnA4 and PlxnA2 mRNA expression at E13.5

In situ hybridisation with anti-sense probes for Sema6A, PlxnA4 and PlxnA2 on coronal

sections from E13.5 wild-type brains (n = 2 per probe) revealed, in thalamic and subpallial

areas, complementary but also overlapping expression patterns for all of our genes of

interest.

In the vTel, Sema6A mRNA expression was observed at highest levels within the

ventricular zone; high expression was moreover detected in the subventricular zone,

and in two discrete areas of the subpallial mantle / pial surface, dorsal and ventral to

the IC, which seemed to coincide with corridor and pallidum regions (Figure 4.5A).
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Figure 4.4: Sema6A expression and PlxnA2–PlxnA4 mRNA expression in the E12.5 mouse vTel.
(A–A’) Immunostaining for Sema6A (green) on wild-type E12.5 coronal brain sections indicates
the presence of Sema6A maximally at the pial surface of the vTel, and at low levels in ventricular
and subventricular subpallial zones. (B–C) In situ hybridisation using anti-sense RNA probes
for PlxnA2 and PlxnA4 reveals transcription of PlxnA2 at high levels in the presumptive globus
pallidus area, and more moderately in subventricular, mantle and pial surface zones of the vTel
(B), and low expression of PlxnA4 in the vTel subventricular zone (with a peak in a region close to
the PSBP).
Scale A–A’, 250 μm; B–C, 250 μm.
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Robust expression could also be observed in a ventral pallial area correspondent to

presumptive amydgala and piriform cortex territories. Both PlxnA2 and PlxnA4 were

found to be transcribed at moderate levels in the vTel subventricular zone, as well as

in two IC-adjacent domains in mantle / pial surface areas possibly corresponding to

the same cell populations for both genes, and overlapping with the two discrete bands

detected with Sema6A-speciic probes (Figure 4.5D,G). PlexinA2 mRNA was in addition

detected throughout subpallial layers medially, at the level of the preoptic area (POA);

Sema6A was also found to be moderately expressed in this region (Figure 4.5A, D).

In the dTh, Sema6A mRNA expression could be detected across all thalamic nuclei

(Figure 4.5B–C); in contrast, both PlxnA2 and PlxnA4 were observed only in medial dTh

neural populations (Figures 4.5E–F and 4.5H–I, respectively).

Overall, the in situ hybridisation indings at E13.5 replicated most results previously

obtained at E14.5.

4.2.3 Sema6A, PlxnA4 and PlxnA2 TCA expression between E13.5

and E14.5

Double immunohistochemistry for neuroilament with Sema6A-, PlxnA4- or

PlxnA4-speciic antibodies on wild-type brains at E13.5 and E14.5 (n ≥ 3 per protein

investigated) was performed to analyse the spatiotemporal expression dynamics of these

guidance molecules in distinct subsets of thalamocortical projections. Results from these

experiments can be summarised as follows:

• at E13.5, Sema6A was found to be more highly expressed in dorso-lateral thalamic

nuclei (Figure 4.6A–B’), while PlxnA4 and PlxnA2 expression appeared to be more

restricted to medial thalamic nuclei; all proteins were observed along extending

TCAs at moderate levels (Figure 4.7A–B’ Figure 4.8A–B’, respectively);

• at E14.5, Sema6A was detected on all thalamic nuclei, but was found to be

expressed only on the most caudally-located TCAs (which originate dorso-laterally

in the thalamus) (Figure 4.6C–D’); PlxnA4 expression was observed only in

medial thalamic nuclei and the rostrally-projecting TCAs originating from them,

but some protein expression was found on more caudally-located axons as well

(Figure 4.7C–D’) (Data is currently missing for PlxnA2 expression at E14.5).

These indings generally conirmed previous in situ results at E13.5 and E14.5

for what concerns expression in distinct thalamic nuclei. In addition, double
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Figure 4.5: (See legend overleaf.)
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Figure 4.5: Sema6A, PlxnA2 and PlxnA4 mRNA expression in the mouse dTH and vTel at E13.5.
(A–C) In situ hybridisation using anti-sense RNA probes for Sema6A on coronal E13.5 mouse brain
sections reveals high transcription of this gene in the ventricular zone of the subpallium; robust
expression can also be observed in areas of the mantle surrounding dorsally and ventrally the IC
(asterisk), and pial surface regions. Sema6A mRNA is additionally moderately present in the vTel
subventricular zone (A). In the dTh, Sema6A is expressed in all thalamic neuronal populations (B,
C). (D–F) In situ hybridisation using anti-sense RNA probes for PlxnA2 on coronal E13.5 mouse
brain sections demonstrates moderate expression in the subventricular zone of the subpallium,
and in mantle domains dorsal and ventral to the IC (asterisk) (D). In the dTh, PlxnA2 appears
expressed only in medial nuclei (E, F). (H–J) In situ hybridisation using anti-sense RNA probes for
PlxnA4 on coronal E13.5 mouse brain sections indicates moderate transcription of this gene in the
ventricular / subventricular zone of the vTel, and in subpallial mantle regions dorsal and ventral to
the IC (asterisk) (H). In the dTh, PlxnA4 expression can be observed restrictedly in medial nuclei
(I, J).
Scale: 250 μm.

immunohistochemistry with neuroilament highlighted areas of Sema6A, PlxnA2 and

PlxnA4 expression in developing vTel domains surrounding the extending TCA bundle.

For Sema6A, immunostaining could be detected in a restricted band dorsal to the

IC, and in ventral domains extending to mantle and pial surface areas (particularly at

intermediate / caudal levels) at E13.5; high expression also appeared to occur in the

lateral olfactory tract (Figure 4.6A). At E14.5, Sema6A could be moderately observed in

areas possibly corresponding to corridor cell populations and in presumptive amygdalar

territories; intense expression of the protein could be furthermore found at the level of

the globus pallidus (Figure 4.6C,D).

For PlxnA4, immunostaining at E13.5 revealed a iber-like expression of this protein

at intermediate vTel levels, in discrete domains surrounding dorso-medially and

ventro-laterally the IC bundle, and a sparse expression in mantle / pial surface regions of

the caudal vTel (Figure 4.7A,B). Fiber-like staining could be observed also at E14.5 in a

very small domain dorsal to the IC, but not in contact with the axons (Figure 4.7C).

For PlxnA2, immunostaining could be observed in a region likely overlapping the

corridor at more intermediate levels of the E13.5 vTel; the protein was also found in

medial-ventral areas of the caudal vTel (Figure 4.8A,B).
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Figure 4.6: (See legend overleaf.)
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Figure 4.6: Expression of Sema6A on thalamic neurons and TCAs during axonal growth into the
subpallium. (A–B’) Double immunohistochemistry for Sema6A (red) and neuroilament (green)
on wild-type E13.5 coronal brain sections indicates expression of Sema6A in thalamic neurons, in
particularly in dorso-lateral populations (B–B’), as well as on extending TCAs; the protein can also
be found in vTel areas ventral to the IC (A–A’). (C–D’) Double immunohistochemistry for Sema6A
(red) and neuroilament (green) on coronal sections of wild-type E14.5 brains shows expression
of Sema6A extending to all thalamic nuclei (D–D’); the protein is furthermore expressed along
TCAs positioned more caudally along the rostro-caudal axis (D–D’), while it is not found on TCAs
projecting more rostrally (C–C’).
Scale: A–D’, 250 μm.

4.2.4 Sema6A, PlxnA4 and PlxnA2 expression in vTel

intermediate targets and guidepost neural populations

between E13.5 and E14.5

Double immunohistochemistry with neuroilament highlighted protein expression for all

of our genes of interest in subpallial areas likely corresponding to structures delineating

TCA pathways in the vTel, and crucial for proper guidance in these regions (e.g. the

corridor). To investigate spatiotemporal expression dynamics within the subpallium,

and in particular in intermediate guidance targets, double immunohistochemistry for

Sema6A, PlxnA2 or PlxnA4 with Islet1, a marker for corridor cells and LGE-derived

striatal neurons (Figure 4.9E), was conducted on E13.5–E14.5 wild-type brains (n ≥ 3 per

experimental condition).

These experiments demonstrated that Sema6A is consistently expressed during these

developmental stages by corridor neurons and cells within the MGE-derived globus

pallidus, as was suggested by previous in situ hybridisation and immunohistochemistry

data (Figures 4.9, 4.11). Furthermore, indings indicated that Sema6A is present on most

caudally-projecting TCAs, but also on other axonal tracts contained within the IC

bundle: in particular, Sema6A appears to be expressed on nigrostriatal axons, that travel

within the IC ventrally to and in close contact with TCAs (Figure 4.11).

Likewise, PlxnA2-related immunohistochemical results conirmed the presence

of this protein in corridor cells, and within the globus pallidus. PlxnA2 expression

seems to extend, similarly to Sema6A, to multiple axonal projections extending within

the IC more ventrally in respect to TCAs (Figure 4.10A–B). Concerning PlxnA4,

immunohistochemical data showed moderate expression of the protein in the corridor

and in the globus pallidus at both E13.5 and E14.5 (Figures 4.10C–D, 4.12). Compared to
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Figure 4.7: (See legend overleaf.)
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Figure 4.7: Expression of PlxnA4 on thalamic neurons and TCAs during axonal growth into the
subpallium. (A–B’) Double immunohistochemistry for PlxnA4 (red) and neuroilament (green) in
wild-type E13.5 coronal brain sections shows that expression of PlxnA4 is mostly concentrated in
medial thalamic neural populations, and is present on TCAs. Immunostaining can also be observed
on some ibers in the IC contacting the axon bundle dorso-medially and ventro-laterally, and in
mantle and pial surface areas of the caudal vTel (D–D’). (C–D’) Double immunohistochemistry for
PlxnA4 (red) and neuroilament (green) on coronal sections of wild-type E14.5 brains demonstrates
localisation of PlxnA4 in medial thalamic neural populations (D–D’), as well as along TCAs
projecting rostrally (C–C’). PlexinA4 seems to be further still localised in caudally-projecting TCAs
(D–D’).
Scale: 250 μm.

Figure 4.8: Expression of PlxnA2 on thalamic neurons and TCAs during axonal growth into
the subpallium. Double immunohistochemistry for PlxnA2 (red) and neuroilament (green) on
wild-type E13.5 coronal brain sections reveals that expression of PlxnA2 is localised in medial
thalamic neural populations (B–B’). The protein is additionally present on TCAs; high expression
can also be observed in a restricted domain immediately dorsal to the IC, likely correspondent to
the corridor (A–A’).
Scale: 250 μm.
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Sema6A and PlxnA2, PlxnA4 expression at E13.5 was observed in more limited domains

overlapping with dorsal regions of the corridor, and lateral regions of the globus pallidus

(Figure 4.10C–D). Interestingly, at E14.5 PlxnA4 was still found not only in the corridor,

but also in discrete areas, particularly evident at caudal vTel positions, surrounding

Islet+ territories both dorso-medially and ventro-laterally (Figure 4.12).

Taken together, these results support a potential function of Sema6A, PlxnA2 and

PlxnA4 not solely in the control of TCA guidance within subpallial territories, but also in

corridor cell formation and/or function.
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Figure 4.9: Expression of Sema6A in corridor cells and other subpallial structures at E13.5–E14.5.
(A) Diagram illustrating the spatial expression patterns of LGE- and MGE-derived neural
populations markers. The transcription factors Ebf1, Islet1 and Meis2 are detected in striatal
and corridor regions of the vTel (light purple), both derivatives of the LGE, but not in the GP
and the ventricular / subventricular zone of the MGE (dark purple). These territories in turn
express a transcription factor, Nkx2-1, that is not present in LGE-derived territories. (Adapted
from López-Bendito et al., 2006.) (B–E) Double immunohistochemistry for the corridor cell marker
Islet1 (red) and Sema6A (green) on coronal sections of E13.5 (B, C) and E14.5 (D, E) wild-type
brains demonstrates the expression of Sema6A on corridor cells (Co) during the growth of TCAs
into subpallial populations. Sema6A is also highly expressed in globus pallidus (GP) cells (B–D),
as well as on more caudally located TCA bundles at E14.5 (E).
Scale: A, 150 μm; B, 50 μm; C, 150 μm. D, 50 μm.
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Figure 4.10: Expression of PlxnA2 and PlxnA4 in corridor cells and other subpallial structures at
E13.5. (A–D) Double immunohistochemistry for PlexinA4 (green) and Islet1 (red) (B, C) or PlxnA4
(green) and Islet1 (red) (D, E) on coronal sections of E13.5 wild-type brains indicates a strong
presence of PlxnA2 within the corridor and in the globus pallidus (B); PlxnA4 is also moderately
present on most dorso-medial corridor domains (D), and in the lateral half of the globus pallidus
area (C). Both molecules are additionally lightly expressed in the vTel subventricular zone and
pial surface, in an area close to the IC, and in a discrete band at the ventral edge of the striatum
(PlxnA4 is particularly present here) (A, C).
Scale: 150 μm.
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Figure 4.11: Subpallial expression of Sema6A and Islet1 throughout the rostro-caudal axis in E14.5
wild-type brain sections. Double immunohistochemistry for Sema6A (green) and Islet1 (red) on
coronal E14.5 wild-type brain sections reveals moderate expression of Sema6A on corridor cells
(white arrowheads) throughout the rostro-caudal axis. Sema6A can additionally be observed at
high levels in the globus pallidus (GP), in the dTH and on TCAs, and caudally in ventral surface
zones of the subpallium. Sema6A appears to be expressed also in other tracts extending into
the IC (possibly the nigrostriatal / striatonigral pathways, that traverse the IC ventrally to the
thalamocortical bundle (Uemura et al., 2007)).
Scale: 200 μm.
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Figure 4.12: Subpallial expression of PlxnA4 and Islet1 throughout the rostro-caudal axis in E14.5
wild-type brain sections. Double immunohistochemistry for PlxnA4 (green) and Islet1 (red) on
coronal E14.5 wild-type brain sections reveals that some corridor cells, in particular those located
in more caudal portions of it, express PlxnA4. The protein is additionally observed in a band dorsal
to the corridor region, which can be observed throughout the rostro-caudal axis, and a discrete
area lateral to it, localised more caudally in the vTel (empty arrowheads). Moderate expression
can be moreover detected in the globus pallidus.
Scale: 250 μm.
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4.3 Discussion

Elucidating in detail the spatiotemporal dynamics of expression of Sema6A, PlxnA2 and

PlxnA4 is bound to provide essential information on the developmental processes, the

neural populations, and the types of molecular mechanisms in which these guidance

factors are required during thalamocortical connectivity development. In this study, we

expanded upon previous knowledge speciic to late stages of TCA subpallilal development

by examining expression proiles of all our genes on interest, in terms of transcription

as well as protein production, throughout critical steps of TCA subcortical navigation.

Our indings revealed that (i) Sema6A, PlxnA2 and PlxnA4 are expressed in partially

overlapping as well as complementary patterns in both thalamic neurons as well as in the

basal forebrain, (ii) expression of these proteins is developmentally regulated, but quite

stable in several domains during TCA subpallial pathinding, (iii) Sema6A, PlxnA2 and

PlxnA4 are present subcortically during vTel patterning events occurring just before or

at the very beginning of TCA extension into this forebrain region, (iv) all these guidance

factors are expressed within developing basal ganglia cell populations that are known

to mediate early subpallial TCA guidance. Additionally, our results generally conirmed

previous indings obtained by in situ hybridisation studies of Sema6A, PlxnA2 and PlxnA4

mRNA expression.

At E12.5, when TCAs are accumulating at the DTB and the irst pioneer axons are

starting to cross this boundary, all of our genes of interest are expressed within subpallial

populations. In particular, Sema6A is found in ventricular and subventricular proliferative

zones of the LGE and the MGE (Anderson et al., 1997; Yun et al., 2002, 2003); Plxna2 and

PlxnA4 are also expressed in both LGE and MGE subventricular zones. These indings

are in accordance with the presence of all these proteins within post-mitotic populations

of the presumptive pallidum and striatum at this stage and later in development, and

importantly indicate that Sema6A, PlxnA2 and PlxnA4 might be already involved in early

vTel patterning events, by participating for instance the migration of early diferentiated

LGE neurons away from subventricular/mantle transition areas.

At E13.5 and E14.5, Sema6A, PlxnA2 and PlxnA4 present subpopulation-speciic

expression proiles in both thalamic neurons and their projections, as well as the

vTel. In the dTh, Sema6A is expressed broadly in the dTh, in a slight high-dorsal to

low-medial gradient, while PlxnA2 and PlxnA4 are observed restrictedly in medial

thalamic nuclei. These proteins are also present on TCAs, and interestingly we found

that at E14.5 Sema6A is present on caudally-located axons, but absent in rostrally
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projecting ibers, while PlexinA4 was observed to principally localise on these

latter projections, supporting the idea that Sema6A might specify guidance for the

dLGN-originating axonal subset. Interpretation of data at E13.5 is more diicult: TCAs

at all rostro-caudal levels appeared to express low to moderate levels of all proteins,

although expression patterns in the dTh matched those observed at E13.5. This might be

due to the high level of fasciculation of TCAs at this stage, and the likely insuicient

spatial resolution provided by coronal sections; for a more accurate rostro-caudal spatial

analysis, available coronal data will need to be integrated with results from ongoing

experiments on sagittal / horizontal sections, and from the application of whole-mount

immunohistochemistry coupled with clearing and 3D imaging techniques (e.g. 3DISCO,

iDISCO (Belle et al., 2014; Ertürk et al., 2012; Renier et al., 2014)).

During TCA elongation in the subpallium, we found that Sema6A, PlxnA2 and

PlxnA4 are expressed in several regions of the vTel; these included structures, such as the

corridor and the globus pallidus, that have been suggested to play a role in directing TCA

guidance during the irst steps of subpallial axonal growth (Garel and López-Bendito,

2014; Jia et al., 2014; López-Bendito et al., 2006; Molnár et al., 2012; Uemura et al., 2007).

Sema6A was observed at both E13.5 and E14.5 in corridor cells, as well as in the globus

pallidus; at E13.5, PlxnA2 was also present in both regions. Concerning PlxnA4, at E13.5

the protein was found too in the corridor and globus pallidus, but only in restricted areas

of these structures, localised not in direct contact with extending axons in the IC; in case

of the corridor, PlxnA4 could be detected in cells at the dorsal edge of the structure.

Some PlxnA4 iber-like immunostaining could be however detected in territories

surrounding more caudal portions of the IC and seemingly contacting the axon bundle.

At E14.5, PlxnA4 appeared to be expressed on corridor cells localised more caudally;

at this level immunostaining in territories surrounding the IC was also still present.

PlxnA4 was also observed in areas immediately dorsal to the corridor, and in the globus

pallidus. Taken together, these indings suggest that complex Sema6A–PlxnA2-PlxnA4

interactions might either intervene in correct patterning of these important basal

forebrain regions, or alternatively could mediate a direct guidance function for dLGN /

caudally-projecting axons within guidepost cells of the corridor and the IC.

Interestingly, we also found that Sema6A is widely and robustly expressed on IC

axons that could represent nigrostriatal / striatonigral projections (based on E13.5 data,

PlxnA2 might be expressed on these axons as well). The proper growth of striatal

axons towards the globus pallidus and the DTB, which developmentally coincides

with the establishment of the thalamocortical connections, has been hypothesised to
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support the correct subpallial extension of TCAs by providing an additional scafold to

these projections (Uemura et al., 2007). Neuroilament immunostaining, which labels

also striatal axons, in the mutant mouse brains here examined didn’t reveal any overt

defects in the development of striatal pathway; nevertheless, a more focused analysis

employing appropriate markers (e.g. OL-protocadherin) might be considered in future

studies to determine whether subtle abnormalities are present in this tract in Sema6A

and PlxnA2;PlxnA4-deicient mice.





Chapter 5

Analysis of basal forebrain

development in Sema6A and

PlxnA2;PlxnA4 mutants

5.1 Introduction

In Sema6A and PlxnA2;PlxnA4 null mutants mice, the most caudally-projecting thalamic

ibers extend in the subpallium in abnormal pathways outside the IC. We have shown

that Sema6A is expressed on these axons as they grow into vTel territories, and

that Sema6A, PlexinA2 and PlexinA4 are all present in subpallial structures that are

positioned along normal TCA routes to the cortex. We have also observed that all

proteins are expressed in TCA-permissive as well as TCA-non-permissive vTel regions,

and that their local expression patterns are often overlapping, but also complementary

in nature at intermediate guidance points. Considering these indings, a role for

these molecules in TCA pathinding at the subpallium can be proposed to depend on

thalamic cell-autonomous, Sema6A reverse signalling-mediated mechanisms, and/or

Sema6A–PlxnA2–PlxnA4 interactions within intermediate subcortical targets. In order

to investigate this latter hypothesis, we thus proceeded to analyse the formation and

spatiotemporal organisation of two guidance neural populations, the corridor cells and

the IC guidepost cells, which are crucially involved in directing TCA navigation in the

early steps of their subpallial growth.

5.1.1 Aberrant guidepost population morphogenesis and defects

in TCA guidance

5.1.1.1 Mutations in subpallial transcription factors, guidepost cell

speciication and TCA guidance phenotypes

The irst cells acting as guideposts for thalamocortical projections within the subpallium

(namely the IC guidepost cells) were identiied in the 1990s by neuroanatomical tracing

77
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studies of rodent thalamocortical connectivity development (Braisted et al., 1999; Métin

and Godement, 1996; Mitrofanis and Guillery, 1993; Mitrofanis, 1992; Molnár et al., 1998;

Molnár and Cordery, 1999). At the time, due to their localisation along normal axonal

trajectories and their contacts with TCAs, these newly identiied neurons were already

hypothesised to have crucial roles in controlling the spatial navigation of extending

thalamic ibers in the vTel. An initial support to these speculations was provided

soon after by the analysis of mouse lines mutant for transcription factors expressed

subpallially, and afecting the morphogenesis of these territories. Indeed, in these mice,

defects in the structural organisation of the vTel, ranging from macroscopic to subtle,

were found to be accompanied by a variety of TCA pathinding aberrancies involving all

or speciic projection subsets.

In case of corridor cells, the function of these neurons was identiied through the

study of knockout mutants for transcription factors involved in the speciication of LGE

neurons. In these mutant mice, loss of LGE-derived populations is correlated with severe

defects in TCA guidance at the level of the DTB, and the most medio-ventral regions

of the vTel. In Dlx1;Dlx2 knockout mice, for instance, the characteristic disruption of

the striatal subventricular zone and the diferentiation of late born striatal neurons is

associated with an abnormal ventral positioning of the IC, and the misprojection of some

TCAs outside of the IC and into the vTel pial surface (Anderson et al., 1997; Garel et al.,

2002). In mice lacking Gsh1;Gsh2, two factors deining the identity of LGE progenitors,

post-mitotic LGE-derived structures are hypoplastic, and only a subset of TCAs is able

to cross the DTB, but their routes are shifted ventrally in the subpallium (Yun et al.,

2003). In Ebf1mutant mice, in which LGE subventricular post-mitotic neurons migrating

to the mantle fail to complete their diferentiation, the resulting increase in cell death and

striatal hypoplasia are correlated with defasciculation defects at the IC, with dLGN TCAs

leaving the axonal bundle and mirouting into the presumptive amygdala (like in Sema6A

null mutants, this results into a temporary caudal shift of somatosensory ibers towards

occipital cortical areas) (Garel et al., 1999, 2002).

The relationship between defects in the development of LGE-derived subpallial

territories, corridor formation, and these partial disruptions of thalamocortical

connectivity was elucidated in a series of experiments performed in Mash1 (Ascl1)

knockout mice, which present abnormalities in both LGE- and MGE-derived domains

and the loss of Ebf1+ cells (due to defects in migrations) speciically in the corridor

domain (López-Bendito et al., 2006; Tuttle et al., 1999). In Mash1−/− mouse brains almost

all TCAs fail to cross the DTB, and, like in previously mentioned mutants, axons that
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succeed in extending in the vTel do so in abnormally ventral pathways along the pial

surface. Brain explant assays however showed that the transplant of a wild-type LGE

progenitor zone in the Mash1 mutant vTel could restore corridor cell migration, and

rescue the defective TCA extension across the DTB (López-Bendito et al., 2006). Defects

in corridor formation were subsequently demonstrated to occur in conditional, basal

ganglia-speciic knockout mutants for the transcription factor Pax6, in which some

TCAs prematurely exit from the IC bundle, and elongate into ventral vTel territories: in

these mice, the corridor was observed to occupy a ventrally-expanded domain, and to be

less densely populated (Simpson et al., 2009).

Concerning IC guidepost cells, a possible relevant role in subpallial TCA guidance was

initially supported by indings in loss-of-function mutant lines for transcription factors

that were, however, also implicated in corridor formation. Loss of guidepost cells can be in

fact observed in the previously describedMash1-deicient mice (Tuttle et al., 1999), while

in mice lacking the transcription factor Emx2, normally expressed in a discrete population

at the vTel pial surface and the DTB, IC guidepost cells abnormalities are accompanied by

corridor domain defects. In these animals, IC guidepost cells are displaced more ventrally

in the vTel, the corridor presents a ventral delection towards the vTel pial surface, and

TCAs are misrouted ventrally in the subpallium (but start growing towards the IC as they

approach the PSPB) (Bishop et al., 2003; López-Bendito et al., 2002; Mallamaci et al., 2000;

Uemura et al., 2007).

More robust evidence of IC guidepost cells’ function in early subpallial TCA

pathinding was ofered by studies in Lhx2 null mutant mice, in which vTel development

is overall disrupted, but normal corridor formation appears to occur; in these animals,

the number of IC guidepost cells detectable in the subpallium is drastically reduced,

and TCAs fail to cross the DTB (Lakhina et al., 2007). Importantly, these defects were

shown to arise due to a cell non-autonomous function of Lhx in the dTh, where the

transcription factor is also present: ex vivo studies indeed conirmed that axons from

Lhx2−/− thalamic explants grow normally in wild-type subpallial tissue, and conditional

Lhx2 knockout in thalamic neurons was demonstrated to correlate with normal DTB

crossing by elongating TCAs (Lakhina et al., 2007; Marcos-Mondéjar et al., 2012).

5.1.1.2 Proteins mediating cell–cell interactions involved in the spatiotemporal

organisation of guidepost cell populations

In more recent years, the investigation of knockout mice for proteins mediating

cell–cell communication / adhesion has started to elucidate the molecular mechanisms
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underlying the spatiotemporal organisation of basal ganglia-related guidance structures.

Taken together, studies in this ield have pointed to a crucial role for protocadherins and

the planar cell polarity pathway in the proper positioning and function of guidepost cell

populations, and thus in the normal establishment of thalamocortical connectivity (as

previously mentioned in Chapter 1).

The irst component of the planar cell polarity pathway that was implicated in

TCA subpallial guidance was Frizzled 3 (Fzd3), a seven-pass protocadherin widely

expressed in thalamic, vTel and cortical territories during development. Null mutants

for this protocadherin show an absence of thalamocortical projections, as well as other

major forebrain connectivity systems such as the corticothalamic, nigrostriatal, and

anterior commissure tracts (Wang et al., 2002, 2006b). In the subcortical regions of

Fzd3−/− mouse brains, a large portion of TCAs are found to misproject ventrally in the

hypothalamus, before crossing the DTB, while thalamic ibers that do cross this border

grow into aberrant pathways within the vTel pial surface. These subpallial guidance

defects are also present in mutants with speciic Fzd3 ablation in the vTel, but not in

conditional dTh or cortical knockout animal models, and are developmentally correlated

with abnormalities at corridor level, consisting in an encirclement by Ebf+ cells of the

ventro-medial portion of the globus pallidus (Hua et al., 2014; Qu et al., 2014). Further

analysis of Fzd3−/− mutants demonstrated that corridor cells invade the globus pallidus

during early TCA pathinding, and the globus pallidus itself occupied an expanded

region (Morello et al., 2015).

In parallel with studies on Fzd3, the investigation of two other components of

the planar cell polarity pathway, Celsr2/3, revealed an essential function of these

protocadherins in the same vTel patterning and TCA subpallial guidance mechanisms

in which Fzd3 is involved. Celsr3−/− and Celsr2−/−;Celsr3−/− mutant mice indeed present

forebrain wiring defects closely replicating those of Fzd3−/−animals (double mutants

for the two Celsrs show more severe phenotypes, indicating their partially redundant

action during brain development), and both proteins are expressed in the developing

mouse brain within the same domains of Fzd3 expression (Qu et al., 2014; Tissir et al.,

2005). As in the case of Fzd3, conditional inactivation of Celsr3 was demonstrated to

result in constitutive knockout-like phenotypes if restricted to vTel (or prethalamic/vTel)

populations, but to correlate with normal subpallial TCA guidance if limited to cortical

areas (Zhou et al., 2008a, 2009). Subsequent analysis of basal ganglia early development

in these mutant mice discovered a compromised formation of several local axonal

projections and structures, in particular the globus pallidus, accompanied by a loss of
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guidepost cells at the presumptive IC level (Jia et al., 2014).

Recently, a LIG family transmembrane protein, Linx, known to associate to the

receptor tyrosine kinase Ret to control axonal growth and guidance processes during, for

instance, spinal motor neuron extension (Mandai et al., 2009), was proposed to interact

with Fzd3 and Celsr3 and regulate their functions during mammalian brain development.

Linx knockout mutants in fact present abnormal thalamocortical, corticofugal and

peripheral motor axon pathinding phenotypes highly reminescent of those observed

in Fzd3- and Celsr3-deicient mice, and is present with these proteins in prethalamic,

subpallial and pallilal domains; in addition, Linx, Celsr3 and Fzd3 co-immunoprecipitate

with Ret in transfected cells (Mandai et al., 2014). Like for Fzd3 and Celsr3, while

abolishing Linx activity in prethalamic and vTel territories is linked to TCA subpallial

guidance defects typical of constitutive knockout mutants, conditional inactivation

of this protein in the neocortex results in normal TCA pathinding close to the DTB.

Furthermore, the development of guidance structures within basal ganglia populations

is too disrupted in Linx−/− mutant mice: more speciically, the medial-caudal portion of

the Islet1+ corridor fails to form in these animals (Mandai et al., 2014).

In addition to cell adhesion mediators involved in controlling planar cell polarity,

another protocadherin, protocadherin-10 or OL-protocadherin (Pchd10), was shown

to intervene speciically in early TCA guidance events in the vTel, and in parallel in

the control of the formation of guidepost cellular domains in the basal forebrain.

In Pcdh10-deicient mice, TCAs stall at the DTB, or project in a ventral pathway

after crossing the DTB; in concomitance of these defects, the caudal, Islet1+ and

Netrin1-expressing portion of the corridor fails to form, and IC guidepost cells are lost

(Uemura et al., 2007).

Aside from CAMs of the cadherin superfamily, the guidance factors Slit2 and its

receptors Robo1/2 have been too implicated in controlling the spatial orientation of

guidepost cells, speciically corridor neurons. Evidence indicates that Slit2 acts as

a midline repellent that prevents the migration of the Robo1/2-expressing corridor

cells too far rostro-medially, and that this repulsive activity is essential for correct

TCA elongation along mammalian-speciic trajectories in the developing rodent vTel.

Ablation of Slit2 in mice in fact results in corridor malformations, and an aberrant

growth of TCAs within ventral subpallial territories; ex vivo transplant experiments

have additionally demonstrated that, at early TCA development stages, a wild-type

homotopic corridor graft in mutant brain slices can rescue the defective axonal extension

(Bielle et al., 2011a).
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5.1.1.3 Possible involvement of primary cilia in guidepost cell development and

TCA subpallial guidance

In a series of recent studies, transcription factors essential for the correct development

and function of primary cilia, namely Gli3, Rfx3 and Inpp5e, were shown to be implicated

in subpallial TCA pathinding, and as for previously discussed proteins, evidence has

pointed to a participation of these factors in indirect mechanisms of vTel axon guidance

(Magnani et al., 2010, 2015).

In Rfx3−/−, Inpp5e−/− and Gli3 hypomorphic mutant mice TCAs grow in disorganised

bundles, and elongate into an abnormally broad IC; moreover, caudal TCAs appear to

extend ventrally into presumptive amygdalar territories. In all these mutant mouse

lines, the development of LGE and MGE territories is compromised to some extent,

resulting in the various defects at the level of the corridor and the globus pallidus (e.g. in

Inpp5e-deicient mice, the corridor domain expands over territories normally occupied

by globus pallidus cells); IC guidepost cells however are mostly unafected by Rfx3

and Gli3 mutations. In the developing vTel of Rfx3−/− mice, additional heterotopias

expressing markers for both LGE- and MGE-derived neurons, including Ebf1, as well as

axon guidance factors such as Netrin1 and Slit1, can be observed at the rostral portion of

the vTel pial surface. Interestingly, this heterotopic tissue also expresses Sema6A, and

retrograde tracing from the dTh in Rfx−/−mutant developing brains labels cells within it.

Abnormal expression of Sema6A and PlxnA4 characterises also Inpp5e−/− mutants: in the

developing vTel of these mice, Sema6a- and PlexinA4-expressing domains delineating

the IC are completely lost.

5.1.2 Hypotheses and aims of the study

Correct patterning of the developing vTel appears to be critical for proper navigation

of TCAs across the DTB, and their topographically-organised extension towards the

PSPB. Sema6A, PlxnA4 and PlxnA2, like many other guidance factors, have pleiotropic

functions in the developing mammalian brain, including the control of neural migration

(see Chapter 3), and are expressed in discrete populations in the developing murine

basal forebrain. The particular expression proiles of all three proteins in domains of

the forming basal ganglia (e.g. the corridor, the globus pallidus, and the presumptive

amygdala), combined with the similarities between the TCA pathinding phenotypes

presented by Sema6A−/− and PlxnA4−/− ;PlxnA2−/− mutants and those observed in

mutant mouse lines in which subpallial patterning is disrupted (e.g. Ebf1, Inpp5e), led
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us to consider a possible involvement of Sema6A–PLxnA2/PlxnA4 interactions in the

spatiotemporal organisation of subpallial guidance structures. Hence, we proceeded to

investigate the development of corridor neurons as well as of IC guidepost cells in both

Sema6A−/− and PlxnA4−/− ;PlxnA2−/− mutant mice. First, we studied the expression of a

corridor cell marker, Islet1, within the vTel across developmental stages during which

corridor neuron migration and subpallial TCA guidance events occur. Subsequently,

we employed neuroanatomical tracing techniques to retrogradely label IC guidepost

cells, and thus analyse their characteristics, during the earliest stages of subpallial TCA

extension. Finally, we began to look more generally into the cytoarchitectural features

of the developing basal forebrain in Sema6A−/− and PlxnA4−/− ;PlxnA2−/− mutants via

immunohistochemical methods, using several markers for speciic neural and axonal

populations in the vTel.
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5.2 Results

5.2.1 Preserved corridor formation in Sema6A and PlxnA2;PlxnA4

mutants

In order to investigate whether Sema6A, PlxnA2 and PlxnA4 might play a role in

shaping the corridor domain, expression patterns for the corridor marker Islet1 in the

vTel of wild-type, Sema6A−/−, PlxnA2+/−;PlxnA4+/− and PlxnA2−/−;PlxnA4−/−mice were at

irst examined at E13.5 and E14.5, at a time when LGE-derived neurons have terminated

their migration while TCAs are extending into the internal capsule after crossing the

DTB. Double immunohistochemistry for Islet1 and neuroilament on coronal brain

sections revealed comparable patterns of the corridor cell marker’s expression in both

striatal and IC regions between wild-type and mutant brains at E13.5 (Figure 5.1) and

E14.5 (5.2) (n ≥ 3 for all genotypes in each experiment). At the IC level, Islet1 was

detected in a narrow band of cells lining a pathway for TCAs between the globus

pallidus (GP) and the subventricular MGE zone, corresponding to the normal location

of corridor neurons at these developmental stages; additionally, immunostaining could

be observed as normally expected in LGE-derived striatal territories, where TCA

begin to rostro-caudally segregate in a fan-like shape. At E13.5, a slight reduction

and disorganisation of the most caudal section of the corridor was found only in the

PlxnA2−/−;PlxnA4−/−mouse vTel (Figure 5.1H). The local spatial distribution and density

of corridor cells at E14.5 also appeared to be preserved in all mutants (Figure 5.3).

At these early subpallial navigation stages, neuroilament immunostaining could not

consistently reveal misrouted TCAs at the pial surface of the vTel in any of the mutants

analysed. This might indicate a brief stall of TCAs at the DTB in the absence of Sema6A,

PlxnA2 and PlxnA4 activity. A slight reduction in the amount of neuroilament+ ibers

was noticeable at E13.5 at moust caudal vTel levels (Figure 5.1B, D, F, H) in Sema6A−/− and

PlxnA2−/−;PlxnA4−/−mutant brains, but the magnitude of this decrease was inconsistent

as well, possibly due a confounding efect represented by the high level of fasciculation

within the IC at the DTB/corridor.

Since dLGN axons are the irst projections that cross the DTB during thalamocortical

connectivity development, failure of pioneer caudally-directed axons to elongate with

other thalamic ibers in the IC in Sema6A- and PlxnA2;PlxnA4-deicient mice could be

due, for instance, to a delay in corridor cell migration. Thus, immunohistochemistry

for Islet1 was performed on coronal brain sections of wild-type, Sema6A−/− and
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PlxnA2−/−;PlxnA4−/−E12.5 brains (when corridor formation is in its latest stages, and the

irst TCAs start crossing the DTB) to investigate the migration process of LGE-derived

neurons to MGE-derived territories (n ≥ 3 for all genotypes). Comparison of Islet1 vTel

expression pattern between wild type and mutant brain sections demonstrated the

absence of any evident delay or corridor malformations: in all cases, Islet1+ cells could

be distinguished in the mantle zone of the MGE-derived subpallial region (Figure 5.4).

Taken comprehensively, these indings suggest that loss of function of Sema6A,

PlxnA2 and PlxnA4 does not impact on the overall development and spatiotemporal

organisation of the LGE-derived corridor and striatal populations in the mouse

vTel. Subtle defects however seem to be present at local level in the corridor in

PlxnA2−/−;PlxnA4−/−mutants.
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Figure 5.1: Normal overall expression of Islet1 in the vTel of Sema6A mutants and PlxnA2;PlxnA4 double mutants at E13.5. Double
immunohistochemistry for neuroilament (green) and Islet1 (red) on E13.5 coronal brain sections indicates the preserved organisation, at this
stage, of Islet1+ cell domains in the developing subpallium of Sema6A−/− (C, D), PlxnA2+/−;PlxnA4+/− (E, F), PlxnA2−/−;PlxnA4−/− (G, H) mouse
brains, as compared to wild-type (A, B). Islet1+ neurons are present in a narrow band situated immediately dorsal to extending TCAs, between
the vTel subventricular zone and the globus pallidus (characterised by the absence of Islet1 immunostaining), and throughout the striatum, where
neuroilament-expressing thalamocortical ibers can be observed to segregate (A, C, E, G). Caudally, a slight reduction and disorganisation of
the most posteriorly-located subset of Islet1+ cells can be observed in the PlxnA2−/−;PlxnA4−/− mouse vTel (H).
Scale: 200 μm.
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Figure 5.2: Normal overall expression of Islet1 in the vTel of Sema6A mutants and PlxnA2;PlxnA4 double mutants at E14.5. Double
immunohistochemistry for neuroilament (green) and Islet1 (red) on E14.5 coronal brain sections reveals similar patterns of expression between
wild-type and Sema6A−/−, PlxnA2+/−;PlxnA4+/−, and PlxnA2−/−;PlxnA4−/−mouse brains (each panel represents data from a distinct animal). The
corridor marker is detectable both in a discrete band dorsal to the site of TCAs extension, between the MGE’s subventricular zone and the
globus pallidus, and across the striatum; no expression is found in MGE-derived territories.
Scale: 250 μm.
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5.2.2 Misplacement of a subset of guidepost cells in Sema6A and

PlxnA2;PlxnA4mutants

Guidance of TCAs across the subpallium has been suggested to rely not only on corridor

cells, but also on IC-localised guidepost cells which form projections to the dTh just as

TCAs start extending in the vTel (around E12.5) (see Chapter 1 for details). As there are

no known molecular markers for these cells, they have been so far identiied and studied

by retrograde dye tracings experiments from the dTh (Molnár et al., 2012). Tracings

with the carbocyanine dye DiI were therefore performed in PlxnA2+/−;PlxnA4+/−and

PlxnA2−/−;PlxnA4−/− E13.5 brains from littermates to investigate whether loss of function

of these guidance factors is associated with guidepost cells’ defects that might explain

the TCA misrouting phenotype observed in PlxnA2;PlxnA4 double mutants (Figure 5.5).

In PlxnA2+/−;PlxnA4+/−brains, as expected, dye tracings from the dTh resulted in the

back-labelling of cell bodies in the IC, in the proximity of anterograde-labelled TCAs

and along the dorso-lateral pathway followed normally by TCAs during navigation into

the subpallium (n = 7/7) (igure 5.5D–G). In PlxnA2−/−;PlxnA4−/− brains, however, some

back-labelled cell bodies were additionally found at a more supericial level of the vTel,

in the presumptive amygdala; this group of cells was also observed more caudally in

respect to the IC (n = 6/6) (igure 5.5H–K).

Similar dye tracing experiments were next performed on Sema6A−/− E13.5 brains

to examine the spatial distribution of IC guidepost cells in these mutants (late E13.5

wild-type brains were used as an experimental control as well as an extra control

group). Like in PlxnA2−/−;PlxnA4−/− brains, along with somas normally localised in the

IC region, some cell bodies were identiied via back-labelling in posterior vTel surface

areas of Sema6a-deicient specimens (these cells were not detected by retrograde

tracing in wild-type brains) (n = 11/11) (Figure 5.6). In general, the positioning of these

retrograde-labelled cells appeared to be less severely afected in Sema6A−/−brains; in

some cases, only a very small number of cell bodies (n < 10) could be observed in

aberrant sites throughout the vTel of these mutants.

Overall, these inding suggests that loss of Sema6A, PlxnA2 and PlxnA4 function

in subpallial areas leads to the caudo-ventral misplacement of a subset of IC guidepost

cells, which could explain the abnormal extension into the amygdala of more

caudally-projecting TCAs.
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Figure 5.3: Comparison of the corridor area between wild-type, Sema6A mutant and
PlxnA2;PlxnA4 double mutant E14.5 brains. All panels represent coronal brain sections
taken at the same rostro-caudal position. Double immunohistochemistry for neuroilament
(green) and Islet1 (red) shows the similar distribution and density of Islet1-positive cells at
the level of the TCA-permissive corridor in wild-type, Sema6A−/−, PlxnA2+/−;PlxnA4+/− and
PlxnA2−/−;PlxnA4−/−mouse brains.
Scale: 50 μm.
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Figure 5.4: Migration of Islet1+ corridor cells at E12.5 in Sema6A mutants and PlxnA2;PlxnA4

double mutant brains. Islet1+ corridor cells (red) appear to migrate in a wild-type-comparable
manner in the vTel, forming a corridor-like structure in MGE-derived territories as TCAs start
crossing the DTB to invade the subpallium.
Scale: 200 μm.

5.2.3 Additional ventral subpallium guidance / cytoarchitectural

defects in Sema6A and PlxnA2;PlxnA4 mutants

In light of the observed misplacement of IC guidepost cells in PlxnA2;PlxnA4-deicient

mice, and considering that Sema6A, PlxnA2 and PlxnA4 are expressed in many

populations surrounding the IC, it might be for instance hypothesised that, in absence

of PlxnA2/PlxnA4 activity in the caudal vTel (where PlxnA4 is present in corridor

cells and in IC-proximal domains), some Sema6A+ guidepost cells might fail to

properly locate at the IC level. Therefore, further immunohistochemical analyses of

Sema6A vTel expression patterns, using neuroilament as a marker of TCAs, were

performed in PlxnA2+/−;PlxnA4−/−and PlxnA2−/−;PlxnA4−/− E13.5 mouse brains (n =

2 per genotype) to investigate this possibility. While no changes were observed in

Sema6A immunoreactivity in the areas of the corridor, the globus pallidus, and the

areas immediately ventral to this latter structure, a Sema6A-expressing complex of

ibers morphologically correspondent to the lateral olfactory tract (LOT) was found to

deviate dorsally from its normal supericial trajectory (based on wild-type data) across

the vTel and invade the subpallium, reaching the mantle zone (Figure 5.7A, B). Double

immunohistochemistry with TAG1, a molecular marker for speciic subsets of LOT ibers

(Inaki et al., 2004), conirmed the anatomically-inferred identity of these projections

(Figure 5.7C–D’). Additional neuroanatomical studies via double immunohistochemistry
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Figure 5.5: A subset of IC guidepost cells is misplaced in PlxnA2;PlxnA4 double mutant E13.5
brains. (A) Schematic representation of the dye tracing experiments performed. DiI crystals were
inserted into the dTh of E13.5 PlxnA2+/−;PlxnA4+/−and PlxnA2−/−;PlxnA4−/−mouse brains; from this
position, the dye difuses along TCAs in an anterograde fashion, and on guidepost cells’ projections
reaching the dTh. (B, C) Coronal sections of E13.5 brains illustrating the labelled IC (B) and
the exact location of dye placement in the dTH (asterisk in C). (D–K) DiI labels growing TCAs
as well as guidepost cell bodies in the IC area, along the dorso-lateral path which TCAs will
follow to proceed further into the subpallium (solid arrowheads), in both PlxnA2+/−;PlxnA4+/−and
PlxnA2−/−;PlxnA4−/−brains. In PlxnA2−/−;PlxnA4−/−sections, however, back-labelling identiies a
group of cells projecting to the dTh in an abnormal caudo-ventral position in the vTel (H–K,
empty arrowheads).
Scale: B, C: 250 μm; D–K: 100 μm.
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Figure 5.6: A subset of IC guidepost cells is misplaced in Sema6A mutant E13.5 brains. DiI
retrograde tracing of cell populations within the vTel of wild-type, PlxnA2−/−;PlxnA4−/− and
Sema6A−/− mouse brains reveals the presence in Sema6A-deicient mice of dTh-projecting neurons
in caudal pial surface areas of the developing subpallium (I–L). No dye can be detected in this
domain in late E13.5 wild-type brains (A–D), while back-labelled cells can be observed in the
same region in PlxnA2−/−;PlxnA4−/− E13.5 mouse brains (E–H). (Images are taken at the same
rostro-caudal positions in the mouse vTel as those in Figure 5.5D–K.)
Scale: 100 μm.
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for TAG1 and Neuropilin 2 (another LOT marker that is found in the deepest laminae

of the tract (Inaki et al., 2004)) in wild-type, PlxnA2+/−;PlxnA4−/−or PlxnA2−/−;PlxnA4−/− ,

and Sema6A−/− E13.5 brains (n = 2 per genotype) revealed that the LOT shows a general

disorganisation across the rostro-caudal axis in all mutant specimens; rostrally, the tract

invades the mantle zone of the subpallium (as seen with Sema6A immunostaining), while

at more caudal level, axons appear to occupy a wider region in supericial layer of the

vTel, and to extend in a less orderly fashion within these territories (Figure 5.8). At more

caudal levels, these defects appeared to spread to regions where abnormally-located

IC guidepost cells can be back-labelled from the dTh, raising the possibility that

misplacement of some caudal IC guidepost cells might be related to defects in LOT

formation. A moderate decrease in TAG1 immunoreactivity was additionally observed

in the LOT of Sema6A−/−mouse brains. Taken together with these previous results,

these indings indicate the involvement of Sema6A–PlxnA2/PlxnA4 interactions in the

subpallial guidance of an additional axonal tract, and raise the possibility that a subtle,

but widespread cytoarchitectural disruption of the most supericial vTel area in Sema6A-

PlxnA2;PlxnA4-deicient mice might impact on subsequent patterning and pathinding

processes in the vTel.



94 5.2. Results

Figure 5.7: Abnormal invasion of the vTel mantle zone by the developing LOT in PlxnA2;PlxnA4

mutant E13.5 brains. (A, B) Double immunohistochemistry for neuroilament (red) and Sema6A
(green) in E13.5 PlxnA2−/−;PlxnA4−/−coronal brain sections shows the aberrant dorsal extension,
compared to wild-type, of Sema6A-positive, neuroilament-negative ibers from the vTel surface
into the mantle zone (arrow). (C–D’) Double immunohistochemistry for the developing LOT
marker TAG1 (red) and Sema6A (green) in E13.5 wild-type and PlxnA2+/−;PlxnA4−/−coronal brain
sections demonstrates that PlxnA2–PlxnA4 loss of function determines the growth of LOT
projections, which extension is normally conined at most supericial layers of the vTel (empty
arrowheads), into the subpallium. The LOT appears to follow a ventro-dorsal pathway parallel to
the PSPB (solid arrowheads). (GP: globus pallidus, Co: corridor)
Scale: A–B: 200 μm, C–D’: 200 μm.
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Figure 5.8: Lateral olfactory tract defects in Sema6A and PlxnA2;PlxnA4 mutant E13.5 brains. Double immunohistochemistry for TAG1 (red)
and Neuropilin 2 (green) in coronal sections of wild-type, PlxnA2−/−;PlxnA4−/− (D–F’) and Sema6A−/− (G–I’) E13.5 mouse brains reveals a
rostro-caudally widespread disorganisation of the LOT (white arrowheads) in null mutant mice, as compared to wild-type specimens (A–C’). In
more rostral positions, ibers are found to extend dorsally into the subpallium, while at more caudal level these projections appears to extend in
a less orderly fashion within a wider supericial vTel region. In Sema6A-deicient mice, the LOT shows a moderate decrease in immunoreactivity
for TAG1.
Scale: 250 μm.
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5.3 Discussion

Based on previous indings concerning the expression proiles of Sema6A, PlxnA2

and PlxnA4 in the developing subpallium, and the nature of TCA pathinding defects

in mutant mice lacking these proteins, in this study, we proposed to explore whether

these guidance factors are involved in vTel patterning processes that ensure the

proper spatiotemporal coniguration of TCA-guiding cells within intermediate targets.

Taken comprehensively, our indings demonstrated that this is indeed the case, and

furthermore characterised additional guidance functions for Sema6A, PlxnA2 and

PlxnA4 for other axonal tracts in the mammalian subpallium.

5.3.1 Sema6A, PlxnA2 and PlxnA4 cooperate in patterning

processes involving caudal guidepost cell populations

Our analysis focused on two speciic cell populations that have been suggested by

several studies to play a role in subpallial TCA guidance, the corridor cells and the IC

guidepost cells. In case of the LGE-derived corridor neurons, which were examined

via immunolabelling for the speciic marker Islet1, we observed an overall preserved

spatial and temporal organisation of these cells within basal forebrain territories of both

Sema6a and PlxnA2;PlxnA4-deicient mouse brains. Speciically, indings demonstrated

that corridor cell migration proceeds normally in all null mutant brains, indicating that

a cooperative action of Sema6A, PlxnA2 and PlxnA4 is not required during these early

patterning events of the vTel. Moreover, the corridor domain’s cytoarchitectural features

were found to be, for the most part, comparable between wild-type and mutant mouse

brains at later developmental stages, when TCAs are elongating into presumptive basal

ganglia regions of the vTel.

Despite indings of a generally normal corridor domain development in our mutants,

some subtle defects were observed in the most caudal extension of the Islet1+ population

associated to growing TCAs in PlxnA2−/−;PlxnA4−/− E13.5 brains. In this vTel region,

LGE-derived neurons appeared to aggregate along TCA paths in a less compact manner,

an abnormality that was accompanied by a slight reduction in the amount of cells

present in the region surrounding the ascending IC axonal bundle. Interestingly, the

caudal subpallium is the area where Sema6A, PlxnA2 and PlxnA4 are all present in

corridor cells and, in case of PlxnA4, on populations in close contact with these neurons

(see Chapter 4 for details). Thus, it can’t be excluded that Sema6A–Plxna2-PlxnA4
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interactions might play a role in reining the position of the most caudal part of the

corridor.

Considering IC guidepost cells, more evident abnormalities in the spatiotemporal

organisation of this neural population were observed in both Sema6a and

PlxnA2;PlxnA4-deicient mouse brains. At E13.5, when TCAs have begun their

extension into the subpallium, guidepost cells could be back-labelled via retrograde

dye tracing from the dTh in normal, IC-proximal positions in both Sema6A−/−and

PlxnA2−/−;PlxnA4−/−mutant brains. Still, in the posterior part of the vTel, a small

population of retrograde-labelled cell bodies was observed in a more ventro-caudal

site in respect to the IC, which corresponds to a presumptive amygdala area invaded

by misprojecting TCAs in the examined mutants (and, as aforementioned, presents

interesting expression patterns of all guidance factors analysed). This clearly suggests

that Sema6A, Plxna2 and PlxnA4 together play a role in specifying the proper

localisation of a caudal subset of dTh-projecting guidepost cells. Furthermore, these

indings support the scafolding model of axon guidance that has been proposed for IC

guidepost cells.

Taken comprehensively, results from our investigation of corridor and IC guidepost

cells suggest that Sema6A–Plxna2-PlxnA4 interactions may participate, by acting on

the formation of intermediate guidance structures, in indirect mechanisms of TCA axon

guidance at the level of the subpallium. As a consequence, the more severe TCA vTel

miswiring observed in PlxnA2;PlxnA4-deicient mice compared to Sema6A−/− mutants

might be deemed to result from the worse corridor or IC guidepost cells’ spatial

coniguration phenotypes shown by the irst animals (which, in turn, could be due to

additional interactions of PlxnA2/PlxnA4 with other Semaphorins, as explained in detail

in Chapter 3). This possiblity doesn’t completely exclude, however, a hypothetical role

of Sema6A reverse signalling in directing axonal growth in PlxnA2/PlxnA4-expressing

intermediate subpallial targets. Indeed, the striking speciicity of TCA defects resulting

from Sema6A ablation seems to indicate that multiple modes of interactions among

the guidance factors here examined might, together, control caudal TCA guidance.

Moreover, we can’t rule out that the response of these projections to environmental cues

might depend, in some part, to axon-axon interactions between subsets diferentially

expressing PlxnA2-PlxnA4.

Considering that in PlxnA2−/−;PlxnA4−/−mutant brains Sema6A expression patterns

in the corridor, the globus pallidus and the most ventral subpallial territories appear

similar to those observed in wild-type brains, the guidepost population phenotypes
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characterising Sema6a and PlxnA2;PlxnA4-deicient mice are unlikely to be induced

by a defective migration of Sema6A-expressing (corridor or IC) guidepost cells

in absence of directive signals provided by PlxnA2/PlxnA4 caudally. Whether

PlxnA2/PlxnA4-expressing cells found in the corridor and the globus pallidus might,

conversely, fail to position properly in the presumptive IC region due to ablation of

Sema6A in the vTel / lack of responsiveness to Sema6A in our mutants remains to be

explored. Experiments in Sema6A−/− animals are currently being performed to address

this hypothesis.

In relation to this latter potential mechanism of action of Sema6A, PlxnA2 and

PlxnA4 on guidepost cell populations, it is worth to examine indings from previous

studies on Ebf1, Inpp5e and Lhx null mutant mice, which all show disruption of

Sema6A subpallial expression proiles in concomitance with TCA pathinding errors.

The loss of Sema6A mRNA expression domains in the developing vTel of Ebf1- and

Inpp5e-deicient mice is correlated to guidepost cell aberrancies and the ectopic growth

of caudally-projecting TCAs in the presumptive amygdala; on the other hand, in Lhx

knockout mutants, Sema6A is overexpressed in the caudal vTel, guidepost cells cannot

be back-labelled from the dTh in the IC region, and TCAs fail to extend in the vTel. A

possible interpretation of these indings in the context of subpallial patterning is that

Sema6A acts as a repellent signal that prevents PlxnA2/PlxnA4-expressing caudal IC

guidepost cells from migrating outside their normal spatial domains. This scenario

is however complicated by the fact that Sema6A appears quite widely expressed in

ventral subpallial structures. Still, other Semaphorins that can bind to PlxnA2/PlxnA4,

or modulators of Semaphorin–Plexin signalling, present in discrete vTel regions might

determine cell-speciic actions of Sema6A that are lost as a consequence of the mutations

here considered.

Our data is generally in accordance with evidence showing that abnormalities,

such as loss or abnormal placement of cells, at the level of the most caudal parts

of the corridor domain or the globus pallidus are associated with severe defects in

TCA subpallial pathinding (in some cases, they involve almost the entirety of TCA

projections) (Jia et al., 2014; Lokmane et al., 2013; Mandai et al., 2014; Morello et al.,

2015; Uemura et al., 2007). The fact that no Islet1+ cells were observed in the vTel pial

surface of our mutants, where some IC guidepost cells are found to mislocalise, supports

the idea that this latter population might have separate origins from the LGE-derived

corridor neurons (Jia et al., 2014; Tuttle et al., 1999; Uemura et al., 2007).

IC guidepost cells have been hypothesised to belong to the NK2 Homeobox 1
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(Nkx2.1)-speciied, MGE-derived globus pallidus cells due their position in the IC area, as

well as the correlation between abnormalities involving IC guidepost cells and defects in

the organisation of Nkx2.1+ pallidum neurons in several mutant mouse lines. However,

thalamocortical projections seem to develop normally in mice lacking this particular

transcription factor (Marín et al., 2002). It should be noted though that the globus

pallidus is formed by diverse neural populations that migrate in the basal telencephalon

from several subpallial progenitor zones; interestingly, some of its cells seem to originate

from the LGE (Dodson et al., 2015; Hernández et al., 2015; Nóbrega-Pereira et al.,

2010) (these neurons either do not express or downregulate Islet1 and Ebf1 expression

as they diferentiate, since the two molecules are virtually absent from this basal

ganglia structure). Malformations comprising pallidal regions, and detectable through

Nkx2.1 immunolabelling, that have been characterised together with TCA pathinding

abnormalities in the aforementioned studies might thus extend to non-MGE derived

populations potentially representing IC guidepost cells. Future investigations of the

extra-MGE-orginated pallidal neural subsets in IC guidepost cell-defective mutant lines,

including Sema6A- and PlxnA2;PlxnA2-deicient mouse lines, might prove useful to

better understand the phenotypes presented by these animals, and to identify markers

for IC guidepost populations.

Finally, the phenotypical similarities in terms of TCA pathinding at the vTel shown

by Sema−/− / PlxnA2−/−;PlxnA4−/− and Inpp5e−/− mutant mice, together with the loss of

Sema6A and PlxnA4 mRNA expression that occurs subpallially in Inpp5e-deicient mice,

and the disruption of basal forebrain guidance structures present in all these lines, point

to a link between primary cilia function during development and the control of guidepost

cell positioning by Semaphorin–Plexin signalling-mediated mechanisms. Interestingly,

the molecular mechanisms of primary cilia development have been shown to also impact

on callosal axon guidance by controlling guidepost cell positioning (Benadiba et al., 2012;

Magnani et al., 2012), and Celsr2–Celsr3, which have been discussed above in the context

of guidepost cells and TCA guidance, have been demonstrated to act redundantly during

ciliogenesis at ependymal level (Tissir et al., 2010). The relationship between ciliary

function and patterning of intermediate axonal targets by classic and novel guidance

factors thus warrants further examination in future studies.

5.3.2 Sema6A–PlxnA2-PlxnA4 interactions in LOT axon guidance

A secondary major inding of the present study is represented by the defects in LOT

formation observed in Sema−/− and PlxnA2−/−;PlxnA4−/−mutant mice. In these animals, we
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observed the ectopic dorsal extension of LOT ibers in the mantle zone of the rostral

vTel at E13.5, while in more caudal subpallial portions axons were found to navigate

in a moderately wider, less organised bundle within supericial subpallial layers. The

results of our experiments conirm previous reports of LOT development abnormalities in

Sema6A-deicient mice (Rünker et al., 2011), and expand upon previous knowledge of the

mechanisms underlying LOT axon guidance by identifying PlxnA2–PlxnA4 as potential

Sema6A functional partners in subpallial pathinding processes.

Another Semaphorin, Sema3F, was formerly implicated in LOT guidance in the

developing vTel at the same embryonic stages; in this case, evidence indicated that loss

of Sema3F function results in a misplacement of lot cells (a subset of Cajal-Retzius cells

which act as guideposts for LOT axons (Dixit et al., 2014)) in mantle vTel layers, towards

the ganglionic eminences. Ablation of Npn2 was furthermore associated with almost

identical aberrancies in lot cell positioning (Ito et al., 2008). The lot cell patterning defect

characterising Sema3F-deicient mice mutants is strikingly compatible with the identiied

LOT pathinding phenotype observed in Sema−/− and PlxnA2−/−;PlxnA4−/−mutants, and

expression proiles of Sema6A, PlxnA2 and PlxnA4 at E13.5 indicate that all these

proteins are present in the areas surrounding the LOT (as well as on the LOT axons

themselves, in case of Sema6A) (see Chapter 4 for details).

Could Sema6A–PlxnA2-PlxnA4 participate in orienting LOT guidepost cells?

Moreover, seeing how the LOT ibers traverse territories proximal to ascending IC axons

in the caudal vTel, and that misplaced guidepost cells localise very close to supericial

regions invaded by the expanded LOT in our mutant mice, how do these phenotypes

relate to each other? These and other questions will need to be addressed in further

studies.



Chapter 6

In silico screening for novel candidates

in subpallial and TCA development

6.1 Introduction

The correct development of many major axonal tracts in the mammalian forebrain,

included the thalamocortical tract, is contingent on proper morphogenesis and

patterning of the mammalian subpallium. By contributing to the formation and

regulation of the cellular and molecular environment through which thalamic ibers

navigate, factors involved in these processes create the necessary conditions and cues for

axonal pathinding. However, relatively little is still known about the exact molecular

mechanisms by which cell-cell interactions in the vTel give rise to cytoarchitectural

structures involved in subpallial pathinding, or how the coordinated expression

of guidance cues is spatiotemporally organised within intermediate targets in this

region. Moreover, although several factors and mechanisms controlling thalamocortical

connectivity development have been identiied in the past two decades, these still

cannot explain in full the establishment of this highly complex system. The totality of

molecules involved in TCA guidance, either through direct or indirect mechanisms,

might therefore include a much higher number of factors, and extend to many more

protein families than the ones so far implicated in pathinding-related processes.

Genome-wide, anatomically comprehensive gene expression datasets at

cellular resolution represent powerful tools for the discovery of novel molecular

determinants of diverse neurodevelopmental events. In recent years, a few mammalian

developmental expression datasets have been made publicly available through online

platforms. One of the most representative data collections in this context is the Allen

Developing Mouse Brain Atlas, developed by the Allen Institute for Brain Science

(http://www.alleninstitute.org). Thus, in this study, we employed a combination of

bioinformatics tools to perform an in silico search on this extensive dataset for new

potential candidate players in the development of thalamocortical connectivity.

101
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6.1.1 The Allen Brain Atlas

The Allen Brain Atlas project aims to improve our understanding of the mammalian

brain’s organisation and function by unraveling the genetic basis of its structural and

cellular architecture. To this end, in the last ten years the Allen Institute for Brain

Science has generated genome-scale collections of gene expression proiles in the

human, non-human primate and murine adult brain, as well as in the developing human

and mouse brain (Hawrylycz et al., 2012; Lein et al., 2007; Miller et al., 2014; Thompson

et al., 2014). The expression data, obtained via automated high-throughput, cellular-level

resolution in situ hybridization and image acquisition techniques, is publicly accessible

online at http://www.brain-map.org, along with several image-based informatics tools

that allow users to easily navigate and query the atlas.

The Allen Developing Mouse Brain Atlas (ADMBA), currently available at

http://developingmouse.brain-map.org, provides expression surveys for 2002 genes

across seven embryonic and postnatal ages (E11.5, E13.5, E15.5, E18.5, P4, P14 and P28)

during C57Bl/6J mouse brain development. Each time-point-speciic dataset, which

consists of high-resolution 10x images of in situ hybridisation (ISH)-treated and nuclear

HP Yellow-counterstained sequential sagittal sections encompassing a single whole

brain, is accompanied by a spatiotemporally-matched Nissl-stained reference atlas

including a detailed ontology of the developing brain anatomy. ISH data for each gene as

well as the annotated reference atlas data is stored in three-dimensional units, or voxels,

that are mapped onto a standardized three-dimensional grid coordinate frame; this

registration method allows users to perform direct gene expression comparisons within

speciic brain regions, as all volumetric ISH units across diferent genes are aligned in

the same coordinate space, and furthermore to associate ISH voxels with corresponding

anatomical structures provided by the annotated reference atlas.

Ages were chosen according to their relevance in the analysis of diverse fundamental

developmental processes, such as regional speciication/patterning (E11.5), axonal

pathinding (E13.5, E15.5 and E18.5), synaptogenesis (P4 and P14) and cortical plasticity

(P28) (Thompson et al., 2014). The genes surveyed by the ADMBA were selected to

represent the following categories of developmentally-signiicant molecules (taken

from the Technical White Paper: Allen Developing Mouse Brain Atlas found at

http://developingmouse.brain-map.org/docs/Overview.pdf and Thompson et al. (2014)):

1. Transcription factors (approximately 800 genes representing 40% of total

transcription factors), with almost complete coverage of homeobox, basic
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helix-loop-helix, forkhead, nuclear receptor, high mobility group and POU domain

genes.

2. Neuropeptides, neurotransmitters, and their receptors, with extensive coverage of

genes involved in dopaminergic, serotonergic, glutamatergic, and GABA-ergic

signalling, as well as neuropeptides and their receptors.

3. Neuroanatomical marker genes, delineating regions and cell-types over

development, which characterisation can provide information about the origins of

speciic neural structures/populations, and may help to identify precursor regions

at earlier time points.

4. Gene ontologies/signaling pathways relevant to brain development, including genes

coding for axon guidance cues, receptor tyrosine kinases and their ligands, and

molecules interacting within the Wnt and Notch signalling pathways.

5. Genes of general interest, covering highly studied genes either representing

common drug targets, ion channels, molecules involved in neurotransmission, cell

adhesion proteins and G-protein-coupled receptors (GPRCs), or associated with

neurodevelopmental diseases and expected to be expressed brain-wise during

development.

6.1.2 Aims of the study

With its detailed coverage of developmentally-relevant genes and time-points, the

ADMBA represents a gene expression database that might prove particularly useful for

the identiication of novel candidates in murine subpallial TCA guidance processes.

Using integrative data-mining and database curation approaches, we therefore aimed at

revealing new genetic factors that, based on their spatiotemporal expression proiles,

might be involved in the speciication of intermediate TCA guidance populations in the

vTel, or in directing axonal pathinding. In this study we particularly focused on an in

silico screening for proteins involved in cell–cell interactions, which might mediate

signals among cells delineating TCA pathways, or between these cells and navigating

axons. To this end, we characterised protein products for the genes included in the

ADMBA dataset in terms of their subcellular localization, with an emphasis on the

extracellular compartment, using several available online tools (the annotation pipeline

and curation / validation of results was described in Bibollet-Bahena, 2015) .

In order to ind genes characterised by expression proiles spatiotemporally related

to subpallial patterning and thalamocortical connectivity events, we then performed
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clustering analyses on vTel-speciic data-points across developmental stages to sort

genes according to similar temporal patterns of expression. By combining cellular

localisation details with extensive functional and anatomical dataset curation for gene

clusters exhibiting early peaks in expression, we proposed to biologically validate our

in silico analyses, and to unravel new potential components of the molecular systems

involved in TCA subpallial navigation.
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6.2 Results

6.2.1 Clustering analyses of developmental gene expression

patterns in the subpallium

In order to ind genes expressed in the vTel during early phases of thalamocortical tract

development, subpallial expression density values for 2002 developmental genes at

E11.5, E13.5, E15.5, E18.5, P4, P14 and P28 extracted from the ADMBA (Spreadsheet 1 in

the Digital Appendix) were normalised and clustered in a non-hierarchical manner by

employing a k-means standard algorithm (see Chapter 2 for details; Spreadsheet 3 in

the Digital Appendix). This method clusters data within a preset number k of groups.

Since there is no correct value of k for any given dataset, an initial range of k values

(6–15) was irst determined by applying a frequently used method, known as the “elbow

method”, which is based on the visual inspection of a dataset-derived Scree plot for a

drastic decrease in the slope of the line (i.e. the “elbow”) (see Chapter 2 for details;

Spreadsheet 2 in the Digital Appendix). Subsequently, the selection of an appropriate k

value was performed on the basis of a comparative cluster analysis across all k-means

clustering results obtained. As k values increased, some clusters appeared to consolidate

across several k-means analyses, especially from k = 10 onwards (Spreadsheet 3 in the

Digital Appendix).

To better compare clusters across k values, summary tables were obtained by

averaging normalised expression densities per time-point for each cluster (Figure 6.1).

With an increase in k values, clusters started to show deinite peaks of expression at

one speciic time-point; at k = 11, clusters presenting a peak with an average relative

expression value > 1 could be observed for each embryonic time-point covered by the

ADMBA. A k value of 12 was inally selected for further data analysis, as it represented

an optimal compromise between high temporal expression pattern resolution and

gene inclusiveness. k-mean clustering at this stage generated 5 groups with average

normalised expression density peaks > 1 for one of the embryonic ages (one cluster per

time-point, except for E11.5), for a total of 570 genes included in clusters displaying

highest expression levels at TCA development-relevant time-points (E11.5–E15.5), with

a clear separation of E13.5 versus E15.5 expression-peaking genes and the exclusion of

genes with less deined peaks in expression density (e.g. genes with multiple peaks

slightly above 1 across time-points, which generated separate clusters at higher k-values

and were partially included in some early embryonically-peaking clusters at k = 11).
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Figure 6.1: (Continued in the next page.)
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Figure 6.1: (See legend overleaf.)
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Figure 6.1: Heat-map summaries of k-means clustering analyses of the ADMBA dataset.
Individual normalised expression density values were averaged per cluster at each time-point to
examine expression trends for all clustering results from k = 6 to k = 15 (k value indicated at top
left corner of each table). Clusters were organised chronologically according to the time-point
at which their average expression density presented a peak. Thus, early-peaking clusters can be
found at the top of each heat-map, and late-peaking clusters at the bottom. Average expression
density values were colour-coded based on a three-colour scale, where 0.2 = blue, 1 = white, red =
5. Note that individual clusters presenting an expression peak in correspondence of all embryonic
ages start to form from k = 11 onwards, and that after k = 13 a new cluster with a double peak
(one at E11.5, and one at P14) emerges in all analyses.

6.2.2 Distribution of proteins by localisation and cluster

enrichment analyses

Screening of ADMBA gene products for cellular localisation, which allowed the

identiication of genes encoding for factors mediating cell-cell communications, was

performed by combining the outputs of diferent tools available online (PSORTII,

SignalP, Big-PI Predictor and TMHMM; see Chapter 2 for details and Bibollet-Bahena,

2015). Genes included in the ADMBA dataset predominantly encoded nuclear proteins

(906 proteins), followed by secreted proteins (292), GPI-anchored or single-pass

transmembrane proteins (283), cytoplasmic or organelles-speciic proteins (266) and

multi-pass transmembrane proteins (240) (Table 6.1). Nine genes, namely C030002O17Rik,

Frat1, Hbb-b2, Itlnb, LOC433436, LOC545810, mCG146432, Pcdha7 and Tigd5, were not

annotated at the time of the analysis.

As the localisation of a particular protein is indicative of its function in speciic

cellular mechanisms, and more generally in the context of neurodevelopmental

processes (e.g. regulation of gene expression during early patterning events

versus neurotransmission during later activity-dependent circuitry reinement), we

hypothesized that diferent protein localisations would be enriched in clusters showing

expression peaks at diferent developmental time-points. In order to determine whether

certain categories of protein localisation were diferentially distributed across k-mean

12 clusters, cluster-speciic expected count values per category assuming a random

distribution were calculated as follows:

expected = (total # of genes in cluster of interest / total # of genes) * total # of genes in

category of interest

Resulting values, along with observed counts for all k-mean 12 cluster, are shown in
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Table 6.1: Summary of expected versus observed gene counts by k-mean 12 cluster and
localisation category. Total expected and observed counts per localisation category can be found
at the bottom of the table.

Table 6.1. A Chi-square statistical analysis was then conducted on the whole dataset to

test for an overall signiicant deviation of observed counts per localisation category from

those expected by random distribution at p < 0.05. Further statistical tests were performed

on individual categories to detect any signiicant enrichment of particular protein cellular

localisations among clusters. The Bonferroni correction was taken into account due to

multiple testing, resulting in an adjusted threshold at p < 0.01. A signiicant deviation from

the random distribution was observed overall, and for all the single localisation categories

examined (Table 6.2).

Interestingly, by plotting the observed/expected count ratios per cluster for
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Table 6.2: Summary of results for Chi-square statistical analyses performed on the clustered (k =
12) ADMBA expression density data.

each individual localisation category (Figure 6.2), an enrichment for nuclear gene

products was noticed in clusters with expression density peaks at early developmental

stages (Figure 6.2D), whereas clusters peaking from E15.5 to P4 were found to

be enriched in single-pass transmembrane and GPI-anchored proteins (Figure

6.2B), and clusters peaking at postnatal stages showed an enrichment in multi-pass

transmembrane products (Figure 6.2C). The observed diferences in gene composition

per cluster according to product localisation precisely correlated with the type of

neurodevelopmental events characterising each cluster’s peak expression time-point.

Indeed, at the earliest embryonic ages considered, patterning and axon guidance

processes require the expression of multiple transcription factors; subsequent forebrain

connectivity development events are then accompanied by an increase in axon guidance

and other extracellularly expressed molecules mediating signals across cells; inally,

postnatal synaptogenesis and neurotransmission are tied to the production of a variety

of multi-pass transmembrane proteins. Overall, the results of the enrichment analyses

biologically validate the hereby examined cluster organisation of the ADMBA gene

expression data.
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Figure 6.2: (Continued in the next page.)
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Figure 6.2: Graphs of expected/observed gene count ratios per k-mean 12 cluster for each product
localisation category. Clusters are organised chronologically on the X-axis, according to the
time-point at which their average expression density presented a peak. Blue bars represent ratios
for clusters peaking between E11.5 and E15.5.
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6.2.3 Manual curation of results and selection of genes of interest

Having determined a biologically-relevant set of clusters containing genes diferentially

expressed during development, we proceeded in our analysis by compiling a list of

extracellular products-encoding genes particularly expressed during early subpallial

TCA guidance events. To do so, we irst selected all genes corresponding to secreted,

multi-pass transmembrane, single-pass transmembrane and GPI-anchored protein

localisation categories included in k-mean 12 clusters with expression density peaks

between E11.5 and E15.5 (i.e. clusters 0, 4, 6, 7). Although E11.5 and E15.5 represent

time-points respectively too early or too late in relation to the subpallial processes we

aimed at investigating, corresponding peaking clusters were chosen as many genes in

these groups maintained expression or already started to be expressed above average

levels at E13.5.

For each gene obtained with this selection process, expression patterns were then

analysed by visual inspection of ISH images available at the ADMBA website. According

to this expression data, genes presenting subpallial expression levels comparable to

background noise, or expressed only in vessels, across all sections at E13.5 were excluded

from further examination. Some of the genes iltered out during this analysis were found

to present a skewed temporal pattern of expression due to section artifacts (e.g. bubbles,

very high expression in tissue immediately surrounding the brain, dark crystals and

other impurities, high background, signiicant tissue folding); this particularly applied to

genes expressed at very low levels throughout development. A small number of genes

encoding for products involved in neurotransmission were additionally not considered

in subsequent analyses. The inal list of genes of interest demonstrating detectable

subpallial expression patterns at E13.5 is shown in Table 6.3.

6.2.4 Subpallial expression patterns of known and candidate

factors in early thalamocortical tract development

Within the reined list of genes obtained from the cross-validation of clustering

results with the analyis of ADMBA ISH data, we could identify many members

of protein families previously associated with axon guidance and other relevant

neurodevelopmental mechanisms (such as process extension or neural migration). Some

of these members had been previously characterised in the context of TCA pathinding,

but for most molecules any direct or indirect role as guidance factors had been either

described in diferent processes, or had yet to be deined. A few selected gene products
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Table 6.3: (Continued in the next page.)
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Table 6.3: (Countinued in the next page.)
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Table 6.3: Final list of genes of interest individuated by our in silico ADMBA analysis. Asterisks
denote a known cell-autonomous TCA guidance function of the encoded protein in thalamic
neurons. MGI: Mouse Genome Informatics database.
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were additionally found to belong to families not implicated so far in forebrain

connectivity development. The following section summarises indings on the subpallial

expression patterns characterising the genes of interest listed in Table 6.3. We chose to

focus in particular on genes discretely expressed in post-mitotic vTel territories, as

factors expressed in proliferative zones are more likely to be involved in developmental

processes with non-speciic indirect efects on subpallial axon guidance, such as neural

progenitor proliferation, survival, or diferentiation.

6.2.4.1 Semaphorins and Plexins

Genes encoding for three members of the Semaphorin family of molecules (Sema3f,

Sema3a, Sema6c) and four belonging to the Plexin family (Plxna1, Plxna3, Plxna4,

Plxnc1) were found to present interesting spatial patterns of expression in the E13.5

mouse subpallium (Figure 6.3). The two Class 3 Semaphorins identiied, Sema3A and

Sema3F, have been already extensively studied within the process of thalamocortical

tract formation: as discussed in previous chapters, evidence has shown that gradients

of these two proteins within the vTel have an essential role in guiding extending TCAs

directed at rostral and intermediate cortical domains (i.e. motor and somatosensory

thalamic ibers) away from caudal subpallial regions, and towards their appropriate inal

targets (Bagnard et al., 1998; Demyanenko et al., 2011b,a; Gu et al., 2003; Molnár et al.,

2012; Wright et al., 2007). Accordingly, ISH data from E13.5 sagittal sections of the

murine forebrain showed expression of the two guidance cues in both IC/corridor and

striatal regions of the vTel (due to the nature of the section, graded expression was less

noticeable, but a more intense staining could be still detected in caudal subpallial areas

compared to rostral ones).

In addition to genes encoding for Sema3A and Sema3F, high mRNA expression in all

post-mitotic vTel regions at E13.5 was also observed for the gene corresponding to the

Class 6 Semaphorin Sema6C. Sema6C hasn’t been yet associated to any TCA guidance

process, and in general its roles in neural development are still poorly characterised.

Nevertheless, it is known that the protein is able to induce the growth cone collapse of

mouse and chicken dorsal root ganglion (DRG) neurons, rat hippocampal neurons, and rat

cortical neurons in vitro (Kikuchi et al., 1999; Qu et al., 2002), and, together with Sema6D,

its activity has been implicated in the segregation of proprioceptive sensory axons in the

developing mouse spinal cord (Yoshida et al., 2006).

ADMBA ISH data highlighted mRNA expression in speciic subpallial domains for

three Plexin-As: PlxnA1, which in the mammalian nervous system can associate to the
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Figure 6.3: Selected Semaphorin-encoding genes’ vTel expression at E13.5. In situ hybridisation
on sagittal sections of the 13.5 mouse brain reveals mRNA expression patterns for Sema3f, Sema3a,
Sema6c in post-mitotic subpallial regions. Sections are taken at an intermediate level of the
medial-lateral axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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co-receptor Npn1 and the Semaphorins Sema3A, Sema3B, Sema5A, Sema6C and Sema6D

(Charoy et al., 2012; Matsuoka et al., 2011; Nawabi et al., 2010; Kuwajima et al., 2012; Rohm

et al., 2000; Takahashi et al., 1999; Tamagnone et al., 1999; Wu et al., 2014; Yoshida et al.,

2006); PlxnA3, which forms holoreceptor complexes with Npn2 (but also Npn1, for which

it has low ainity) and binds Sema3A, Sema3F, Sema5B and Sema6A in the developing

murine nervous system (Cheng et al., 2001; Demyanenko et al., 2014; Faulkner et al., 2008;

Low et al., 2008; Matsuoka et al., 2011; Schwarz et al., 2008; Tran et al., 2009; Xiang et al.,

2012; Yaron et al., 2005); PlxnA4, which interacts with the co-receptor Npn1 and binds

Sema3A, Sema6A and Sema6B during mouse nervous system development (Bernard et al.,

2012; Faulkner et al., 2008; Haklai-Topper et al., 2010; Low et al., 2008; Matsuoka et al.,

2011, 2012; Okada et al., 2007; Rünker et al., 2008; Schwarz et al., 2008; Suto et al., 2005,

2007; Tawarayama et al., 2010; Yaron et al., 2005; Zhuang et al., 2009).

Potential roles of PlxnA4 in TCA guidance have been described in this thesis; as for

PlxnA1 and PlxnA3, while knockout mouse lines are available for both proteins, possible

functions in the development of thalamocortical connectivity have yet to be investigated.

However, both Plexins have been implicated, often in cooperation with other Plexin

family members and modulatory binding partners (e.g. Ig-CAMs), in pathinding of

several peripheral and central nervous system axonal tracts (Charoy et al., 2012; Cheng

et al., 2001; Delloye-Bourgeois et al., 2015; Faulkner et al., 2008; Kuwajima et al., 2012;

Nawabi et al., 2010; Schwarz et al., 2008; Wu et al., 2014; Yaron et al., 2005; Yoshida et al.,

2006). Interestingly, PlxnA1 shows a sparse expression in mantle and pial surface areas

of the vTel, but is also intensely transcribed in a discrete subventricular area dorsal

to the IC, close to the DTB. These indings, together with evidence indicating that

this molecule might serve both as a receptor and a ligand for Semaphorins (Toyofuku

et al., 2004), suggests potential, speciic TCA guidance-related roles of PlexinA1 at the

level of this intermediate target, supported by diverse hypothetical mechanisms of

PlxnA1–Semas interactions.

Another Plexin family member which gene was found to be transcribed especially

within distinct subpallial guidance structures was PlxnC1. Similarly to PlxnA1, high

mRNA expression levels were detected in an area surrounding the IC close to the

DTB, but also in cells in close contact with the IC axon bundle dorsally and ventrally

(with some domains possibly overlapping with the vTel corridor). Lower and sparser

expression could moreover be observed in mantle and pial surface subpallial territories.

The activity of PlxnC1, which can function as a receptor for the virally encoded

SemaV and Sema7A (Tamagnone et al., 1999), has been so far best characterised in the
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Figure 6.4: Selected Plexin-encoding genes’ Tel expression at E13.5. In situ hybridisation on
sagittal sections of the 13.5 mouse brain reveals mRNA expression patterns for Plxna1, Plxna3,
Plxna4, Plxnc1 in post-mitotic subpallial regions. Sections are taken at an intermediate level of the
medial-lateral axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.

regulation of immune function and tumor progression (Chen et al., 2013; Takamatsu and

Kumanogoh, 2012). Not much is known about its roles in the nervous system: studies on

Plxnc1 knockout have so far discovered a requirement of this molecule for the proper

migration of paraventricular and supraoptic neurons in the hypothalamus (Xu and Fan,

2007), and, more recently, Sema7A–PlxnC1 signalling was implicated in the periodic

neuroglial remodelling occurring in the adult hypothalamic median eminence during

the murine ovarian cycle (Parkash et al., 2015). As PlxnC1 expression was observed in

several populations of migrating neurons in the developing rodent brain (Pasterkamp

et al., 2007), it can be hypothesised that PlxnC1 might participate the organisation of

permissive structures in the vTel, such as the corridor.
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6.2.4.2 Ephrins and Eph receptors

Several genes encoding for members of the Ephrin family of guidance molecules and

their receptors were identiied by our in silico ADMBA analysis (Figure 6.5). Subpallial

expression of three of these factors, Ephrin-A5 (EfnA5), Ephrin-B1 (EfnB1), and the EfnB1

receptor EphB1, have been associated to early TCA pathinding processes occurring at the

vTel.

The subpallial caudal-high to rostral-low gradient formed by EfnA5 within corridor

and striatal domains was indeed shown to be essential for the correct topographic

sorting of rostrally-projecting thalamic ibers towards their cognate motor cortical areas,

as in the absence of such gradient these axons are misrouted caudally and connect to the

somatosensory neocortex (Dufour et al., 2003, 2006). As for EfnB1, vTel expression of

this protein, localised in areas surrounding the extending thalamic ibers, was recently

proposed to act as a spatial cue directing reciprocal guidance of a L1-expressing TCA

subset and descending cortical axons interacting with them (Robichaux et al., 2014).

Interestingly, the aberrant TCA pathinding phenotype occurring subpallially, at the

level of the IC, in EfnB1-deicient mice correlated to that observed in mouse brains

in which EphB1 forward signalling activity had been abolished. During early TCA

pathinding in the vTel, EphB1 was found to be expressed in both thalamic and subpallial

regions; mRNA expression of Ephb1 was also shown by our in silico analysis to present a

subpalllial peak at E13.5, and ADMBA ISH data indicates a complementarity in EfnB1

and EphB1 vTel distribution patterns (Figure 6.5). Therefore, EfnB1–EphB1 forward

signalling might specify L1+ TCA guidance by intervening in mechanisms governing

development and function of intermediate guidance targets, rather than only in a

cell-autonomous manner.

The remaining genes showing a peak in expression in discrete, post-mitotic vTel

regions at E13.5 encoded the Ephrin receptors EphA2 and EphB3. Moderate levels of

Epha2 mRNA expression were observed at the corridor and the striatum, whie Ephb3

mRNA could only be detected in the caudal part of the striatum, and at low levels at the

rostral pial surface. EphA2’s activity hasn’t been linked yet to axon guidance processes,

and no speciic roles in neurodevelopment have been deined for this protein so far.

EphA2 has been shown to bind to Ephrin-A1, and sigalling triggered by this association

was proven to induce neurite outgrowth of E14 cortical mouse neurons (Himanen

et al., 2010; Tanaka et al., 2004). However, it should be noted that EphA2 can also form

complexes with EfnA5 (Himanen et al., 2010), which expression partially overlaps

subpallially at E13.5.
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On the other hand, EphB3 has been implicated with EphB2 in retinal ganglion

cell, callosal commissure and habenular commissure axon pathinding (Birgbauer

et al., 2000; Orioli et al., 1996), and in the control of habenular commissure tract and

hippocampal axon fasciculation (Chen et al., 2004; Orioli et al., 1996). In addition,

evidence indicates that EphB3 controls, in cooperation with other EphBs, diverse

neural migration processes in the developing mouse forebrain (Kamitori et al., 2005;

Villar-Cerviño et al., 2013, 2015). For instance, interneurons originating from the MGE

and migrating to the striatum in correspondence of early subpallial TCA vTel guidance

events express several EphBs, which ensure positioning of these neurons within striatal

territories (Villar-Cerviño et al., 2015). Thus, EphB3 and other EphBs might also

play a collaborative role in subpallial TCA sorting, perhaps by participating in vTel

morphogenetic processes.

6.2.4.3 Silts and Robo receptors

The gene list resulting from our in silico search for cell–cell interaction mediators in

the mouse vTel during TCA subpallial growth included Slit2 and Robo1, which encode

two factors that contribute to mammalian subpallium patterning and, as a consequence,

control early TCA pathinding (Figure 6.6). Slit2, expressed in most ventro-medial parts

of the E13.5 vTel, in particular at the pre-optic alar plate (POA), was demonstrated to

act as a midline repellent that, during subpallial development, orients the migration of

corridor neurons. The ability of corridor cells to respond to Slit2 was shown to rely on

the expression by LGE-derived populations of the receptors Robo1/2 (indeed, in Figure 6.6,

high levels of Robo1 mRNA can be observed throughout the vTel mantle region) (Bielle

et al., 2011a).

6.2.4.4 Ig-CAMs

Three genes encoding members of the Ig-CAM subfamily, namely Cadm1, Chl1, and

L1cam, were included in our deinitive genes of interest list (Figure 6.7).

As mentioned in Chapter 1, CHL1 and L1 have been shown to mediate correct axon

guidance of speciic TCA subsets by interacting with Ephrins and Semaphorins receptor

components at the growth cone level (Demyanenko et al., 2011b; Wright et al., 2007).

However, binding in trans of L1 to cis-interacting L1–Npn1 has also been demonstrated

to modulate axonal responses to guidance cues, turning Sema3A-induced repulsion into

attraction (Maness and Schachner, 2007; Pollerberg et al., 2013). In the E13.5 mouse vTel,
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Figure 6.5: Selected Ephrin- and Eph receptor-encoding genes’ vTel expression at E13.5. In situ

hybridisation on sagittal sections of the 13.5 mouse brain reveals mRNA expression patterns for
Efna5, Epha2, Efnb1, Ephb1, Ephb3 in post-mitotic subpallial regions. Sections are taken at an
intermediate level of the medial-lateral axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D:
dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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Figure 6.6: Slit2 and Robo1 vTel gene expression at E13.5. In situ hybridisation on sagittal sections
of the 13.5 mouse brain reveals mRNA expression patterns for Slit2 and Robo1 in post-mitotic
subpallial regions. Sections are taken at an intermediate and at a medial level of the medial-lateral
axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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L1cam is maximally transcribed throughout the corridor and the striatum, thus at this

stage L1 might be present with Sema3A in caudal LGE-derived territories. At E14.5, CHL1

expression is concentrated inmore caudal parts of the dTH, which consist mainly of dLGN

and VB neurons, and overlaps with Npn1 (Demyanenko et al., 2011b; Wright et al., 2007);

CHL1 can associate with Npn1, and the caudal shift of VB axons observed in Npn1 null

mutants (in which thalamic ibers are insensitive to Sema3A) recapitulates that of CHL1

(Maness and Schachner, 2007;Wright et al., 2007), suggesting that the presence of Sema3A

in the caudal vTel is necessary and suicient to keep somatosensory projections out of

this subpallial region. The dLGN also expresses CHL1, but dLGN axons do grow into the

caudal vTel; since dorso-lateral thalamic ibers also highly express L1, trans interactions

between L1 and L1–Npn1 complexes proteins might underlie the ability of this axonal

subset to extend into Sema3A+ vTel domains. This hypothetical scenario is supported by

the presence in L1-deicient mice of aberrancies in the vTel routes followed by posterior

TCA bundles (Wiencken-Barger et al., 2004). Future research may therefore focus on

analysing early TCA development in mouse lines presenting a conditional inactivation of

L1 function in subpallial domains.

Cadm1, also known as SynCAM1, is part of a Ig-CAM subfamily comprising four

members (Cadm1–4) which mediate speciic cell–cell contacts via homophilic and

heterophilic interactions (Biederer, 2006; Takai et al., 2008). While a role in mammalian

TCA guidance hasn’t been yet described for this protein, several SynCAMs, including

SynCAM1, have been shown to control post-crossing commissural axon guidance and

the proper navigation of aferent sensory projections in the developing chicken spinal

cord; in the latter context, interactions between SynCAMs both in cis and in trans have

been demonstrated to afect pathinding by regulating axon-axon and axon-intermediate

target contacts (Frei et al., 2014; Niederkoler et al., 2010). As Cadm1 mRNA is discretely

absent from the globus pallidus, a non permissive territory for TCAs, while it is highly

transcribed in the corridor, and moderately expressed in the striatum and the vTel pial

surface at E13.5, it would deinitely be interesting to investigate its role in the regulation

of TCAs–intermediate subpallial targets interactions during thalamocortical tract

development.

6.2.4.5 Cadherin superfamily members

Genes encoding for several types of cadherins, including clustered and non-clustered

protocadherins as well as an atypical cadherin, were identiied by our bioinformatic

analyses of the ADMBA dataset (Figure 6.8).
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Figure 6.7: Selected Ig-CAM-encoding genes’ vTel expression at E13.5. In situ hybridisation
on sagittal sections of the 13.5 mouse brain reveals mRNA expression patterns for Cadm1, Chl1
and L1cam in post-mitotic subpallial regions. Sections are taken at an intermediate level of the
medial-lateral axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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In the E13.5 murine subpallium, expression of one gene encoding for a classical

cadherin, Cdh2, known also as N-cadherin (N-CAD), appeared to be of particular

interest in the context of our in silico screen. Cdh2 mRNA transcription was found

to be restricted to the IC, in correspondence of the corridor cells, and the striatum.

N-CAD is an adhesion molecule mediating Ca2+-dependent, primarily homophilic

cell–cell interactions. It is involved in a variety of cellular processes in vertebrate

neurodevelopment, including neural precursors and neuronal migration, neuroepithelial

cell polarity, neurite outgrowth, axon fasciculation, synapse formation and myelination.

(Halbleib and Nelson, 2006; Hirano et al., 2003; Hirano and Takeichi, 2012; Suzuki and

Takeichi, 2008; Takeichi, 2007).

So far, a role for N-CAD in axonal pathinding has been shown in several

vertebrate species and contexts: in N-CAD-deicient zebraish mutants, guidance

defects often associated with abnormal fasciculation are observed in retinal ganglion

cell, commissural, peripheral sensory, and spinal cord motorneuron axon guidance

(Jiang et al., 1996; LaMora and Voigt, 2009; Lele et al., 2002; Masai et al., 2003); in the

chicken embryo, ectopically expressing NCAD in tectofugal axons afects navigation via

selective fasciculation mechanisms (Treubert-Zimmermann et al., 2002), and blocking of

N-CAD function in the developing hindlimb results in defasciculation of sensory axons

and plexus crossing defects (Honig and Rutishauser, 1996); in αN-catenin-deicient mice,

anterior commissure axons show decreased fasciculation and are misrouted towards the

septum (Uemura and Takeichi, 2006), while disrupting Robo–N-cadherin interactions

in murine spinal commissural axons leads to impaired sorting along appropriate

longitudinal tracts (Sakai et al., 2012). As N-CAD functions in axon guidance appear

to be cell-autonomous and depend on axon-axon homotypic interactions, it is more

likely that other processes regulated by this molecule might indirectly support TCA

development by participating in vTel morphogenesis, and speciically in the cellular

organisation of permissive TCAs pathways in the subpallium.

In the subfamily of the protocadherins, two members showing localised expression

in post-mitotic vTel populations at E13.5 were included in our inal list of gene products.

Gene transcription for the irst molecule, Protocadherin alpha 7 (Pcdha7), was observed

at moderate levels in all non-proliferative subpallial areas. Pcdha7 is part of the large

clustered protocadherins (c-Pcdh) subfamily, which in the vertebrate nervous system

appear to function, in a manner analogous to Drosophila Dscam1 proteins, as basic

components of a molecular code (i.e. a cell-speciic combinatorial expression of c-Pcdh

isoforms) uniquely identifying individual neurons and allowing self-recognition and
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self-avoidance via c-Pcdh homophilic interactions (Chen and Maniatis, 2013; Hayashi

and Takeichi, 2015; Yagi, 2012). Considering known roles of c-Pcdhs, and that expression

of Pcha7 is uniform throughout the post-mitotic vTel territories, any involvement

in subpallial guidance of this molecule could hence be speculated to depend on its

generalised action in the speciication of vTel neurons.

The gene encoding for the second protocadherin selected, protocadherin-19

(Pcdh19), was found to be lightly expressed throughout the E13.5 mouse vTel, but

additionally showed more robust transcription at the IC, in particularly in a dorsal

domain possibly corresponding to the corridor, and at most supericial areas of the

caudal subpallium representing presumptive amygdalar territories. Pcdh19 is a member

of the non-clustered protocadherin subfamily, and belongs speciically to the group of

δ2-protocadherins together with protocadherin-8, -10, -17, and -18 (Redies et al., 2005).

In humans, PCDH19 mutations are associated with the female-restricted epilepsy and

mental retardation (EFMR) syndrome, Dravet syndrome-like phenotypes, and autism

(Dibbens et al., 2008; Redies et al., 2012).

Although speciic functions of this molecule during diferent stages of vertebrate

brain development have yet to be elucidated (loss-of-function mutations in zebraish

considerably disrupt neurulation events (Biswas et al., 2010; Emond et al., 2009), and

knockout mouse lines haven’t been characterised still), evidence associated to other

δ2-protocadherins suggests that Pcdh19 might play an important role in subpallial

TCA guidance. Indeed, as detailed in Chapter 5, in mice deicient for protocadherin-10

(Pcdh10)/OL-protocadherin, abnormal TCA and striatal axon pathinding at the vTel is

accompanied by loss of speciic corridor subdomains and of IC guidepost cells, pointing

to indirect, local subpallial morphogenesis-related roles of the molecule in TCA axon

guidance (Uemura et al., 2007). In addition, the cytoplasmic domains of Pcdh10 and

Pcdh19 have been shown to interact with the same intracellular proteins, and thus

the two δ2-protocadherins might perform similar functions (Tai et al., 2010). Taken

together with the ADMBA expression data, these indings indicate Pcdh19 as a potential

additional factor intervening, possibly in cooperation with other protocadherins, in the

cytoarchitectural organisation of intermediate subpallial TCA guidance targets.

The only atypical cadherin-encoding gene that was included in our inal list

of genes of interest, Fat1, was yet another cadherin superfamily member with a

particularly interesting vTel expression at E13.5 in relation to subpallial TCA pathinding

mechanisms. Fat1 mRNA was in fact observed, albeit at low levels, speciically within

corridor and striatal cell populations. Fat1 is one of the four (Fat1–4) Fat cadherin
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subfamily members expressed in vetrebrates; two additional members, Fat and Fat-like

(or Fat2), can be found in Drosophila, the animal model in which these adhesion

molecules were originally discovered. Fat molecules interact with another subfamily of

cadherins, Dachsous, which comprises two vetrebrate members (Dachsous1–2) and one

invertebrate protein (Ds) (Tanoue and Takeichi, 2005; Hirano and Takeichi, 2012).

The functions of Fat cadherins, including Fat1, in mammalian neural development

are just beginning to be characterised. Fat1-deicient mice present several craniofacial

malformations, with a strain-dependent incidence of holoprosencephaly or exencephaly;

defects in neural tube closure are accompanied by an increase in the proliferation of

cortical precursors and alterations in apical junctions (Badouel et al., 2015; Ciani et al.,

2003; Saburi et al., 2012). From a molecular perspective, Fat1 was shown to mediate

cell-cell contacts and regulate cytoskeletal dynamics, cell motility and cell polarisation

via the actin regulatory proteins Enable (ENA)/Vasodilator-stimulated phosphoprotein

(VASP) (Moeller et al., 2004; Tanoue and Takeichi, 2004). Future studies on conditional

mouse lines for this proteinmight thus reveal a speciic action in subpallial morphogenetic

events leading to the proper fomation and function of TCA-permissive pathways.

6.2.4.6 Morphogens and related pathways

The group of genes identiied by our bioinformatics ADMBA analysis included a variety

of morphogens and molecules acting downstream of these proteins, many of which have

additionally been implicated in axon guidance mechanisms. Most of these genes were

found to be transcribed exclusively in proliferative subpallial areas, or at very low levels in

sparse cells at most lateral regions of the mouse vTel at E13.5, with the exception of a few

encoding Wnt pathway-related proteins (Wnt7a, Ryk, Lrp6, Celsr1, Fzd3). Interestingly,

mRNA expression patterns were observed to often overlap between genes at the level

of the corridor, the striatum and, for all genes, within the globus pallidus. Moreover, all

gene products represented potential activators (in case of Wnt7a and theWnt co-receptor

Ryk), modulators (Lrp6) or core components (in case of Celsr1 and Fzd3) of mammalian

non-canonical Wnt pathways, in particular the planar cell polarity (PCP) pathway (Andre

et al., 2012; Angers and Moon, 2009; Chai et al., 2015; Dabdoub et al., 2003; Gray et al.,

2013; Le Grand et al., 2009; Macheda et al., 2012; Tissir and Goinet, 2013).

As explained in detail in Chapter 1 and 4, Fzd3, one of the genes individuated by the

present in silico screen, has been demonstrated to cooperate with the core PCP factors

Celsr2–3 in TCA guidance, and evidence indicates that this might be due to their action

in morphogenetic/patterning mechanisms of vTel development; indeed, abolishing the
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Figure 6.8: Selected cadherin superfamily member-encoding genes’ vTel expression at E13.5. In
situ hybridisation on sagittal sections of the 13.5 mouse brain reveals mRNA expression patterns
for Chd2, Pcdha7, Pcdh19 and Fat1 in post-mitotic subpallial regions. Sections are taken at an
intermediate level of the medial-lateral axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D:
dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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function of these proteins constitutively or conditionally in the mouse subpallium results

in corridor domain formation defects, and the loss of IC guidepost cells (Hua et al., 2014;

Jia et al., 2014; Morello et al., 2015; Qu et al., 2014; Tissir et al., 2005; Wang et al., 2002,

2006b; Zhou et al., 2008a, 2009). Signalling events upstream of these protocadherins are

starting to be characterised, but overall knowledge of these processes is still scarce (Tissir

and Goinet, 2013). Wnt7a, Ryk and Lrp6 could therefore participate in the regulation of

the Fzd3 and Celsr2–3-related PCP pathways, perhaps in coordination with other Wnts

and Wnt-associated signalling factors.

Concerning Celsr1, while speciic forebrain wiring phenotypes haven’t been reported

yet, overall neural tube defects and other embryonic morphogenesis phenotypes in null

mutant mice have been shown to share several features with those of Celsr2–3-deicient

animals (Ravni et al., 2009; Tissir et al., 2005), raising the possibility that the protocadherin

might have partially overlapping functions with other Celsr proteins in the organisation

of the IC-surrounding region (particularly the globus pallidus).

In addition of a role in intermediate vTel targets morphogenesis, Wnt7a might

have a more direct axon guidance functions in subpallial TCA development,

transducing attractant or repulsive signals respectively in guidepost cell populations

and non-permissive territories. A number of Wnts have been shown in fact to mediate

pathinding in this manner, generally through the activation of non-canonical Ryk or

PCP pathways in target axons, during the development of several forebrain tracts

(Chai et al., 2015; Yam and Charron, 2013). Recently, Wnt7a was demonstrated to

repel dopaminergic neurites out of the midbrain during early development, and was

hypothesised, based on expression data, to later act as a repellent to prevent axonal

crossing at the ventral midbrain midline and constrain axonal growth within the

medial forebrain bundle. In this case, guidance functions appeared to be mediated by

the activation of the canonical (β-catenin-dependent) Wnt pathway (Fernando et al.,

2014). β-catenin is expressed throughout the thalamus during thalamocortical tract

development, and is present on growth cones of elongating thalamic ibers (Pratt et al.,

2012). Whether the canonical Wnt pathway is speciically involved in TCA subpallial

pathinding, and if Wnt7a acts as a guidance cue through β-catenin-related intracellular

mechanisms might thus be explored in future studies.

6.2.4.7 Growth factors and their binding partners

Localised patterns of mRNA expression in post-mitotic regions of the E13.5 mouse vTel

characterised several growth factors and associated receptors included in our list of



132 6.2. Results

Figure 6.9: Selected Wnt- and Wnt non-canonical signalling partner-encoding genes’ vTel
expression at E13.5. In situ hybridisation on sagittal sections of the 13.5 mouse brain reveals mRNA
expression patterns for Wnt7a, Ryk, Lrp6, Celsr1, Fzd3 in post-mitotic subpallial regions. Sections
are taken at an intermediate level of themedial-lateral axis. A: anterior/rostral; P: posterior/caudal;
V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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candidate genes.

Among the growth factors individuated, interesting subpallial expression was

particularly observed for genes encoding the epidermal growth factor-like Delta-like 1

homolog (Dlk1), the atypical member of the transforming growth factor β superfamily

inhibin beta A (Inbha), which can associate to itself or other inhibin subunits to

form active activin or inhibin dimeric complexes (Xia and Schneyer, 2009), and the

ibroblast growth factors Fgf3 and Fgf15 (Figures 6.10, 6.11). Some of their receptors,

like activin receptor type-IIA and -IIB (Acvr2a, Acvr2b) and ibroblast growth receptor

1 (Fgfr1), alsow showed distinct expression in subpallial post-mitotic domains, along

with transforming growth factor β receptor 1 (Tgfbr1). Addtionally, genes encoding

two insulin growth factors activity modulators that can be found as secreted or

membrane-associated proteins, Insulin-like growth factor binding protein-2 and -4

(Igfbp2, Igfbp-4), were found to be locally transcribed in the vTel, in particular in striatal

territories (Figure 6.12).

Dlk1, commonly known also as Preadipocyte factor 1 (Pref-1) or Fetal Antigen 1

(FA1), is a non-canonical ligand for Notch involved in adipogenesis and in the control

of diferentiation for several cell types; indeed, mice lacking this factor present pre-

and post-natal growth retardation, some facial malformations, an abnormal skeletal

development and increased adiposity as adults (Falix et al., 2012; Lee et al., 2003; Moon

et al., 2002; Smas and Sul, 1993; Wang and Sul, 2009; Wang et al., 2006a). Not much

is known about its speciic roles in neural development: in vitro evidence suggests

that, for instance, Dlk1 might participate in the speciication of dopaminergic neurons

from ventral midbrain progenitors (Bauer et al., 2008). Nevertheless, Notch signalling

regulation is crucial for the temporal control of subcortical telencephalic neurogenesis

and diferentiation (Yun et al., 2002), which is in turn essential for the emergence of

subpallial structures involved in TCA guidance (Tuttle et al., 1999; Garel et al., 2002),

therefore the discrete expression of Dlk1 in LGE-derived diferentiated neurons might

be indicative of its involvement in this process.

Inbha, Acvr2a andAcvr2b are expressed in diferent, but partially overlapping patterns

in the mouse vTel: Inbha mRNA can be observed discretely at striatal level, in a lateral

domain (Figure 6.10); Acvr2a mRNA is too detectable in this region at moderate levels,

but is also present more ventrally, in supericial vTel layers, and is expressed at highest

levels in the IC region, in correspondence of the corridor (almost no ISH signal can be

appreciated within the globus pallidus). Acvr2b mRNA expression on the other hand is

present at very low levels in the mantle and supericial zones of the vTel, with a peak
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in rostro-ventral striatal regions (6.11). Activin/inhibin signalling has been implicated

in various processes of neural diferentiation, including striatal neuronal diferentiation,

occurring in vertebrate nervous system development (Arber et al., 2015; Davis et al., 2000;

Pituello et al., 1995; Rodríguez-Martínez et al., 2012; Satoh et al., 2000; Sekiguchi et al.,

2009), but has yet to be linked to axon guidance or speciic morphogenetic events in the

mammalian brain; in addition, no overt brain-related phenotypes have been reported in

knockout mutants for these proteins (although head malformations are present in these

mouse lines) (Matzuk et al., 1995b,a; Song et al., 1999; Vassalli et al., 1994).

Gene expression for the two ibroblast growth factors Fgf3 and Fgf15 was observed

in the most medial area of the subpallium, in para-septal regions; Fgf3 mRNA expression

could be detected in the mantle zone, while Fgf15 mRNA expression was additionally

highly present in ventricular and subventricular zones (Figure 6.10). In contrast, Fgfr1

was found to be lightly transcribed in the pallidal vTel mantle regions, most intensely

within the globus pallidus domain (Figure 6.11). Growth factors of this family and their

receptors are generally involved in the control of cell proliferation, survival, migration

(with roles in chemotaxis and cell adhesion), and diferentiation; in the development of

the vertebrate nervous system they play important roles in neural induction and early

growth and morphogenesis/patterning events, but are also involved in aspects of circuit

formation, for example synapse formation (Bottcher and Niehrs, 2005; Dono, 2003; Dorey

and Amaya, 2010; Guillemot and Zimmer, 2011; Mason, 2007).

Axon guidance functions have been also identiied for some Fgfs, which have been

shown to constitute attractant and repellent signals in the context of retinal ganglion

cell, trochlear nerve, and spinal motoneuron axon pathinding. However, Fgf signalling

has also been implicated in central nervous system axon guidance indirectly, through its

action in the regulation of neural migration processes: indeed, loss of Fgfr1 function in

precursors of midline glial cells, which give rise to guiding structures at the commissures,

has been found to correlate with an aberrant midline cytoarchitectural organisation and

defects in commissural axon guidance (Guillemot and Zimmer, 2011; Mason, 2007). Fgf3

and Fgf15 however haven’t been shown so far to participate in either direct or indirect

axon pathinding processes.

6.2.4.8 Other molecules

In addition to the families and functionally related groups of genes described, our

bioinformatics screening individuated an extensive set of genes encoding various surface

or secreted protein types. These included many factors showing localised expression in
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Figure 6.10: Dlk1 and Inbha vTel gene expression at E13.5. In situ hybridisation on sagittal sections
of the 13.5 mouse brain reveals mRNA expression patterns for Dlk1 and Inbha in post-mitotic
subpallial regions. Sections are taken at an intermediate level of the medial-lateral axis. A:
anterior/rostral; P: posterior/caudal; V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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;

Figure 6.11: Selected ibroblast growth factor-encoding genes’ vTel expression at E13.5. In situ

hybridisation on sagittal sections of the 13.5 mouse brain reveals mRNA expression patterns for
Fgf3 and Fgf15 in post-mitotic subpallial regions. Sections are taken at an intermediate and at
a medial level of the medial-lateral axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D:
dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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Figure 6.12: Selected growth factor receptor- and binding partner-encoding genes’ vTel
expression at E13.5. In situ hybridisation on sagittal sections of the 13.5 mouse brain reveals mRNA
expression patterns for Fgfr1, Tgfbr1, Acrv2a, Acvr2b, Igfbp2, Igfbp4 in post-mitotic subpallial
regions. Sections are taken at an intermediate level of the medial-lateral axis. A: anterior/rostral;
P: posterior/caudal; V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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post-mitotic subpallial populations such as Cd24a, Draxin, Gpc3, Itga3, Lmtk3 and Spint2

(Figures 6.13 and 6.14). The discussion that follows will focus in particular on the irst

three genes.

Cd24a encodes the CD24a or heat-stable antigen, a glycoprotein expressed on the

surface of immature hematopoietic cells and in other diferentiating cell types, including

neuroblasts; expression is generally maximal in progenitor cells, and progessively

decreases with diferentiation (Fang et al., 2010). In the developing brain, however, it has

been reported to be expressed in early-post mitotic and maturing neurons, but not in

proliferative zones, and to be present on extending axons (Calaora et al., 1996), which

is in line with the ADMBA data at E13.5 (Figure 6.13). Interestingly, CD24 has been

demonstrated to interact in cis with the Ig superfamily members L1, TAG-1/axonin-1 and

F3/Contactin to stimulate cell adhesion, and to promote or inhibit neurite outgrowth in a

cell type-speciic manner (Kadmon et al., 1995; Kleene et al., 2001; Lieberoth et al., 2009).

These neural Ig CAMs have also been implicated in axon guidance, fasciculation and cell

migration mechanisms, or have been shown to interact with axon guidance molecules,

e.g. Neuropilins (Falk et al., 2002; Karagogeos, 2003; Maness and Schachner, 2007;

Pollerberg et al., 2013; see also Chapter 1), and L1 is highly expressed in post-mitotic

vTel domains at E13.5. The widespread mRNA expression of Cd24a in the vTel however

seems to exclude speciic axonal pathinding mechanisms, and suggests a possible role

in more general mechanisms of cell adhesion and migration which contribute to early

subpallial cytoarchitectural organisation.

DraxinmRNA expression presented a very interesting pattern in subpallial structures:

moderate levels of transcription could be observed throughout subventricular, mantle

and supericial zones of the vTel, but higher levels could be detected speciically in the

IC/corridor domain, while pallidal areas appeared to express Draxin slightly less than the

surrounding territories (Figure 6.13). Draxin (dorsal inhibitory axon guidance protein) has

been shown to partecipate, as its name suggests, in pathinding processes characterising

vetrebrate spinal, commissural and tectal projections development (Hossain et al., 2013;

Islam et al., 2009; Naser et al., 2009). Additionally, this protein has been implicated in the

control of axonal outgrowth and neuronal migration mechanisms in vertebrates (Ahmed

et al., 2010, 2011; Riyadh et al., 2014; Su et al., 2010). Very recently, a role for Draxin

was also discovered in TCA guidance: in Draxin-deicient mice, thalamic ibers fail to

extend into the pallium, and cortical expression of the molecule is suicient to restore

connectivity. Furthermore, corridor formation appears intact in these animals, and the

overall structural organisation of the basal ganglia seems to be preserved. However,
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developing TCAs show some abnormalities in their subpallial trajectories, with some

axons leaving the IC early on to extend into the external capsule (Shinmyo et al., 2015).

Thus, it might be speculated that Draxin cooperates with other subpallial proteins in the

molecular mechanisms underlying proper positioning, process extension and/or function

of IC guidepost cells, which haven’t been investigated in knockout animals so far.

Gpc3 vTel mRNA expression at E13.5 was observed to be restricted within the corridor

region, and in the most caudal and IC-proximal part of the striatum (Figure 6.13). This

gene encodes Glypican 3, a heparan sulphate proteoglycan (HSPG) that can be found as

a cell surface GPI-anchored protein, or, via cleavage, as a secreted factor (Filmus et al.,

2008; Poulain and Yost, 2015). While a role in nervous system development has yet to

be described for this proteoglycan, cell-surface HSPGs across species have been shown

to interact in trans with Slits and promote binding with Robos, an activity that has been

demonstrated to modulate, for instance, the repulsive guidance cue function of Slit2 in

both migrating neurons and growing axons (Conway et al., 2011; Hu, 2001; Johnson et al.,

2004; Liang et al., 1999; Kastenhuber et al., 2009; Ogata-Iwao et al., 2011; Pratt et al.,

2006; Rhiner et al., 2005; Ronca et al., 2001; Steigemann et al., 2004). Given its localised

expression in the corridor domain and in adjacent striatal territories, Gpc3might therefore

have an indirect role in TCA guidance, by modulating Slit/Robo interactions that control

the correct spatial positioning of corridor cells in the mammalian vTel.
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Figure 6.13: Cd24a, Draxin and Gpc3 vTel gene expression at E13.5. In situ hybridisation on
sagittal sections of the 13.5 mouse brain reveals mRNA expression patterns for Cd24a, Draxin
and Gpc3 in post-mitotic subpallial regions. Sections are taken at an intermediate level of the
medial-lateral axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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Figure 6.14: Itga3, Lmtk3 and Spint2 vTel gene expression at E13.5. In situ hybridisation on sagittal
sections of the 13.5 mouse brain reveals mRNA expression patterns for Itga3, Lmtk3 and Spint2 in
post-mitotic subpallial regions. Sections are taken at an intermediate level of the medial-lateral
axis. A: anterior/rostral; P: posterior/caudal; V: ventral; D: dorsal.
Images taken from the Allen Developing Mouse Brain Atlas.
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6.3 Discussion

The highly complex nature of the thalamocortical circuitry, the emerging idea that

TCA guidance is determined through a combinatorial code of connectivity, and

the dependence of normal thalamocortical tract development on proper sorting at

multiple intermediate targets overall suggest that even if a huge number of TCA

pathinding-related proteins and protein families have been discovered so far, many

more still have to be identiied. In this study, we set out to ind new candidate factors

in subcortical mammalian TCA guidance, focusing on proteins mediating cell–cell

interactions that might directly direct axonal pathinding within the subpallium,

or control the organisation/function of intermediate vTel targets and guiding cell

populations. To this end, we combined data obtained from diferent, publicly available

online sources to identify potential new functions for genes developmentally expressed

within the mammalian subpallium. This approach allowed us not only to ind several

novel candidates that might be implicated in thalamocortical tract formation, but it also

helped us reine and discover possible roles in subpallial TCA development for various

factors already associated to TCA guidance processes.

As a source of mammalian gene expression data at time-points relevant for central

nervous system development, we employed a dataset based on ISH experiments on

~2000 genes available in the Allen Developing Mouse Brain Atlas (ADMBA). Although

restricted in the amount of genes characterised, with a bias for protein product

categories that have been correlated to neurodevelopmental functions, the ADMBA

has two main advantages: i) it contains extensive, high-detail gene expression data

(in image and expression intensity per spatial unit form) across seven representative

developmental stages; ii) individual data is readily comparable between genes, as all ISH

results are 3D-mapped onto age-speciic reference atlases. Thus, this database appeared

well suited for the type of analysis we wanted to carry out.

The ADMBA dataset values employed in this study resulted from a gene-by-gene

quantiication of average ISH signal intensities for 36 developing brain areas

encompassing the entire cerebrum, at all developmental time-points represented in the

atlas (E11.5, E13.5, E15.5, E18.5, P4, P14 and P28). From this dataset, we extracted overall

subpallial expression density data for further analysis. The values we obtained might

have limited the power of our search, as we couldn’t directly identify and subsequently

organise/ilter expression data based on speciic spatial mRNA expression patterns

in the vTel. Unfortunately, higher spatial deinition in the subpallial regionalisation
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used for voxel categorisation is not achievable at very early time-points, but iner vTel

subdivisions (e.g. ventricular, subventricular, mantle, supericial subpallium zones) could

be implemented already from E13.5, and might prove useful for a more accurate gene

expression analysis.

For the scope of our in silico screen, we couldn’t rely on absolute expression density

values to ilter genes in or out of our candidates list, as genes discretely transcribed

in small vTel domains/cell populations or in subpallial areas less densely populated

might have been overlooked in this manner. Furthermore, ISH signal intensity depends

on probe eiciency, thus direct comparisons between genes can be misleading. More

importantly, we were most interested in temporal patterns of gene expression, since

factors present at relatively higher levels during a speciic developmental stage are

more likely to have fundamental functions in processes characterising said stage (in

our case, TCA subpallial pathinding, occurring between E12 and E15). For all these

reasons, we employed a simple normalisation method across time-points to obtain

relative expression density values on an individual gene basis. The normalisation

however introduced some confounding factors in our analyses: for instance, some

genes expressed at very low / background levels throughout development showed false

relative density value peaks due to artifacts in the ISH experimental data, or possibly

due to voxels spanning histological edges between subpallial and other regions (e.g. the

meninges) showing high ISH signal intensity. Normalising data also meant that some

potentially interesting genes, i.e. genes showing strong subpallial expression at E13.5 in

speciic cell populations, were likely discarded in subsequent cluster-focused screenings.

Sema6A for example didn’t fall into early peaking clusters, as it is maximally present in

the vTel at later developmental stages.

Despite these limitations, our bioinformatics screening procedure yielded

biologically coherent results, which could then be used to formulate sound functional

hypotheses for less characterised genes included in clusters of interest. Indeed, analysis

of the composition, deined in terms of predicted product cellular localisation, of

temporal expression clusters generated by the k-means algorithm revealed a correlation

with a biological timeline of developmental events. Protein products localised in the

nucleus (e.g. transcription and chromatin regulation factors) that would be particularly

required during early patterning and axon guidance events were present above expected

count values in k-mean 12 clusters 0, 4 and 7, which showed expression density peaks

at E11.5 and E13.5. A particular enrichment for secreted, single-pass transmembrane

and GPI-anchored protein products was then observed for clusters 6 and 1, peaking at
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E15.5 and E18.5, a inding consistent with the occurrence of several events mediated by

cell–cell interactions (e.g. axonal pathinding, neural migration) at these stages. Finally,

genes encoding multi-pass transmembrane proteins were found to be almost absent in

pre-natally peaking clusters and highly present in most post-natally peaking clusters,

a result in line with the major involvement of factors mediating activity-dependent

processes during late neurodevelopmental stages. Hence, the transcriptomics analyses

performed biologically validated our normalised dataset and our clustering methodology.

Ultimately, the goal of our analysis was to discover novel candidates potentially

implicated in subpallial TCA sorting directly, as guidance factors, or indirectly,

as molecular regulators of cell–cell interactions during vTel intermediate targets

development. Through a detailed visual inspection of ISH images available via

the ADMBA web platform, we successfully identiied a number of candidate genes

within k-mean 12 clusters with a temporal expression peak at subpallial TCA

development-relevant embryonic ages. Many of these cell-cell communication mediators

potentially involved in thalamocortical connectivity were found to belong to protein

families or pathways that have been linked to this process (e.g. Sema6c, Plxnc1, EphB3,

Cadm1, Cdh2, Pcdh19, Fat1, Wnt7a); this was expected, as the ADMBA database contains

a limited number of genes which are presumed to have developmentally signiicant

functions (based on the functional annotations detailed by Thompson et al. (2014)).

However, we also found many genes with intriguing subpallial expression patterns in

families less characterised for their roles in TCA development or axon guidance (e.g.

Dlk1, Fgfs and Fgfr1, activins and inhibins, extracellular matrix proteins such as Gpc3).

Thus, the application of similar bioinformatics screening procedures to expanded,

unbiased gene expression datasets promises to identify even more truly novel potential

molecular players in mechanisms of mammalian brain development.

In the discussion accompanying our results, we were able to point out a number of

readily-testable potential functions for the aforementioned candidate genes in relation to

their spatiotemporal expression patterns, known roles and interactions, and molecular

characteristics. This shows how the integrative analytical approach taken in this study

can lead not only to the discovery of novel candidates in speciic developmental processes,

but also to the formulation of biologically sound hypotheses even for less characterised

factors. It will be interesting in the future to explore in detail, for instance, the role of

Pcdh19 in the formation of the IC and related structures, or the function of Dlk1 in the

development of LGE-derived neurons.

If we take into consideration gene combinations characterised by similar or
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complementary expression patterns, rather than individual genes, this type of in

silico approach has additionally the potential to pinpoint novel functions of genes

already implicated in particular neurodevelopmental contexts, and, more relevantly,

to infer novel possible interaction modes between diferent genes in the same

spatiotemporally-deined processes. During our inal analyses, for instance, the parallel

inspection of expression patterns from genes encoding proteins known to associate in

vitro or in vivo led to the formulation of new hypothetical functional interaction models

for L1, CHL1 and Sema3A in TCA guidance, and for Slit2, Robo1 and Gpc3 in corridor

cell migration. The bioinformatic search pipeline here presented could be therefore

adapted into a platform for a more reined, and thus more useful, integration of spatial

expression, temporal expression, and molecular characterisation data across a set of

candidate genes.





Chapter 7

Conclusions and future perspectives

7.1 Major indings and their implications

7.1.1 Sema6A, PlxnA2 and PlxnA4 act together in

caudally-directed TCA navigation through the subpallium

Previous indings from our laboratory indicated an essential a role for Sema6A in dLGN

axon guidance within intermediate targets located in the mammalian basal forebrain.

Complex PlxnA2 and PlxnA4 interactionswith Sema6A critically intervene in a number of

diferent processes during brain development, including axon guidance; thus, we initially

sought to elucidate whether a functional association among these three molecules could

explain the defect in dLGN axon pathinding observed in Sema6A-deicient mice. To this

aim, we irst analysed in detail the TCA phenotype of null mutant mouse lines for both

Plexins.

Our investigation revealed that PlxnA2 and PlxnA4 act in a functionally redundant

manner in the guidance of the same thalamic iber subset miswired in Sema6A null

mutants, at the level of the same subpallial structures; moreover, our indings highlighted

an almost exact correspondence in several defects involving thalamocortical connections

emerging as a result of either Sema6A or PlxnA2;PlxnA4 ablation. We furthermore

demonstrated a genetic interaction between Sema6A–PlxnA2 and Sema6A–PlxnA4

in TCA pathinding. In conclusion, we have generated multiple types of evidence

strongly implicating Sema6A–PlxnA2-PlxnA4 interactions in the control of dLGN

axon navigation within subpallial territories, and thus identiied at least part of the

molecular machinery that governs the so far poorly characterised guidance process of

caudally-projecting TCAs.

Together with other indings generated by studies of mutant mouse lines presenting

defects in TCA pathdìinding within the basal forebrain, our results also support the

notion that the switch from an external to an internal axonal path in the mammalian

subpallium, due to changes in guidance factors patterning, is an evolutionarily recent

trait that is connected with neocortical development in mammals (Bielle et al., 2011a).

147
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Our mutant mouse lines speciically show that, in the event of a cytoarchitectural

and/or functional disruption of structures delineating this internal path, thalamocortical

connectivity can be eventually re-established following ancestral trajectories; however,

this occurs at the expense of proper functionality of the mature thalamocortical system

(Rünker et al., 2011).

7.1.2 Sema6A, PlxnA2 and PlxnA4 participate in the

spatiotemporal organisation of guidepost populations

Based on preliminary indings (Little, 2008) and expression data available in

online-accessible anatomical atlases of the developing mouse brain’s transcriptome,

such as the Allen Brain Atlas (Lein et al., 2007; Thompson et al., 2014) and Eurexpress

(Diez-Roux et al., 2011), we hypothesised that Sema6A, PlxnA2 and PlxnA4 would

present dynamic expression proiles throughout the development of the mouse

thalamus and subpallium. We thus proceeded to describe these patterns during early

thalamocortical tract development to gain new insights on Sema6A, PlxnA2 and

PlxnA4’s requirement, in relation to TCA pathinding, in thalamic ibers or within TCA

guidepost cell populations that have been identiied in the mammalian basal forebrain.

Through this analysis, we conirmed the previously observed divergent expression

of Sema6A and PlxnA2/PlxnA4 within thalamic neurons, and revealed that all three

molecules are also present diferentially on elongating TCAs, with Sema6A being

expressed in caudally-projecting axons, and both Plexins localising prevalently in

rostrally-directed ibers. Moreover, we provided novel indings on the expression of

Sema6A, PlxnA2 and PlxnA4 within the developing mouse basal ganglia: we reported in

particular the presence of all guidance factors in corridor cells and in the globus pallidus,

as well as in their respective progenitor zones.

Taking these new indings in consideration, at least two mechanisms could be

proposed to underlie dLGN axon guidance in the vTel by Sema6A, PlxnA2 and PlxnA4:

• Sema6A, which is expressed in dorsal thalamic nuclei, may act in caudal TCAs

directly as a guidance cue receptor for PlxnA2 and PlxnA4 at the level of the IC;

• Interactions between Sema6A-, PlxnA2- and PlxnA4-expressing cells in the

subpallium might contribute to the organisation and/or function of TCA-speciic

guidepost neural populations.

We therefore set out to explore this second option in more detail through a focused

neuroanatomical study, in both Sema6A and PlxnA2;PlxnA4-deicient mice, of the two
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main cell subsets that have been implicated in TCAs’ early navigation in the basal

forebrain, i.e. the corridor and the IC guidepost cells. We discovered that in all our

mutant mouse lines, while early subpallial migration events appear to occur normally,

some subtle defects are present in the spatial arrangement of the caudal portion of

these cells as TCAs invade the vTel; in particular, we observed that a small number of

IC guidepost cells assume an aberrant caudo-ventral position, corresponding to the

site where misprojecting TCAs are found to extend, in the ventral subpallium of these

mice. In addition to these guidepost cells phenotypes, we also characterised a similar

disruption in LOT formation in the vTel of both Sema6A−/− and PlxnA2−/−;PlxnA4−/−

mutant animals.

A somewhat similar compromised localisation of guidepost cells in concomitance to

partial TCA guidance miswiring in the ventral subpallium has been so far described only

in mice lacking the transcription factor Emx2 (see Chapter 5). However, IC guidepost cells

have not been examined in several mutant lines presenting an abnormal growth of caudal

TCAs towards the presumptive amygdala; in some cases, dye tracing experiments have

been performed to dissect TCA development through anterograde labelling, but the ages

chosen (typically E14.5) might have made it diicult to notice any retrogradely-traced

in the basal forebrain, due to the increased growth of TCA bundles. In light of these

observations, it can be speculated that other mutations resulting in the TCA defects here

described might correlate to a yet undeined displacement of IC guidepost neurons.

Taken together, these indings illustrate a novel cooperative function of Sema6A,

PlxnA2 and PlxnA4 in shaping guidepost cytoarchitectural structures in the mammalian

basal forebrain, and therefore we cannot exclude an indirect role for these molecules in

subpallial guidance of caudal thalamic ibers. More generally, they suggest that subtle,

localised defects in the spatiotemporal organisation of “choice points” in subpallial

axonal development might result in severe disturbances in the establishment of forebrain

connectivity, due to the interconnected nature of these early neurodevelopmental events.

Furthermore, they highlight the importance of migration and patterning processes in

the mammalian vTel in the context of axon pathinding within subcortical regions, as

well as in the evolution of mammalian-speciic forebrain “axonal highways”, such as the

IC (Bielle et al., 2011a; Garel and López-Bendito, 2014; Squarzoni et al., 2015).
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7.1.3 Identiication of novel candidate genes in TCA development

and subpallial patterning with a gene expression

dataset-based bioinformatics approach

Despite the advances made in the last decades towards a comprehensive understanding

of the genetic program deining early thalamocortical circuitry development, we are still

far from a complete description of this complex molecular framework. The discovery of

new factors playing a role in diverse neurodevelopmental processes might however be

accelerated by the application of genome-wide in silico screening tools based on publicly

available datasets. Our laboratory has recently developed a bioinformatics analysis

platform that employs anatomically-deined transcriptional data for a set of 2002 genes

represented in the Allen Developing Mouse Brain Atlas (ADMBA) (Thompson et al.,

2014; Liscovitch and Chechik, 2013). This platform has been optimised to perform

focused searches for candidate genes involved in mammalian brain development on the

basis of their spatiotemporal expression patterns and the predicted cellular localisation

of their products (Bibollet-Bahena, 2015).

In the study here presented, we employed this set of tools and data to discover novel

cell–cell interaction mediators that, in virtue of their speciic peak in expression in the

developing basal forebrain during early stages of TCA pathinding, could potentially

be involved in guidepost cell-related patterning and TCA guidance processes in the

vTel. We were able to identify 84 genes in total (including 13 genes that have been

linked so far to subpallial TCA guidance) that show expression in speciic areas of the

murine vTel at E13.5, when TCAs are extending into the subpallium. Many genes that

haven’t been characterised speciically in the context of TCA pathinding were found to

encode proteins with known roles in axon guidance in other connectivity systems, or

in morphogenetic / patterning processes in vertebrate forebrain development. While

most protein products resulting from our search represent members of known families

of axon guidance factors, or molecules that have been shown to play roles in axonal

navigation, several genes could not be categorised in any of these protein groups. Thus,

not only we were able to provide a list of candidate genes in subpallial mechanisms of

TCA guidance, but we could also demonstrate that this type of approach may lead to

the identiication of truly novel potential components of the genetic program directing

mammalian brain development.
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7.2 Future directions

Our indings on the impact of Sema6A or PlxnA2; PlxnA4 ablation on subpallial

development, and in particular on the spatial deinition of TCA guidepost cell

populations, are clearly suggestive of an indirect role of cell–cell signalling mediated by

these molecules in TCA pathinding within the basal forebrain. At the same time, the

selective expression of all three guidance factors in diferent thalamic neuronal/axonal

populations during thalamocortical tract navigation, combined with their presence in

domains delinating TCA subpallial trajectories, argues for a cell-autonomous role of

Sema6A in TCA guidance for a subset of thalamic ibers. Investigation of the forebrain

region-speciic functions of Sema6A, PlxnA2, PlxnA4 using constitutive knockout mice

is complicated by the fact that, based on experiments performed by our laboratory, ex

vivo studies (see e.g. Bielle et al., 2011a; López-Bendito et al., 2006) do not reliably allow

to maintain conditions necessary to recreate in vivo pathinding defects; moreover, there

are still no transgenic tools available to speciically identify and analyse dLGN neurons,

and neuroanatomical tracing from dorsal thalamic regions results in widespread dye

difusion across nuclei.

Experimental issues aside, to dissect the roles of Sema6A–PlxnA2-PlxnA4 interactions

in the thalamus versus the subpallium in the developing mouse brain we would ideally

require conditional loss-of-function lines, as tissue explants cannot reproduce in total

the molecular complexity of this system. Luckily, Sema6A conditional knockouts have

been recently developed by Dr. Alex Kolodkin’s lab at the Johns Hopkins University

School of Medicine (personal communication). Another way we may be able to test the

hypothesised actions of Sema6A, PlxnA2 and PlxnA4 on TCAs and subpallial neurons is

through early (E11–E12) in utero electroporation of gene silencing constructs expressed

under the control of thalamic / vTel cell-speciic promoters.

The extension of axon guidance defects to thalamic populations adjacent to the

dLGN, and the worse defects in the spatial organisation of guidepost cells observed in

mice lacking PlxnA2;PlxnA4 compared to Sema6A-deicient animals point to additional

subpallially-expressed molecules being implicated in directing miswired TCAs in the

PlxnA2−/−;PlxnA4−/− mutant brain. Interestingly, another Semaphorin that we have been

investigating, Sema6B, has been shown to associate to both PlxnA2 and PlxnA4 to exert

axon guidance (Andermatt et al., 2014; Suto et al., 2005; Tawarayama et al., 2010) but

also cell migration (Toyofuku et al., 2008) functions, and is selectively expressed in

post-mitotic subpallial territories during early TCA development stages (Little, 2008).
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Although Sema6B ablation alone doesn’t lead to defects in the early steps of TCA

elongation in the vTel (Bibollet-Bahena, 2015), it would be interesting to explore whether

Sema6A;Sema6B double mutants accurately phenocopy PlxnA2;PlxnA4-deicient mice in

terms of TCA pathinding.

Analysis of corridor formation in themutant lines examined in thiswork did not reveal

any overt cytoarchitectural disruption of this domain. However, corridor function (as in

its ability to attract TCAs into a mammalian-speciic path in the vTel mantle zone (Bielle

et al., 2011a)), particularly in its most caudal extension, wasn’t investigated, and might be

diicult to for the aforementioned ex vivo technical issues. In the near future we could

however look into the expression of guidance molecules present in this area (see Chapter

1) to explore the possibility that, for instance, a disorganisation of neurons within the

caudal-most corridor might compromise the precise localisation of TCA guidance cues in

Sema6A−/− and PlxnA2−/−;PlxnA4−/− mutantmice. Moreover, asmentioned in Chapter 4 and

Chapter 5, we will need to better examine the formation of striatal axons and the globus

pallidus with speciic markers in all of our mutants. It is also worth to mention that a

small population of calretinin-expressing cells in themost ventral region of the developing

mouse vTel has been recently proposed to have a guidepost function for ascending tracts

in the IC (Hua et al., 2014), hence immunohistochemical analyses will need to be perfomed

also to describe the subpallial expression patterns of this cellular marker in Sema6A−/− and

PlxnA2−/−;PlxnA4−/− mutant animals.

Concerning our in silico search for novel candidate genes in TCA subpallial

pathinding and basal forebrain patterning, as of now we have only characterised

indings for molecules mediating cell–cell interactions. It will be of particular interest

in the near future to further analyse results regarding transcription factors speciically

expressed during TCA extension in the vTel. A more detailed knowledge on the

transcriptional control of terminal diferentiation processes within subpallial territories

is crucial to further our understanding of the patterning events at the level of the

developing basal ganglia. In addition, this type of analysis could lead us to the detection

of potential markers for the yet molecularly-uncharacterised IC guidepost cells. Deining

the identity of these neurons would not only be helpful for the experimental study

of this population, but would also allow us to make informed inferences about their

origins, their development and even their mechanism of action.

The high-throughput gene expression dataset-mining approach we employed to

discover novel players in thalamocortical circuitry formation is highly lexible, and can

be adapted to investigate many other neurodevelopmental processes. In the context
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of thalamocortical connectivity, the ADMBA-based analysis platform was recently

used by our laboratory to conduct a screening for new potential TCA guidance factors

developmentally expressed in thalamic neurons (Bibollet-Bahena, 2015). By integrating

results from focused investigations at the level of the thalamus, the vTel, and the

neocortex, we expect to be able to better evaluate candidate genes and pathways

identiied and to pinpoint potential functions in processes related to TCA development.
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