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Neuroepithelium

The embryonic ectoderm that
develops into the nervous
system.

Neural plate

The neural epithelial cells that
form in the early embryo after
neuronal induction and give
rise to the nervous system.

Anlagen
An embryonic precursor of a
more mature tissue.

Morphogen

A secreted factor that can
induce two or more different
cell fates in a concentration-
dependent manner by forming
a gradient.
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The genetics of early telencephalon
patterning: some assembly required

Jean M. Hébert* and Gord Fishell*

Despite the complexity of the adult cerebrum, the
telencephalon starts off as a simple neuroepithelium at
the anterior end of the neural plate. The elaborate proc-
ess by which this primordial sheet of cells progresses
into a mature brain can be divided into several discrete
phases and has been best studied in the mouse. The ini-
tial phases involve assigning anterior—posterior identity
in the neuraxis, on the basis of antagonistic signalling
between the organizer and the anterior visceral endo-
derm'~. Once the telencephalic anlagen is established,
it is subdivided into different territories through the
actions of morphogens that induce specific transcrip-
tion factors. Following these early patterning events, the
embryonic telencephalon gives rise to a dorsally posi-
tioned cortical ventricular zone and a series of ventral
eminences that are positioned along the rostral-caudal
axis. Each of these progenitor domains produces specific
types of neurons that ultimately coalesce in the mature
telencephalon and form connections that are then
refined and modulated with experience. The neocortex
is the major component of the dorsal telencephalon. It is
largely comprised of excitatory glutamatergic principal
cells (pyramidal neurons) and GABA (y-aminobutyric
acid)-ergic inhibitory interneurons. Pyramidal neurons
are generated in the cortical ventricular proliferative
zone. By contrast, interneurons originate in distinct
ventral eminences and subsequently migrate dorsally
into the developing cortex.

Here we focus exclusively on the steps in telen-
cephalic development during which the telencephalic
neuroepithelium is patterned into molecularly distinct
proliferative zones that generate the neuronal diver-
sity of the adult cerebrum. Specifically, we restrict
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Abstract | The immense range of human behaviours is rooted in the complex neural networks
of the cerebrum. The creation of these networks depends on the precise integration of
specific neuronal subtypes that are born in different regions of the telencephalon. Here,
using the mouse as a model system, we review how these proliferative zones are established.
Moreover, we discuss how these regions can be traced back in development to the function
of a few key genes, including those that encode fibroblast growth factors (FGFs), sonic
hedgehog (SHH), bone morphogenetic proteins (BMPs), forkhead box G1 (FOXG1), paired
box 6 (PAX6) and LIM homeobox protein 2 (LHX2), that pattern the early telencephalon.

our attention to the events that take place between
embryonic day (E) 8.5 and E11 in the mouse, after the
telencephalic primordium has been specified. We out-
line the events in this period that are critical for later
telencephalic patterning and neurogenesis. Numerous
reviews have focused on the roles of specific signalling
pathways and associated transcription factors, such
as sonic hedgehog (SHH), fibroblast growth factors
(FGFs) and members of the SIX3 and NKX families,
in neural development*~. Moreover, anterior—posterior
specification of the neuraxis, including the forebrain,
has recently been considered®®. However, to date there
have been few attempts to provide a description of the
critical genetic interactions that link the extrinsic and
intrinsic events by which the cerebrum is patterned.
Here we examine recent insights into the genetic
processes by which this is achieved.

Although some understanding of these events has
been obtained from the study of lower vertebrates
or invertebrates, we focus on findings in the mouse
because the events that are unique to higher mammals
are likely to be the most relevant for human telen-
cephalic development. We start by discussing how the
orchestrated interplay between extrinsic and intrinsic
signals, including interactions between SHH and
GLI3, GLI3 and forkhead box G1 (FOXG1), FOXG1
and FGFs, and FGFs and SHH (even in biology, what
goes around comes around), results in the emergence
of defined dorsal and ventral telencephalic territories.
We then go on to examine how the major divisions are
further refined, with a focus on the pallial-subpallial
boundary and the dorsal subdivisions. We suggest that
taken together these observations provide the basis for
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Pallium

The roof of the telencephalon
(but not synonymous with the
cortex). It contains both

cortical structures (for example,

the hippocampus and the
neocortex) and deep-lying

nuclear structures (for example,

the claustrum and parts of the
amygdala).

Cortical hem

A transient structure located in
the dorso-medial area of the
embryonic telencephalon,
between the hippocampal
anlagen and the choroid
plexus. The cortical hem acts
as a hippocampal organizer.

a coherent model of telencephalic patterning. Our aim
is to provide clarity in what is a complex field: read-
ers should be aware that in many cases alternative
interpretations certainly exist.

Early divisions in the telencephalon

Early in its development, the anterior neural plate gives
rise to the prosencephalon, which is subsequently sub-
divided into the telencephalon and the diencephalon.
The mechanisms that underlie these early processes have
been reviewed elsewhere®*%, so in this Review we confine
ourselves to stages after the telencephalic primordium
has been specified. This occurs at approximately E8.5 in
mice, when expression of the forkhead transcription fac-
tor gene Foxgl is initiated in this region®'°. At this stage
the telencephalon s still a neuroepithelium of single-cell
thickness. Immediately following Foxgl expression the
telencephalon becomes subdivided into several distinct
territories, which are first indicated by the expression of
specific molecular markers and which shortly afterwards
can be distinguished on the basis of regional differences
in their levels of proliferation.

Genetic studies using model organisms such as
the mouse and the zebrafish have identified the key
transcription factors that regulate embryonic telen-
cephalic patterning. These transcription factors define
four broad areas that generate different cell types and
develop into functionally distinct adult structures. The
embryonic dorsal telencephalon generates primarily
glutamatergic neurons and can be divided into two
main regions: an anterior and lateral region that gives
rise to the neocortex, and a posterior and medial area
that develops into the hippocampus, the cortical hem

b
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Figure 1| Key extrinsic and intrinsic cellular factors
establish the dorsal and ventral subdivisions of the
telencephalon. Schematics of the anterior neural plate in
amouse embryo (dorsal view, five somites stage, anterior is
up). a| The region that will become the telencephalon is
defined by expression of forkhead box G1 (Foxg1) (shown in
blue). b | FOXG1 and sonic hedgehog (SHH; green)
promote fibroblast growth factor (FGF; purple) expression
in the anterior neural ridge. This patterns the nascent
telencephalon (indicated by the curved arrow). SHH
promotes FGF expression indirectly by inhibiting the
repressor activity of GLI3 (expression of GL13 is shown in
red). Consequently, SHH promotes the formation of a
ventral telencephalic subdivision by inhibiting the
dorsalizing effects of GLI3.
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and the choroid plexus. The ventral telencephalon can
also be divided into two main regions: a medial domain
that is known as the medial ganglionic eminence
(MGE), and two posterior and lateral regions that are
designated the lateral ganglionic eminence (LGE) and
the caudal ganglionic eminence (CGE). Each of these
regions contributes neurons to discrete populations in
the basal ganglia and to associated limbic structures,
including the amygdala and the nucleus accumbens.
In addition, the MGE produces somatostatin and
parvalbumin subclasses of GABAergic interneurons
(as well as a population of neuropeptide Y (NPY)-
expressing interneurons) that ultimately reside in the
basal ganglia and the cortex, whereas the CGE prim-
arily produces calretinin- and/or vasoactive intestinal
peptide (VIP)-expressing interneurons. By contrast,
the LGE produces a substantial population of olfac-
tory bulb interneurons, as well as inhibitory projection
neurons that populate several ventral regions including
the striatum and limbic areas''""°.

The nascent anterior neural plate expresses several
transcription factor genes in a region that includes
the cells that are destined to form the telencephalon'.
Among these genes are Gli3, Foxgl and paired box 6
(Pax6). As discussed below, each of these genes has a
role in dividing the telencephalon into its dorsal and
ventral sections.

SHH and GLI3 specify dorsal and ventral domains
The initial subdivision that defines what will later
become the dorsal and the ventral telencephalon is
regulated at least in part by the dorsalizing effects of
Gli3 expression and the ventralizing influence of Shh
expression. Gli3 encodes a zinc-finger transcription fac-
tor that was first identified as the gene that is disrupted
in the classical mouse mutation ‘extra toes” (Xt)**. Gli3 is
initially expressed broadly throughout the telencephalic
anlagen and then is progressively downregulated in
the ventral portion'® (FIC. 1). In the absence of GIi3, the
development of the dorsal telencephalon is disrupted:
the choroid plexus, the cortical hem and the hippocam-
pus fail to form and the development of the neocortex is
progressively compromised's2".

The Shh gene encodes a secreted signalling protein
that is related to the Drosophila protein hedgehog. Shh
is expressed in the midline of the nascent neural plate
and continues to be expressed along the ventral midline
of the CNS throughout development® (FIC. 1). In Shh™~
mouse embryos, the telencephalon is reduced in size and
ventral cell types are lost'”*-%° (BOX 1). In double-mutant
mice that lack both Shh and Gli3, however, ventral pat-
terning is largely rescued'®**?”. Therefore, SHH restricts
the dorsalizing function of GLI3 and controls the posi-
tioning of the dorsoventral boundary. Hence, SHH
promotes ventral identity by preventing dorsalization
of the telencephalon, rather than by directly promoting
ventral cell character. The rescue of ventral develop-
ment in the Shh mutant through compound removal
of Gli3 indicates that other genes, acting independently
or downstream of Shh, function positively to generate
ventral cell types™.
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Box 1| Sonic hedgehog’s role as a morphogen

Morphogens are molecules that bestow cell identity in a concentration-dependent
manner®. As such, they are known to be essential for CNS patterning. Of the extrinsic
signals that have been implicated as morphogens, the regulation of the activity of sonic
hedgehog (SHH) is the best understood. SHH signalling is modulated by numerous
factors, including GLI effectors, which have been shown to be involved in establishing
ventral identity throughout the developing CNS'*#%52, GLI effectors come in two forms:
constitutively cleaved forms that act as transcriptional repressors in the absence of
SHH signalling, and uncleaved forms that function as transcriptional activators in the
presence of SHH ligands. However, the precise utilization of different components of
the SHH signalling pathway is level-specific. For instance, whereas GLI activators are
critical to ventral patterning in the spinal cord, GLI repressors are primarily required in
the telencephalon?#. In the forebrain, SHH signalling also requires other factors for
ventral development, such as smoothened (SMO; the obligate downstream effector of
SHH), low-density lipoprotein receptor-related protein 2 (LRP2, also known as megalin)
and the multifunctional transmembrane protein CDO?3-5,

Gli3 and Foxg1 maintain the telencephalon
FOXG]1, through its ability to induce expression of
the extracellular signal FGF8 (see below), is probably the
main source of positive regulation of ventral telencephalic
identity. Foxgl is expressed in the early anterior plate cells
that are destined to form the telencephalon!®** (FIG. 1).
Its expression is independent of that of Shh: although
Foxgl expression is impaired in Shh”- mice, experi-
ments using Shh”-;Gli3”~ double-mutant mice revealed
that this impairment occurs as a result of increased GLI3
repressor function?. Disruption of Foxgl expression
results in a loss of ventral cell types*-*2. However, unlike
in the Shh™'- phenotype, ventral cells are not rescued in
the FoxgI~~ mutants by removal of GIi3 (REF. 33). In fact,
the telencephalon is completely lost in the Foxgl-Gli3™
double mutant, indicating that Gli3 and Foxgl are essen-
tial for generating and maintaining the dorsal and ventral
subdivisions of the telencephalon, respectively (FIG. 2).

FOXG1 and FGFs act cooperatively

In generating the ventral telencephalon, FOXG1 acts in
concert with FGF signalling. FOXGL is required for Fgf8
expression® and, conversely, Foxgl expression might
itself be regulated by FGF signalling. FGF8-soaked beads
can ectopically induce expression of Foxgl (REF. 10), and
Foxgl expression is reduced in Fgf8”~ mutants*, leading
to the hypothesis that FGFs and FOXG1 form a positive-
feedback loop. Whether FGF signalling is essential for
Foxgl expression remains unclear owing to potential
functional compensation by other members of the FGF
family in the FGF signalling mutants that have been
examined to date.

FGF signalling, like SHH signalling, is essential for the
generation of ventral cell types in the telencephalon®-*.
Moreover, there are data that indicate that FGFs act in
a dose-dependent manner to pattern the ventral telen-
cephalon. Disruption of the gene that encodes FGF
receptor 1 (Fgfrl) leads to a loss of expression of LIM
homeobox protein 6 (LHX6) and LHX7, two LIM-
domain transcription factors that are expressed in the
MGE and are necessary for the differentiation of MGE-
derived interneurons®**. Disruption of both FgfrI
and Fgfr2 results in an even more severe loss of ventral

precursor cells®. In these mutants, both the homeobox
gene Nkx2.1, which is normally expressed in the MGE and
is necessary for its development*', and Gsh2, which is nec-
essary for LGE development*>*, are no longer expressed.
Similarly, the phenotypes of severely hypomorphic and
null alleles of Fgf8 reveal a progressive loss of ventral
markers (including Nkx2.1 expression) and associated
structures with diminishing levels of Fgf8 expression®.

FGFs downstream of Shh specify ventral identity
Several lines of evidence indicate that FGFs operate
downstream of Shh to generate ventral cell types. SHH
maintains the expression of Fgf3, Fgf8, Fgfl5, Fgfl7
and Fgf18 in the anterior medial telencephalon, and
FGF receptors are required for the ventralizing effect of
SHH!'**%"%* Moreover, FGF8-soaked beads can induce
ventral gene expression in cultured dorsal telencephalic
explants when SHH signalling is inhibited?'.

Why are ventral cells still generated in the Shh'-Gli3 "~
double mutant if SHH is required to maintain the expres-
sion of FGF genes? The answer again is that expression
of these FGF genes is only indirectly promoted by SHH,
through its ability to negatively regulate GLI3’s repressor
function (FIG. 1). In the Shh”" mutant there is no FGF
expression, and ventral cell types are lost because of the
unchecked repressive action of GLI3. In the Shh”~Gli3™-
double mutant, FGF expression is no longer attenuated
by GLI3, and so ventral development is restored. FGF
expression is similarly expanded in both the Gli3”~ and
the Shh™'=Gli3” mutants'®'*?"?, confirming that SHH
promotes FGF expression indirectly by attenuating
GLI3’s repressor function. Loss of Gli3 does not rescue
the dorsalized phenotype that results from a loss of FGF
receptors, consistent with the notion that GLI3 acts
upstream of FGF signalling™ (FIG. 1).

E9.0 E10.0

Figure 2| The dorsal and ventral telencephalic regions
are subdivided into four major domains. The dorsal and
ventral subdivisions of the embryonic mouse
telencephalon at embryonic day (E) 9.0 (a), and the four
broad subdivisions at E10.0 (b). In both schematics, dorsal is
up, ventralis down. The Gli3-expressing dorsal region at
E9.0is split, by E10.0, into a bone morphogenetic protein
(BMP)- and Wingless/Int protein (WNT)-expressing medial
region and a more lateral cortical region that expresses
countergradients of empty spiracles homeobox 2 (Emx2)
and paired box 6 (Pax6). The ventral region at E9.0 is split,
by E10.0, into medial Nkx2.1-expressing domains and
lateral Gsh2-expressing domains. At E10.0 the expression
domain of Gsh2 overlaps with that of Nkx2.1; this is not
represented for the sake of illustrative simplicity. Similarly,
sonic hedgehog (Shh), fibroblast growth factor (FGF) and
forkhead box G1 (Foxg1) expression at E10.0 is omitted.
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Mitogen
An agent that induces mitosis,
usually resulting in cell division.

Mutant Coronal

Control

Fgfrland Fgfr2
or Fgf8

o
O

Because SHH specifies fates in the ventral CNS in a
dose-dependent manner, it meets the strict definition of
a morphogen (BOX 1). However, in the telencephalon at
least, it does so indirectly through its regulation of FGFs.
Similarly, it seems that much of SHH’s mitogenic effects in
the telencephalon are also FGF-mediated. This indicates
that FGFs are the obligate effectors of SHH signalling
and, by implication, that FGFs are both mitogens and
morphogens in their own right.

FGF signalling acts as a telencephalic organizer

The dose-dependent patterning of the telencephalon
by FGF signalling extends beyond the ventral regions
into the dorsal regions. In embryos in which FGF signal-
ling is only partially reduced by ectopic expression of
a dominant-negative receptor, or in moderately hypo-
morphic Fgf8 mutants, the transcription-factor gradi-
ents in the cortical neuroepithelium shift anteriorly**.
In these mutants, the areal territories that are normally
positioned in the more posterior regions of the cortex,
such as the visual and sensory areas, are expanded at the

Sagittal

%8

[ Dorsal midline

[ Lateral ganglionic eminence

[ ] Medial ganglionic eminence
[ Cerebral cortex

Figure 3 | FGF signalling as an organizer for the telencephalon. Schematics of
coronal and sagittal sections in the telencephalon between embryonic day (E) 12.5 and
E15.5 in various mutant mice. The colours represent areas that contain cells with
different telencephalic identities. Progressively deleting more fibroblast growth factor
receptor (FGFR) genes specifically in the anterior neural plate leads to diminished FGF
signalling and gradually more severe truncations of telencephalic regions. Anterior
ventral regions are lost first, followed by posterior dorsal regions®*386,
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expense of anterior areal regions, such as the prelimbic
cortex. Moreover, as the levels of FGF signalling are
progressively reduced, loss of anterior cortical regions
is accompanied by a diminution of the ventral telen-
cephalon (FIG. 3). Although only the ventromedial cell
types (those that arise from the MGE) are lost in Fgfr1~
mutants, in Fgfr1~'-;Fgfr2-~ double mutants all ventral
cells are lost***. Similarly, in severely hypomorphic and
null Fgf8 mutants, not only are ventral precursors lost
but the neocortex is also progressively diminished in
size, with a preferential loss of anterior-lateral markers*.
Moreover, preliminary results indicate that when the
expression of all three of the FGF receptor genes that are
normally expressed in telencephalic precursors (Fgfrl,
Fgfr2 and Fgfr3) is lost, both the ventral telencephalon
and the cerebral cortex are lost (J.H., unpublished obser-
vations). Taken together, these findings suggest that, as in
other tissues (BOX 2), FGF signalling acts as an organizer
for the telencephalon.

Pax6 establishes cortical regions

Although FOXG1 is absolutely required for the establish-
ment of ventral identity in the telencephalon, it might
also collaborate with FGFs in partitioning the dorsal
telencephalon into the anterior-lateral neocortex and
the posterior-medial territories. In Foxgl~”~ embryos,
although the ventral telencephalon is most severely
affected, the cortex is also reduced in size*. This is due at
least in part to the premature differentiation of precursor
cells into layer-1 Cajal-Retzius neurons’. However, it
is also partially due to the loss of anterior lateral pre-
cursor cells, as the remaining cortical field seems to be
caudalized in Foxgl”~ mutants**. Hence, both FOXG1
and FGFs are required for normal cortical development,
despite their ventralizing functions.

What enables FOXG1 and FGFs to specify ventral
telencephalon in one context and anterior-lateral cortex
in another? The answer, at least in part, involves PAX6,
a paired-box transcription factor that is essential for
setting up the sharp border that distinguishes the ven-
tral telencephalon from the dorsal telencephalon. The
embryonic patterning role of PAX6 was initially identi-
fied following genetic mapping of the classical ‘small eye’
(sey) mouse mutant®. At the neural plate stage Pax6 is
expressed throughout the telencephalic anlagen'*. At
the neural tube stage its expression is downregulated
in the region that will become the ventral telencephalon,
concomitant with the upregulation of Nkx2.1 in this
region'. As a result, the boundary between Pax6 and
Nkx2.1 expression initially demarcates the dorsoventral
border. Slightly later in development (at E9.5 in mice),
the Pax6- and Nkx2.1-expressing regions become sepa-
rated by a domain of Gsh2 expression' (FIC. 2). As a result,
the pallial-subpallial boundary becomes defined by the
intersection of Pax6 and Gsh2 expression (the expression
domains overlap slightly).

Structurally, the pallial-subpallial boundary occurs
at the interface between the ventral cortical primordium
and the most dorsal portion of the subpallium, desig-
nated the dorsal LGE. This is a remarkable boundary:
at this border, the ordered laminar arrangement of the
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Box 2 | FGFs mediate organizer activity in multiple developmental contexts

The experiments conducted by Spemann and Mangold in 1924 defined an organizer as a group of cells that can induce
neighbouring cells to change their fate and reorganize into a new, normally patterned tissue®. Fibroblast growth factors
(FGFs), and in particular FGF8, are expressed in several organizers in the developing embryo, including the apical
ectodermal ridge (at the tips of the limb buds) and the isthmus at the midbrain-hindbrain boundary®. In these locations
FGF8 itself is likely to mediate organizer activity, as it is both necessary and sufficient (when it is ectopically expressed) to
induce the formation of a normally structured limb and midbrain®->. FGFs are also expressed in the anterior neural ridge

(FIG. 1), a group of cells that forms the border between the most anterior part of the ectoderm and the neuroectoderm
and that patterns the telencephalon'®®. The loss of parts of the telencephalon that is observed in mutants that lack
combinations of the three FGF receptors in the anterior neural plate suggests that FGFs that emanate from the anterior
neural ridge might mediate organizer activity for the telencephalon?. These results, together with some preliminary
findings in mutants lacking Fgfr1, Fgfr2 and Fgfr3 (J.H., unpublished observations), indicate that, unlike in the
midbrain-hindbrain boundary and the limb, loss of FGF8 can be compensated for by other FGF ligands in organizing the
telencephalon®*3. FGFs are also likely to be sufficient to induce the telencephalon in the context of the early anterior
neural plate, as FGF8 can induce forkhead box G1 (Foxg1) expression in the early anterior neural plate’® and can cause
mirror-image duplications (a hallmark of organizer activity) of somatosensory whisker barrels later in the development of
the dorsal telencephalon*. Hence, the combined effect of several FGFs that emanate from the anterior ridge seems to
mediate organizer activity to generate and pattern all but the posterior medial telencephalon (FIC. 3).

neurons in the cortex shifts to the apparently chaotic
nuclear structure of the subpallium. Pax6 and Gsh2 help
to establish this boundary and show a mirrored pattern
of expression, with Pax6 being expressed in a dorsal (low)
to ventral (high) gradient and Gsh2 being expressed in a
ventral (low) to dorsal (high) gradient. Loss-of-function
analysis of these two genes demonstrates that their
mutual antagonism is required for the positioning of
the boundary. In Pax6~~ embryos the most ventral area
of the cortical primordium becomes the dorsal LGE,
whereas in Gsh2”- embryos the reverse occurs and the
dorsal LGE is transformed into the ventral cortex™-*.

In a phenotype that is reminiscent of the broader rescue
of dorsoventral patterning that is seen in Gli3”Shh™-
double mutants, patterning of the pallial-subpallial
boundary is partially restored in Pax67-;Gsh2”- double
mutant embryos. This suggests that these genes form only
part of a broader genetic network that maintains the posi-
tioning of this boundary®. Consistent with this notion,
loss of Pax6 function, like loss of Gli3, partially compen-
sates for the loss of Shh, suggesting that GLI3 and PAX6
interact to promote dorsal fates™. In fact, although GLI3
is not necessary for initial Pax6 expression, it is partially
required to maintain Pax6 expression''**. Determining
whether loss of Pax6 can suppress the dorsalization of the
telencephalon that is observed in FGF-gene mutants and
Foxgl mutants should help us to elucidate Pax6’s position
in the dorsal-ventral regulatory cascade. Moreover, even
though SHH and FGFs seem to be the key ventralizing sig-
nals, itis evident that other factors, such as TLX and retin-
oic acid, probably participate in setting up the boundary
between the cortex and the ventral telencephalon®>.

Some of the cooperative dorsalizing actions of PAX6
and GLI3 seem to be mediated through empty spiracles
homeobox 2 (EMX2), a transcription factor that is related
to empty spiracles protein. With regards to cortical pat-
terning, EMX2 seems to lie genetically downstream of
GLI3, as indicated by the loss of Emx2 expression in Gli3
mutants”. Furthermore, Pax6”; Gli3”~ double mutants
resemble Pax6”~; Emx2”~ double mutants, in that both
compound mutants exhibit an expansion of the cortical

hem and the subpallium at the expense of the isocortex™*.
One copy of any of these genes in either compound mutant
is sufficient to maintain cortical identity.

In addition to acting cooperatively to specify telen-
cephalic precursor cells as cortical, EMX2 and PAX6 act
individually and antagonistically to further pattern the
cortical neuroepithelium®-*. These proteins, among
numerous other factors including the nuclear receptors
coup-TF1 and TLX, the zinc-finger transcription factor
SP8 and the basic helix-loop-helix proteins neurogenin
1 and 2, are also likely to be important in patterning cor-
tical precursors®**7°. The fact that certain factors are
required for both cortical specification and progenitor
proliferation underscores the need for developmental
coordination of areal and laminar patterning in the
assembly of cortical architecture.

Partitioning the dorsal telencephalon

The dorsal telencephalon is split into two broad domains:
the cerebral cortex, which gives rise mainly to the neocortex
and the hippocampus; and the dorsal midline, which gives
rise to the choroid plexus and the cortical hem. LHX2, a
LIM homeodomain transcription factor that is expressed
in the cortical primordium, is crucial in specifying cells
as cortical rather than dorsal midline. In Lhx2~- embryos,
the entire area that normally becomes the cortex is lost
at the expense of an expanded choroid plexus and corti-
cal hem”. In fact, experiments that used chimaeras and
mosaics demonstrated that Lhx2 acts as a classic selector
gene to specify a cortical fate and inhibit a hem or anti-
hem fate™ (BOX 3). FOXG1 also has a role in confining the
development of the dorsal midline, as in Foxgl”~ mutants
dorso-medial markers (such as bone morphogenetic
protein 4 (Bmp4) expression) are expanded well beyond
the length of their normal domain®"*.

‘What promotes the development of the dorsal midline
itself? The dorsal midline is marked by the expression
of two families of secreted signalling molecules: BMPs
and Wingless/Int proteins (WNTs). BMP signalling
can induce dorsal midline features both in vitro and
in vivo. BMP-soaked beads placed on explants of cortical
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Box 3 | Signals from the midline subdivide the dorsal telencephalon

Bone morphogenetic proteins (BMPs), which are expressed
in midline cells, are required for the formation of the
choroid plaque (the precursor to the choroid plexus) and
the cortical hem’*7°. In turn, the cortical hem acts as an
organizer for the hippocampus’. Wingless/INT proteins
(WNTs) are likely to be important components of this
organizer activity, as without secretion of WNT3a from the
hem the hippocampus fails to develop””. Intracellular
effectors of BMP and WNT signalling can bind to enhancer
elements found upstream of empty spiracles homologue 2
(Emx2) and regulate its expression. WNT3a might therefore

act together with BMPs to promote hippocampal formation

by directly regulating the expression of EMX genes®*’’®. The
neocortex, however, requires both EMX-gene expression

Hippocampus

len Neocortex

Choroid
plaque

and Pax6 expression to form®®. In addition, LIM homeobox protein 2 (Lhx2) acts as a selector gene that cell-autonomously
specifies cortical fates, both hippocampal and neocortical’2. LHX2 also suppresses the infringement of flanking cell fates,
by repressing expansion of the cortical hem and antihem, a band of cells at the lateral extreme of the pallium®’. Note that
Pax6, which is only partially regulated by LHX2, is required for formation of the antihem. At present the signals that
regulate the expression of Lhx2 and Pax6 remain unknown. One candidate for a source of such signals is the antihem,
which might be involved in patterning the dorsal telencephalon. These signalling pathways are illustrated in the figure.

neuroepithelium induce midline features, such as apop-
tosis and MsxI expression, and repress lateral features,
such as proliferation and Foxgl expression”. In addition,
transgenic expression of an activated BMP receptor in the
cortical neuroepithelium leads to an expansion of mid-
line cell types at the expense of cortical ones™. Moreover,
BMP signalling is required for the formation of the dorsal
midline, as in mice that lack both BMP receptor 1a and
BMP receptor 1b (Bmprla™;Bmprlb~- double mutants),
the choroid plexus and cortical hem fail to form™.

Choroid plexus,
cortical hem

-

p
L

— | GSH2
\_}
T — e
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Figure 4 | Key genetic pathways that interact to form and pattern the early
telencephalon. Factors that act early to establish broad telencephalic regions are
shown in blue. Sonic hedgehog (SHH) ventralizes the telencephalon by antagonizing the
dorsalizing effect of GLI3. By repressing Gli3, SHH, together with forkhead box G1
(FOXG1), activates fibroblast growth factor (FGF) expression. FGF might feedback and
promote Foxg1 expression (dotted arrow). FOXG1 and FGF signalling are necessary for
forming all regions of the telencephalon (shown in green), except for the dorsomedial
region (shown in orange). Downstream transcription factors, such as GSH2 and NKX2.1,
then form specific subdivisions. In the dorsal telencephalon, GLI3’s promotion of the
expression of bone morphogenetic proteins (BMPs) and Wingless/Int proteins (WNTs) is
required for EMX-gene expression. The products of the EMX genes, along with PAX6 and
LHX2, further subdivide the dorsal telencephalon. LGE, lateral ganglionic eminence;
MGE, medial ganglionic eminence.

In Gli37~ embryos the dorsal midline also fails to
form, presumably because the expression of BMP genes
is lost'®!. Immediately adjacent to the dorsal midline is
the hippocampal primordium, the development of
which requires EMX1 and EMX2 (REF. 76). Emx1 and
Emx2 expression throughout the cortical primordium
depends on GLI3'>%. This is likely to be an indirect
dependency that requires BMPs and WNTs that ema-
nate from the cortical hem, which acts as a hippocampal
organizer®”’*”778_Conversely, EMX2 might feedback and
promote WNT-gene expression”®. Hence, as with the
other broad domains of the developing cerebral hemi-
spheres, key players have been identified that regulate
the development of dorso-medial structures.

Conclusion

Much progress has been made in the past decade in under-
standing the genetic pathways that are involved in pattern-
ing the early telencephalon. A small number of intrinsic
and extrinsic cellular factors have been identified that
interact to set up discrete telencephalic domains (FIC. 4).
To fully understand the mechanisms behind telencephalic
development, it will be necessary to further elucidate how
the known patterning factors regulate each other’s func-
tion, what additional factors are involved, how multiple
signals are integrated over time in precursor cells, and how
this allows them to progressively restrict their identity. It
is likely that additional roles for factors such as WNTs and
BMPs will be revealed. Collectively, these developments
will lead to an understanding of how the various factors
impart individual neurons with appropriate regional and
cell-type identities in closely adjacent telencephalic terri-
tories. Appreciation of the mechanisms that underlie the
assembly of the telencephalon will also allow us to gain fur-
ther insights into the molecular underpinnings of develop-
mental brain disorders. A deeper understanding of how
the fate of neural precursor cells is regulated in vivo will
undoubtedly provide new diagnostic and prognostic tools
and therapeutic targets for treating these conditions.
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