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Abstract

Numerous roles have been identified for extracellular signals such as Fibroblast Growth Factors
(FGFs), Transforming Growth Factor-ps (TGFps), Wingless-Int proteins (WNTSs), and Sonic
Hedgehog (SHH) in assigning fates to cells during development of the cerebrum. However,
several fundamental questions remain largely unexplored. First, how does the same extracellular
signal instruct precursor cells in different locations or at different stages to adopt distinct fates?
And second, how does a precursor cell integrate multiple signals to adopt a specific fate? Answers
to these questions require knowing the mechanisms that underlie each cell type’s competence to
respond to certain extracellular signals. This brief review provides illustrative examples of
potential mechanisms that begin to bridge the gap between cell surface and cell fate during
cerebrum development.

Introduction

In developmental biology, competence, the ability of cells from one window in time or one
part of the embryo to respond to inductive signals, has been appreciated since classical
studies involving embryonic tissue transplants [1,2]. The phenomenon of competence also
applies to the developing cerebrum, or telencephalon. Transplants of very early
telencephalic cells from their normal anterior position in the embryo to more posterior
positions reveal transient abilities to change their fates in response to local inductive signals
[3,4]. At later stages of telencephalon development, heterochronic and heterotopic
transplants of cerebral cortex precursors have also shown that cortical cells from only certain
areas or stages are responsive to signals from other cortical areas or stages [5-7]. In
addition, genetic approaches are helping to define windows of competence. For example in
mice, the ability of telencephalic precursors to adopt a ventral fate in response to SHH was
found to be limited to specific stages by conditionally deleting the obligate intracellular
effector of SHH signaling, Smoothened, at different times during telencephalon
development [8].

Hence it seems that precursor cells change their competence to respond to their environment
throughout development of the cerebrum. Although the simple concept of competence has
been around since the early days of developmental biology, from what we understand today
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the potential mechanisms that regulate the ability of a cell to respond to an inductive signal
are likely to be complex. These mechanisms will ostensibly include regulated changes in the
proteins that carry out or inhibit signal transduction, in combinatorial transcription factor
expression, in epigenetic states of chromatin, and in most cases combinations of these.

On the flip side of the responding cells are the inductive signals themselves. These are
usually comprised of secreted proteins from a limited number of gene families, including
FGFs, WNTs, TGFps, and in the central nervous system, SHH. These same factors are used
repeatedly throughout development to expand, pattern, arrange, differentiate, and wire the
nervous system [9-13]. Understanding how the same signals induce such a range of
processes remains one of the greater challenges in the field. The answers are likely to
involve differences in the combinations and concentrations of these signals and others that
are present at any one time or place and, again, differences in the responding cells
themselves as enumerated above. At this point in time we have only scratched the surface in
terms of understanding the mechanisms for how different cells throughout cerebrum
development have distinct responses to the same signal and how cells integrate multiple
signals to adopt a fate. Nonetheless, recent studies are providing exciting new insights that
are beginning to connect the dots.

Same signal, different effect

Each family of secreted factors is used repeatedly in telencephalon development. A partial
list of functions for WNTs and FGFs exemplifies how these factors have different effects on
cells depending on their location and developmental stage. WNTSs initially inhibit
telencephalon formation [14], then maintain cell survival in the early telencephalic
primordium [15,16], then play several roles in patterning and cortical neurogenesis (e.g.
[17-19]), including acting as an organizer for the hippocampus [20,21], and continue
playing roles in regulating neurogenesis in adults [22]. Likewise, numerous roles for FGFs
throughout telencephalon development have been uncovered, which include maintaining cell
survival during initial telencephalon formation, assigning different positional identities and
fates to both ventral and dorsal telencephalic precursors, and regulating several aspects of
cortical neurogenesis, wiring, and function [11,12,23].

Although the precise mechanisms explaining how telencephalic precursors respond
differently to the same factor depending on their location and developmental stage remain
largely unknown, certain types of mechanisms are coming to light. For example, epigenetic
changes can partly explain how in response to WNT signaling the competence of cortical
precursors to generate neurons rather than astrocytes is reduced or extinguished late in
prenatal development. Genes that encode components of the Polycomb group (PcG)
complexes, including Ring1B, which function by modifying chromatin structure, were
conditionally deleted at early and late stages of cortical development and found to be
important for precursor cells to cease generating neuronal cells in response to WNTSs and
switch to generating astroglial cells [24]. The PcG complex accomplishes this at least in part
by inhibiting the expression of a proneurogenic gene, Ngn1, which would otherwise be
promoted by WNTSs. Given the partial nature of the phenotypes obtained, other mechanisms
are also likely to be important for the neurogenic to gliogenic switch. Nevertheless,
epigenetic changes will undoubtedly be important in regulating how precursors respond to
extracellular signals throughout cortical development and it will be important to identify for
each process the pertinent chromatin remodeling factors and functionally relevant sets of
genes.

More is known about how cell type-specific transcription factors can influence the
responsiveness of telencephalic cells to a particular extracellular signal. Here there are more
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examples to choose from. For instance, although FGFs, especially FGF8, are expressed in
signaling centers at both the anterior end of the neural plate and at the mid-hindbrain
boundary [25], they promote FoxgI expression and telencephalon development in the
anterior area [26] while promoting Engrailed expression and midbrain and cerebellar
development in the more posterior area [25]. Likewise, SHH is expressed in a signaling
center along the entire developing ventral CNS, yet induces different types of ventral
neurons in the mid-hindbrain and telencephalic regions [10]. How do FGFs and SHH induce
expression of different genes and cell fates in the different areas? The answer comes in part
from experiments in chicks showing that the area-specific competence of the cells to
respond to these factors is determined by the expression of distinct transcription factors.
Namely, /rx3, which is normally expressed in presumptive posterior brain areas of the neural
plate, allows precursors to respond to FGF8 and SHH by adopting midbrain fates, while
conversely Six3allows more anterior precursors to adopt telencephalic fates [27].
Development can thus be viewed simplistically as a series of steps in which extrinsic factors
progressively restrict the fate of precursor cells by inducing the expression of initial intrinsic
factors, which themselves then modify the ability of the cell to respond to the same extrinsic
factors, resulting in the expression of secondary intrinsic factors that can then again regulate
the response of the cells, and so on (Fig. 1, top).

In addition to the expression of specific transcription factors and changes in epigenetic
states, a cell’s responsiveness to a signal can potentially be regulated by changes in the
expression or function of signal transduction components. Much has been learned from
biochemical approaches and cell culture assays about potential intracellular signal
transduction pathways for the different families of signals [28-31]. Each family of ligands
can potentially activate several intracellular pathways and conversely individual pathways
can in some cases be activated by different families of ligands. To complicate things further,
crosstalk between pathways can also occur. Hence progress has been slow in identifying the
components of intracellular signal transduction that affect the response to a signal in each
type of precursor cell in vivo. Nevertheless, examples in tissues other than the developing
telencephalon have emerged indicating that the same signal activates different pathways
depending on the target cell [12,30]. Such findings underscore the importance of identifying
the intracellular transduction pathways that operate in each telencephalic cell type in order to
bridge the gap between signals at the cell surface and nuclear factors.

mixed signals

In addition to the intrinsic differences in the responding cells themselves, a second general
explanation for why different precursors have unique responses to the same signal is that
other factors in the environment of the cell influence the outcome. In other words, different
combinations of extracellular signals have different effects. The question then becomes: how
do cells integrate multiple signals to adopt specific fates? Signal integration can occur at
many levels, from modulating the activation of receptors at the cell surface to the cross-
regulation of signal transduction proteins (Fig. 1, bottom). To date some of the more salient
examples in telencephalon development, however, have been integration at the level of cis
regulatory elements that drive expression of key fate determinant genes.

One of the earlier examples showed that a combination of WNT and BMP signals drives
expression of the transcription factor gene and dorsal telencephalic fate determinant, Emx2
[32]. Emx2together with Emx1 are essential for the hippocampus to form [33] and Emx2
together with Pax6, another dorsally expressed transcription factor, are essential for forming
and patterning the cerebral cortex [34,35]. Binding sites for TCF and SMAD proteins,
transcriptional effectors of WNT and BMP signals respectively, were identified within an
enhancer that drives expression of £mxZ2in the telencephalon [32]. In transgenic assays,
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these binding sites were necessary and sufficient to promote expression of a reporter,
indicating that WNT and BMP signals are integrated at least in part at the level of cis
regulatory elements upstream of the £mx2 coding sequence. In this example, WNT and
BMP signals are acting cooperatively.

In a more recent example [15], WNT and FGF signals acting antagonistically to TGFp
signals were found to be integrated in part at the cis regulatory elements of Caknla, a gene
that promotes cell cycle arrest and apoptotis. At the earliest stages of anterior head
development, WNTSs directly induce expression of FGF ligands which are required for the
survival of telencephalic and face precursors [15,16,36], while TGFp promote their
apoptosis [15]. Two regulatory sites in the upstream region of Cdkn1a, one an enhancer and
the other a repressor, integrate these antagonistic signals. When FGF or WNT signals are
genetically disrupted, the binding of SMADs, effectors of TGFp signals, to the enhancer
element drives expression of Caknla When FGFs are present, however, they are sufficient
to inhibit Cdknlaexpression due likely to the binding of a MYC-MIZ complex to the
repressor element [15,37]. FOXG1, a key determinant of telencephalic fate that is induced
by FGFs [26], also participates in regulating Cdknlaexpression by inhibiting the SMAD-
binding complex [37].

Moreover, FOXG1 also acts to integrate yet other signals by promoting SHH-mediated
ventral telencephalic fates and limiting WNT and BMP-mediated dorsal fates [19,38].
Together with its early role in FGF-mediated telencephalon formation [36,39] and its later
role in inhibiting early neuron fates by restricting cortical hem-derived signals [38,40,41],
FOXGL1 is not only a favorite telencephalic marker, but also a good example of how one
molecule can play central roles in coordinating multiple steps during development (Fig. 2).

Small molecule, big impact?

It is clear that deficiencies in the extracellular signals discussed here can lead to serious
developmental brain defects, but even more minor imbalances that alter the numbers,
positions, ratios, or maturation of different neural cell types have been proposed to underlie
psychiatric disorders [42—45]. At some point, intervening in abnormal developmental
processes of the cerebrum for therapeutic purposes might be considered. Small molecules,
for example, could be used to activate or inhibit specific signaling pathways. However,
because of the variety of ways in which different cells respond to the activation of the same
pathways, whether due to their environment or their inherent competence, the effects of
using small molecules to regulate precursors in vivo might be difficult to predict.
Nevertheless, the topics of inductive signals and competence, signal transduction in vivo,
and signal integration are ripe for study and will greatly further our understanding of
fundamental processes in forebrain development.
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Figure 1.

Cartoon showing a simplified view of how the same extracellular factor can have different
effects on target cells over time (top) and how combinations of factors can also induce
different outcomes in target cells (bottom). Letters represent sets of transcription factors,
chromatin remodeling factors, and/or signal transduction components, which may or may
not be transiently expressed and which affect the response to a signal. In the bottom panel,
one signal can modulate another at multiple levels: for example, ligand-receptor interactions,
receptor activation, signal transduction, transcription factor interactions, and/or interactions
at cis regulatory elements for downstream target genes.
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Figure 2.

FOXGL is presented as an example of a central factor that integrates or coordinates multiple
signals during several steps of telencephalon development. These steps include
telencephalon specification, cell survival, dorsal-ventral patterning, and the regulation of
neurogenesis. The green arrow represents the direction of development from early to late.
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