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Sonic hedgehog functions through dynamic changes in temporal
competence in the developing forebrain
Vitor H Sousa1 and Gord Fishell1,2
Morphogens act during development to provide graded spatial
information that controls patterning and cell lineage
specification in the nervous system. The role of morphogen
signaling in instructing the expression of downstream effector
transcription factors has been well established. However, a key
requirement for morphogen signaling is the existence of
functional intracellular machinery able to mediate the
appropriate response in target cells. Here we suggest that
dynamic changes in the temporal responses to Shh in the
developing ventral telencephalon occur through alterations in
progenitor competence. We suggest these developmental
changes in competence are mediated by a transcriptional
mechanism that intrinsically integrates information from the
distinct signaling pathways that act to pattern the telencephalic
neuroepithelium.
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Introduction
During mouse embryonic brain development a number of
distinct morphogens act in concert to provide the spatial
information necessary to establish general patterning
within the neuroepithelium. These events initiate the
formation of distinct germinal territories that will later
give rise to the different substructures that compose the
adult nervous system. The role of morphogen signaling in
directing the expression of key downstream effector
transcription factors has been well characterized in the
spinal cord and more recently in the forebrain [1–3].
Through the actions of such transcriptional regulators,
functional intracellular signaling cascades are initiated
that ultimately culminate in the establishment of
restricted progenitor cell lineages in the developing
neural tube. However, within the ventral telencephalon,
www.sciencedirect.com

an important mechanistic aspect that has not been extensively considered is the regulation of the responsiveness
of target cells to extrinsic signals. The competence of the
neuroepithelium to respond to environmental cues presupposes the expression of all the components required
for proper reception, transduction, and transcriptional
response of such signals. Moreover, the interpretation
of a specific signal is context dependent and will vary
according to the functional state of these components.
Work over the past decade has increasingly suggested that
the changing competence in tissue responses to morphogens is central to their proper development. With regard
to the ventral telencephalon, we hypothesized over a
decade ago that the emergence of distinct proliferative
zones results more from intrinsic changes in the response
of the ventral neuroepithelium to extrinsic factors than
the absolute concentration of spatially distributed morphogens [4,5]. Despite considerable further examination
of this region, it remains unclear whether the specification
of progenitor fates in the area is dependent on the
concentration of morphogens, regulated by dynamic
alterations in the intrinsic responses of progenitors
throughout development or some combination of the
two. In this review we discuss evidence for temporal
shifts in competence within the ventral telencephalon
that appear to shape patterning in this region and speculate as to the cell intrinsic mechanisms by which these
dynamic changes are regulated. We will focus specifically
on the patterning events mediated by downstream transcriptional effectors of the sonic hedgehog (Shh) pathway,
and ultimately how this bears on FGF signaling.

The temporal genesis of the ventral ganglionic
eminences is marked by shifts in the domains
of Shh expression
The ventral telencephalon is characterized during
embryonic development by the emergence of the medial,
lateral and caudal ganglionic eminences (the MGE, LGE
and CGE, respectively). Each of these eminences will
produce distinct populations of neurons and understanding how developmental patterning results in the production of different neuronal subtypes from these
embryonic structures is the primary goal of a number
of laboratories including our own. We have focused
specifically on the production of cortical GABAergic
interneurons, which appear to collectively arise almost
entirely from the MGE and CGE. In addition, a plethora
of other cell types including the long-range projection
neurons that will populate the striatum, globus pallidus
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Figure 1

Developmental changes in the expression of Shh in the developing ventral telencephalon. (Top panel) Sources of Shh (red) in the mesendoderm
induce expression of Shh in the most ventral aspect of the telencephalon (Tel), as observed in coronal sections of E9.5 embryos. (Bottom panel) As
development progresses, the expression of Shh becomes progressively confined to restricted regions of the ventral telencephalon. By E12.5 it can be
detected at rostral levels in the preoptic area (POA) and the mantle of the medial ganglionic eminence (MGE). Shh expression is also observed at this
age in the amygdala region of the caudal ganglionic eminence (CGE). Ctx, Cortex; Di, diencephalon; Hind, hindbrain; Mid, midbrain.

and amygdala are generated from these structures. A
common misconception regarding the origin of the ventral telencephalon is that the three ganglionic eminences
arise simultaneously, as suggested by their coexistence at
around E13.5 of mouse development. As recognized by
the earliest investigators of these structures [6], the three
eminences are produced sequentially with the MGE
appearing first around E9.0, followed by the LGE at
E10 and the CGE around E11. However, as the LGE
and CGE are anatomically continuous with one another, it
is difficult to precisely determine their relative times of
origin. Nonetheless, the temporal ordering in the appearance of these progenitor zones is likely a reflection of the
mechanism by which they are generated.
Hedgehog (Hh) signaling is centrally involved in the
patterning of the nervous system. Studies in the spinal
cord have demonstrated that ventral sources of Shh
establish a long-range graded signal that controls spatial
patterning along the dorsal–ventral axis [3,7,8]. Notably,
it has been shown that the expression of Shh is required
during distinct developmental windows for the specificaCurrent Opinion in Genetics & Development 2010, 20:1–9

tion of neuronal identity [9] and its activity triggers the
sequential temporal expression of the transcriptional
determinants involved in patterning the ventral spinal
cord [10,11]. With regard to telencephalic development, expression of Shh is first observed between E8.5
and E9 in the mesendoderm and diencephalon, structures adjacent to the ventral telencephalon [12]. By E9.5
Shh is expressed broadly in the MGE and by E12.5
expression is observed in the preoptic area (POA), the
mantle of the MGE and the amygdala region [13,14]. The
onset of Shh expression in each of these domains follows
a precise sequential order that parallels the temporal
appearance of the MGE, LGE and CGE (Figure 1).
Furthermore, these events are closely accompanied by
the sequential emergence of distinct Shh-dependent
homeodomain transcription factors that are involved in
ventral patterning and in specifying each of these structures [15]. After ventral patterning becomes established,
Hh-signaling continues to be required for a multitude of
processes such as the regulation of mitosis, the maintenance of neurogenesis and the generation of both neuronal
and glial cell types (reviewed in [16]). Cell types in the
www.sciencedirect.com
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Figure 2

Early telencephalic development is characterized by the dynamic expression of distinct homeobox transcription factors that reflect the
sequential appearance of the ventral eminences. (a) At E9.5, Nkx2-1 expression appears within a ventral domain that is induced to express Shh.
These events define the first temporal competence window (C1). This event defines the MGE at the molecular level and expression of
Nkx2-1 persists in this region throughout development. Around E10.0 the second competence window is initiated (C2), during which the
expression of Gsx2 accompanies the emergence of the more dorsally positioned lateral domain that will give rise to the LGE. (b) After E10.0,
ventral patterning is already established and Shh activity is predominantly required for proliferative control of progenitors. A horizontal view of
the ventral ganglionic eminences reveals a repeated pattern in both C1-derived and C2-derived structures where the ventral aspect of each
region gives rise to early-born projection neurons (light colors) while the more lateral/dorsal domains mainly generate later-born interneurons
(darker colors).

ventral ganglionic eminences that are dependent on Shhsignaling for their generation include both oligodendrocytes and ventrally born GABAergic populations, such as
striatal projection neurons and cortical interneurons
[14,17–20].
www.sciencedirect.com

Responses to Shh in the ventral telencephalon
define sequential temporal developmental
windows
The telencephalic neuroepithelium is derived from the
alar portion of the anterior neural plate and is first characCurrent Opinion in Genetics & Development 2010, 20:1–9
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terized by the expression of the forkhead transcription
factor FoxG1 [21,22] and the paired-homeobox factor
Pax6 [23,24]. However, during the early stages of development, Pax6 becomes repressed in the ventral telencephalic midline through the action of Shh secreted
from the underlying axial mesendoderm (Figure 1)
[25,26]. This initial inductive event defines the first
temporal response window which we designate as C1
(Competence window 1) (Figure 2a) that leads to overlapping expression of Shh and Nkx2-1 at around E9.5 in a
ventral domain and results in the formation of a sharp
boundary with the dorsal Pax6 domain (Figure 2a) [15].
This is similar to the notocord-mediated Shh-dependent
induction of Shh expression in the floor plate of the spinal
cord, an event mediated by the transcription factor
FoxA2/HNF-3b [27–29]. Indeed, in the ventral telencephalon the homeodomain transcription factor Nkx2-1 is
required for the expression of Shh in the early MGE
through a process analogous to the homogenetic induction of Shh in the spinal cord mediated by FoxA2/HNF3b [12,30–33]. As the expression of Nkx2-1 at the molecular level largely defines the MGE [30,34], this is
consistent with the MGE being the first eminence to
emerge from the ventral telencephalon.
After induction of Nkx2-1 and Shh and the onset of MGE
morphogenesis, the spatial expression of developmental
genes is highly dynamic. At E10.0 a small gap appears
between the domains of Nkx2-1 and Pax6 expression
where Gsx2, another downstream target of Shh is first
observed [15]. The domain of Gsx2 expression subsequently widens and is initially associated with tissues
possessing LGE-identity. These events provide hallmarks for a second temporal window involved in the
patterning of the ventral telencephalon (Competence
window 2 — C2) (Figure 2a) [4,5]. Gsx2 expression
may also indicate the appearance of a nascent CGE
during this developmental window. However, the
relationship between Gsx2 expression and the onset of
CGE development has proved more elusive because of
the present paucity of CGE-specific molecular markers.
The observation that peak neurogenesis within the CGE
is substantially later than that within the MGE and LGE
[35] suggests that while the CGE ultimately expresses
Gsx2, early expression reflects only the LGE anlage.
Recent findings promise to clarify the temporal and
spatial development of the CGE [36–38].
The two initial temporal windows of ventral telencephalic development described to this point (C1 and C2,
Figure 2) are characterized by patterning responses, as
indicated by the induction of Nkx2-1 and Gsx2 expression, respectively. Explant studies using tissue from midembryogenesis suggest that the telencephalon while
losing the ability to express patterning genes in response
to Shh-signaling, maintains a sustained proliferative
response to this signaling molecule [4]. Consistent with
Current Opinion in Genetics & Development 2010, 20:1–9

these observations, while early E9.5 removal of Hhresponsiveness from the ventral telencephalon through
a conditional deletion of the obligatory Hh-signaling
mediator Smoothened (Smo) gives rise to extensive patterning alterations, removal of Hh-signaling from E12.5
onwards results in a reduction in the number of neural
progenitors located in the postnatal subventricular zone
but only minor patterning abnormalities [18,19]. Therefore, after ventral patterning is established, a third developmental window of Shh function (Competence window
3 — C3, Figure 2a) is characterized by its influence on
proliferation within the neuroepithelium. While the control of cell proliferation is an important factor in the
morphogenesis of the telencephalon and has been
demonstrated to affect the development of ventrally
derived cell types [39], it is less clear that proliferation
per se during this period directs the specification of
distinct cell fates. Hence, although the expression of
Shh and its downstream targets has been observed until
late developmental stages [40] a clear link between late
Shh expression and the regulation of cell diversity has not
been established in the ventral telencephalon. In
addition, the control of cell proliferation likely involves
the coordinated convergence of several signaling pathways in addition to Shh. Therefore, for the remainder of
this review we will focus on how patterning during C1 and
C2 is regulated.

Cell type specification in structures derived
from C1 (MGE) and C2 (LGE/CGE)
developmental windows
As discussed above, the emergence of the MGE during
C1 precedes that of the LGE and CGE, which occurs in
C2. Expression of Nkx2-1 (C1) and Gsx2 (C2) reveals that
distinct transcriptional programs are set in place in the
ventral telencephalon during both of these temporal
windows. Interestingly, these two domains do not give
rise to homogeneous populations of neurons [34,35,41–
43]. Akin to what is observed in the spinal cord [7,8], this
is likely because of a further subdivision of these broad
domains by the spatially restricted expression of
additional transcription factors [44]. In agreement with
this, spatial biases have been found in the generation of
individual neuron types in the MGE and LGE
[40,45,46,47–49] However, a causal link between the
function of these spatially restricted transcription factors
and individual neuronal types has yet to be established.
From a combined temporal and spatial perspective, in
both C1-derived and C2-derived structures, a pattern is
recapitulated during which the earlier born ventral cells
give rise to projection neurons, while the more dorsally
positioned later-born cells generate interneurons. During
C1 the MGE generates early projection neurons from its
most ventral aspect, while more dorsal domains give
rise to subpopulations of interneurons at later timepoints (Figure 2b) [40,45,46,47]. In contrast, during
www.sciencedirect.com
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C2, projection medium spiny neurons (MSN) that populate the striatum arise from the ventral LGE (vLGE) and
lateral olfactory bulb interneurons arise from the dorsal
LGE (dLGE) [48,49]. In addition, the CGE, which
appears during the later period of C2, gives rise to subsets
of interneurons that are distinct from the ones generated
in the MGE (Figure 2b) [35,41,42,50,51]. These observations suggest that transcriptional codes induced at C1
(Nkx2-1) and C2 (indicated by the initial expression of
Gsx2) impart distinct differentiation potentials to progenitors within the resultant MGE and LGE/CGE,
respectively. Recently, analyses of the temporal requirement of Nkx2-1 and Gsx2 during telencephalic development have generated support for these ideas. The early
removal of Nkx2-1 from MGE progenitors respecifies
them to acquire an early LGE MSN identity and a late
removal leads to the acquisition of CGE interneuron
profiles [34,52]. In complementary fashion, a gain of
Gsx2 function during early development leads to an
ectopic production of MSN neurons in the dorsal telencephalon, while the same approach at later timepoints
gives rise mostly to olfactory bulb interneurons [52].
The orchestrated production of different projection
neuron and interneuron subtypes is central for appropriate morphogenesis and circuit assembly within the telencephalon. Recent work in the amygdala has shown how
the integration of projection neurons and interneurons is
highly regulated [53,54]. Similarly, transplantation and
fate-mapping studies of interneuron populations have
demonstrated that the differential production of cortical
interneurons allows them to be appropriately allocated
within specific cortical laminae [35,41,42]. Underlying
these events is the precisely timed production of specific
cell types.

Expression of Gli transcription factors
correlates with differential responses to Shh
in ventral telencephalic progenitors
What then are the intrinsic factors that regulate the
dynamic and differential competence of MGE, LGE
and CGE neural progenitors to specific morphogens?
Central to the mechanism that imparts neural progenitors
competence to respond to Hh-signaling is the Gli family
of transcriptional regulators — Gli1, Gli2 and Gli3 —
homologous to the Drosophila factor Cubitus interruptus
(Ci). Work in spinal cord has demonstrated that Gli
transcription factors are collectively necessary and sufficient for all aspects of intracellular Shh-responses
involved in ventral patterning [55,56–60].
Interpretation of the role of Gli proteins in the telencephalon is complicated by their nonuniform distribution
and by the dynamic nature of Shh expression discussed
above (Figures 1 and 3). Moreover, the three Gli genes are
expressed in distinct and partially overlapping spatial
domains in the ventral telencephalon, which shift
www.sciencedirect.com

Figure 3

The differential expression of members of the Gli/Ci family of
transcription factors controls the response of progenitors to Shh in the
ventral telencephalon at distinct embryonic ages. (Top panel) The
distribution of Gli protein expression within the telencephalon at E9.5
[72] and (middle and bottom panels) E12.5 in patterns dictates the
differential responses of progenitors to Shh. At E12.5, the targets of Shhsignaling Nkx6-2 (blue) and Gli1 (green) can be observed only in the Gli2expressing domains (purple) that are closest to the ventral sources of
Shh (red) along the rostro-caudal axis of the telencephalon. Gli3 (brown)
is expressed in a dorsal-to-ventral gradient in the entire telencephalon
with a characteristic low level of expression in the MGE (that is
apparently insufficient to provide enough Gli activator function to allow
for expression of Nkx6-2 or Gli1).

dramatically as development progresses. Initially, Gli2
and Gli3 have the widest expression patterns, being
present in almost the entire telencephalic neuroepithelium (Figure 3). This pattern is altered with the appearance of the MGE during C1, when Gli2 becomes
excluded from the MGE and Gli3 expression is markedly
reduced (Figure 3) [61,62]. Consistent with this broad
expression of Gli2 and Gli3, gain-of-function studies have
shown that most regions of the telencephalon are able to
respond to Hh-signaling [14,63]. However, detailed
analysis of gene expression indicates that the response
to Hh-signaling during telencephalic development is
region specific, as targets of Hh-signaling including
Gli1, Nkx6-2, and Hhip are only expressed in the most
dorsal aspect of the ganglionic sulcus (Figure 3)
[45,62,64]. Those targets become downregulated when
expression of Shh or Gli2 is removed from the developing
telencephalon [20,62,63].
Fully understanding the function of Gli proteins in the
ventral telencephalon is further complicated by the fact
that Gli2 and Gli3 can function in Hh-responsive cells
either as transcriptional repressors in the absence of a Hh
Current Opinion in Genetics & Development 2010, 20:1–9
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signal or as activators when in the presence of Hh ligands
(which inhibit the proteolytic truncation of these Gli
proteins into repressor forms [56,65,66]). Gli1, whose
expression in the telencephalon is dependent on Shhsignaling, functions uniquely as a transcriptional activator.
With regard to Gli gene function, the current model
focuses on the C1 period and postulates that Hh-signaling
in the ventral telencephalon is solely required to counteract Gli3 repressor activity. Indeed, consistent with this
idea, a Hh-independent signaling pathway seems to be
able to establish the basic elements of dorsoventral patterning in the telencephalon of Gli3/Shh and Gli3/Smo
double mutant embryos [63]. In this context, the activator
functions of Gli proteins required for the transduction of
quantitative information relayed by Shh gradients [55]
have been understood as dispensable for overall telencephalic development. In support of this view, mutants for
the two principal mediators of activating Hh-signaling
Gli1 and Gli2 have resulted in relatively minor defects in
telencephalic development [57]. However, those aspects
of telencephalic patterning associated with C2 have only
begun to be deciphered in the last decade and have
already indicated that this phase of development is more
sensitive to the loss of Gli activators [40,62]. It seems
likely that with the advent of conditional loss of function
approaches the precise requirement for Shh-signaling
during C1 and C2 can be fully determined [16].

Nkx2-1 modulates the response of the MGE to
Hh-signaling
Shh is initially expressed throughout the entire prospective MGE progenitor zone (window C1, Figures 2 and 4)

but progressively becomes restricted within this structure
(window C2, Figure 2) [4,30]. Surprisingly once the MGE
is formed, the regions that appear to display the strongest
response to Shh-signaling based on their expression of
Gli1 and Nkx6-2 are positioned some distance from areas
of high Shh expression, specifically in the most dorsal and
ventral aspects of the MGE, that is the interganglionic
sulcus, the ventral MGE and the POA [19,20,46,64]. The
proximal cause of this apparent anomaly is that the
regions of high Shh expression lack the full complement
of Gli activators required for initiating expression of Shh
targets. Surprisingly, the explanation for this lack of Shhresponsiveness appears to be a negative regulation
exerted by Nkx2-1, whose expression is itself initially
Shh-dependent [30]. Consistent with this idea, conditional removal of Nkx2-1 at E10.5 results in MGE
progenitors upregulating targets of Hh-signaling such
as Gli1 and Nkx6-2 [34]. The same outcome has been
observed after Nkx2-1 removal from a smaller domain in
the vMGE [46]. Although to our knowledge never
explicitly stated, it is not surprising that events of homogenetic induction of morphogens are accompanied by a
loss of responsiveness to the induced morphogen itself,
presumably to prevent the formation of a self-reinforcing
autocrine loop. With regard to cell fate, the loss of Nkx2-1
gene function in these mutants is also accompanied by a
respecification of MGE progenitors at the moment of
their exit from cell cycle to adopt CGE/LGE character
[34]. Whether the ectopic expression of Hh targets in
these mutant cells is responsible for their altered postmitotic identity is not clear as a direct causal link between
these events has not yet been established. However, such

Figure 4

Key genetic interactions involving Shh-signaling that pattern and determine the fate of ventral telencephalic progenitors during C1 and C2 temporal
competence windows. During C1, Shh is indirectly required to establish the ventral expression of Nkx2-1 in the MGE anlage through a derepression of
FGF signaling. At later stages, gene expression reveals that mostly positive Shh-signaling mediated through Gli proteins is associated with LGE/CGE
development. It is at present unclear whether FGF-signaling plays a role during C2 inductive events.
Current Opinion in Genetics & Development 2010, 20:1–9
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observations suggest that after Nkx2-1 removal, MGE
progenitors acquire competence to respond to Hh-signaling in a way that replicates the development of the C2
window (i.e. production of the LGE/CGE). Indeed,
MGE progenitors that become respecified in the absence
of Nkx2-1 give rise to projection MSN neurons at early
timepoints and to CGE interneurons during later development [34].

Shh-mediated competence appears to
regulate FGF signaling
Contexts in which Shh or FGF signaling are perturbed
result in a disruption in ventral telencephalic patterning
[63,67,68]. Loss of function analysis indicates that
within the ventral telencephalon the loss of Shh-signaling results in an attenuation of FGF-signaling, while
compound loss of Shh and Gli3 gene function restores it
[2,69]. Specifically, Shh-signaling attenuates the function of the Gli3 repressor that in turn acts to negatively
regulate FGF signaling (Figure 4). While the compound
loss of Gli3 in Shh mutants restores ventral patterning in
the telencephalon, mutants which both lack Gli3 and the
two primary mediators of FGF-signaling FGFR1 and
FGFR2 display almost a complete failure in ventral
patterning [67].
This suggests that FGF rather than Shh is the primary
positive inducer of ventral patterning during C1. This
raises the interesting question of what happens to FGF
signaling subsequent to the initiation of Nkx2-1 expression within the MGE. Is it required to maintain Nkx2-1
expression at later timepoints? Does it regulate additional
aspects of later MGE development independent of
Nkx2-1? Specifically, does the loss of Shh-responsiveness
in the MGE result in a concomitant downregulation of
FGF in this region as well? Recent data indicate it does.
Inhibition of the Hh pathway through a cell-autonomous
loss of the obligatory Hh-signaling mediator Smoothened
(Smo) can lead to a loss of Nkx2-1 expression during later
development in a mechanism that appears to be independent of Gli3 repressor activity [70,71]. Although the
nature of that mechanism is still unknown and could
involve interactions with additional signaling pathways
with a role in ventral patterning, it primarily suggests a
continued regulation of the FGF pathway by Hh-signaling throughout development. Therefore, we hypothesize that during C2, diverse responses to Shh in these
two regions could lead to differential activation of FGFsignaling in the MGE versus the LGE/CGE and may be
functionally responsible for the differential fates of progenitors. If true, these must include the generation of
distinct cortical interneuron subtypes. It will be interesting to test this hypothesis explicitly by examining
whether FGF-target genes other than Nkx2-1 are differentially expressed within populations of neurons generated from the ventral telencephalon. Specifically, it will
be of interest to see how FGF signaling regulates the later
www.sciencedirect.com

C2 window through targets that may be present in the
LGE/CGE but absent from the MGE.

Conclusion
In conclusion, we suggest that ventral telencephalic patterning is largely mediated by two sequential periods of
competence, which we designate as C1 and C2. The Shhmediated induction of Nkx2-1 expression provides the
hallmark of the initiation of MGE development and
correspondingly the C1 period. We suggest that although
Nkx2-1 involvement in the homogenetic induction of
Shh establishes the MGE, it makes this territory nonresponsive to the ligand and by proxy attenuates FGFsignaling in this structure. This is followed by the C2
competence period, during which Shh-signaling induces
the LGE/CGE. Interestingly, both structures induced
during C1 (MGE) and C2 (LGE/CGE) are characterized
by the early production of projection neurons from their
ventral aspects, followed by the late production of interneurons from their dorsal domains. Finally, we suggest
that the negative regulation of Shh-signaling within the
MGE coupled with the positive regulation of this pathway within the LGE/CGE creates zones in which FGFsignaling is differentially active. As a consequence, we
hypothesize that FGF signaling may ultimately be one
proximal pathway that influences the creation of cell
diversity within the ventral telencephalon.
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