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Abstract

Sonic hedgehog (Shh) is a pleiotropic factor in the developing central nervous system (CNS),
driving proliferation, specification, and axonal targeting in multiple sites within the forebrain,
hindbrain, and spinal cord. Studies in embryonic CNS have shown how gradients of this
morphogen are translated by neuroepithelial precursors to determine the types of neurons and glial
cells they produce [1, 2]. Shh also has a well-characterized role as a mitogen for specific
progenitor cell types in neural development [3, 4]. As we begin to appreciate that Shh continues to
act in the adult brain, a central question is what functional role this ligand plays when major
morphogenetic and proliferative processes are no longer in operation. A second fundamental
question is whether similar signaling mechanisms operate in embryonic and adult CNS. In the two
major germinal zones of the adult brain, Shh signaling modulates the self-renewal and
specification of astrocyte-like primary progenitors, frequently referred to as neural stem cells
(NSC:s). It also may regulate the response of the mature brain to injury, as Shh signaling has been
variously proposed to enhance or inhibit the development of a reactive astrocyte phenotype. The
identity of cells producing the Shh ligand, and the conditions that trigger its release, are also areas
of growing interest; both germinal zones in the adult brain contain Shh-responsive cells but do not
autonomously produce this ligand. Here, we review recent findings revealing the function of this
fascinating pathway in the postnatal and adult brain, and highlight ongoing areas of investigation
into its actions long past the time when it shapes the developing brain.
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1.1 Introduction

The Hedgehog (Hh) signaling pathway, of which Shh is the major activating ligand in the
brain, is central to the development and patterning of the CNS and other organs [4, 5].
Signaling is initiated when secreted Shh binds Patched (Ptc) at the cell surface, relieving
inhibition of the transmembrane protein Smoothened (Smo) [6, 7] and ultimately triggering
the activation of the Gli transcription factors. In the absence of Hh signal, Gli3 is
proteolytically processed and acts as a transcriptional repressor. Gli2 functions primarily as
a transcriptional activator upon Hh stimulation and can initiate transcription of Glil, a
constitutive transcriptional activator that indicates high levels of pathway activity [8-11].
However, in some contexts, Gli3 may act as a weak activator, and Gli2 may act as a weak
repressor [12, 13]. The relative levels of the Gli transcription factors, and the balance
between repression and activation of Hh pathway target genes, are a major mechanism by
which cells in the developing neural tube, one of the best-characterized Shh-responsive
tissues, translate a gradient of Hh ligand into a pattern of distinct neuronal fates [6, 14-22].
Expression of Shh and modulation of downstream target genes is also thought to be critical
for establishing the early patterning of the ganglionic eminences, a major source of
inhibitory interneurons for the telencephalon [18, 23]. Shh also functions in regulating the
patterning and proliferation of precursor cells in the postnatal cerebellum, with a
concomitant role (when mutated) in cerebellar tumor development [24-28]. More recently,
Gli3, and transduction of the Shh signal via the primary cilium, have also been implicated in
development of the cortex [29, 30]. Finally, Shh appears to act through non-canonical
mechanisms, which are likely Gli-independent, to regulate axon guidance and cortical
microcircuit formation in the developing brain [31, 32].

1.2 Establishing Neurogenic Niches - Shh and the Primary Cilium in
Maturing Brain

In addition to the many functions Hh signaling has in development, this pathway is key for
the formation and patterning of brain germinal niches that continue to produce neurons and
glial cells throughout the life of most mammals [33-36]. These niches are the ventricular-
subventricular zone (V-SVZ), which is found along the walls of the lateral ventricles, and
the subgranular zone (SGZ), within the dentate gyrus in the hippocampus (highlighted in
Figure 1) [37, 38]. The V-SVZ primarily generates neuroblasts, which migrate anteriorly to
the olfactory bulb and differentiate into several types of neurons [39-42]. The V-SVZ also
generates oligodendrocytes in vivo, and stem cells isolated from each of these regions
generate astrocytes, oligodendrocytes, and neurons in vitro. The adult V-SVZ NSCs have
many characteristics of astrocytes, including expression of glial fibrillary acidic protein
(GFAP), and are known as B1 cells. These cells arise from radial glia, the embryonic stem
cells that persist in the periventricular region of neonatal mice [43, 44].
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The SGZ, in contrast, is not located next to the ventricles, but is found deep in the brain
parenchyma at the interface of the granule cell layer and hilus in the dentate gyrus of the
hippocampus [45]. The NSCs in the SGZ also correspond to cells with astroglial properties:
they are radially oriented astrocytes with a cell body in the SGZ and a prominent GFAP-
positive process that traverses radially through the granule cell layer to profusely branch in
the inner molecular layer [38, 45-47]. These cells are known by various names, including
radial astrocytes, radial glial-like cells or radial progenitors; since these cells do not retain
radial glia morphology and are not located in a VZ or SVZ, we will refer to them here as
radial astrocytes (RA), the original name used when they were first identified as the SGZ
primary progenitors in the adult brain [46]. Like the B1 cells in the V-SVZ, RA in the SGZ
were thought to be derived from embryonic radial glia [48, 49]. However, recent work has
also shown that some RA precursors undergo a curious and extensive tangential migration,
taking them from a unique ventral Hh-responsive location at the temporal pole of the
developing hippocampus to ultimately disperse throughout the SGZ [50]. Once established
in the SGZ, RAs persist throughout life, generating new granule neurons through
intermediate precursors. A number of studies focusing on prenatal removal of Hh pathway
components have revealed a stringent requirement for canonical Hh signaling, mediated
through the primary cilium, in the patterning and maintenance of both the V-SVZ and SGZ.

Shh knockout mice lack ventral structures in the CNS and die after birth, precluding
analyses of postnatal brain development [9, 51]. As a consequence, many of the clues
indicating that the Shh pathway is central to the establishment of adult germinal zones came
from studies using cell type-specific or inducible Cre recombinases to ablate specific
pathway members in the mouse. Using the Nestin-Cre transgenic mouse, which drives
recombination throughout the developing telencephalon, Machold and colleagues ablated
either Shh itself or Smo, which is required for cells to transduce the Shh signal [9]. Although
early Shh-dependent dorsoventral patterning, such as the establishment of the ganglionic
eminences, is largely normal in these animals, striking defects were present in both postnatal
neurogenic niches at two weeks after birth, suggesting a requirement for Shh in their
establishment or maintenance. Smo-deficient animals exhibit an overall reduction in brain
mass, enlarged ventricles, and reduced numbers of progenitor cells in the germinal regions.
Specifically, both the V-SVZ and SGZ are thinner, and have decreased BrdU incorporation
and increased apoptotic markers at early postnatal timepoints. These data suggest an
ongoing requirement for Smo in both neurogenic niches. Following this initial observation,
subsequent studies used tamoxifen-inducible Cre recombinase, again driven by the Nestin
promoter, to specifically examine the postnatal requirement for Smoothened in the V-SVZ
[52, 53]. Similar to the effects observed following ablation during embryonic development,
deletion of Smo during the immediate postnatal period results in a marked decrease in
neurogenesis. However, no increase in apoptosis was observed. These data suggest that
Smo, and Shh signaling that occurs in the juvenile brain after embryonic and fetal
development, have a specific effect in the proliferation, and possibly on the self-renewal, of
NSCs.

The function of Shh in developing stem cell niches is also dependent on the presence of a
functional primary cilium. Ablation of the motor protein KIF3A, intraflagellar transport
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protein IFT88, or the ciliary protein Stumpy, and therefore the removal of functional
primary cilia in neural precursors, results in decreased Shh target gene expression and a
phenotype similar to that observed in Smo-deficient animals [54, 55]. hGFAP-Cre; Kif3a'l/f
and hGFAP-Cre; Smo'/fl animals, like Nestin-Cre; Smof!/f animals, have a hypocellular and
disorganized dentate gyrus at birth, accompanied by decreased proliferation and
neurogenesis. Removal of primary cilia also blocks the effects of heightened pathway
activation via expression of a hypermorphic Smo, SmoM2. Similarly, ablation of primary
cilia has significant effects in the postnatal VV-SVZ, but here the interpretation is complicated
as the promoters used for genetic ablation of primary cilia also affect the function of motile
cilia in ependymal cells and therefore cerebrospinal fluid (CSF) flow (unpublished
observation). Ependymal cells and CSF are integral components of the adult V-SVZ niche
[56-58] and disruption of motile cilia in ependymal cells is likely to indirectly affect V-SVZ
progenitors. New approaches to selectively ablate cilia in V-SVZ progenitors, but not
ependymal cells, are required to understand the role of primary cilia in these periventricular
NSCs.

1.3 Shh Signaling in Adult Germinal Niches

In the adult rodent brain, multiple roles have been attributed to Shh signaling — both fate
specification and regulation of proliferative activity. Early indicators that Shh signaling
might continue in adult germinal regions came from transcriptional studies cataloging the
locations of Shh transcript as well as transcripts of other canonical pathway members, Ptc
and Smo [59-62]. These data, as well as localization patterns indicated by subsequent
experiments using mouse reporter alleles, are summarized in Figure 1. Although Ptc and Shh
are not prevalent in the V-SVZ, Smo is expressed throughout this region. In addition,
injection of myristoylated Shh in the lateral ventricle in rodents results in elevated BrdU
incorporation and Ptc transcription, suggesting that Shh-responsive cells are indeed present
in this region. Both Ptc and Smo are also present at high levels in the dentate gyrus [61, 62].
Shh-expressing regions are largely distinct from these areas, with high Shh transcript found
in several locations in the basal forebrain, brainstem, and cranial nerve nuclei [9, 61, 62].
Sparse expression of Shh is also found in the juvenile (P15) hilus, near the SGZ, but it is not
clear if this expression persists into adulthood [9, 61]. Exogenous Shh protein has also been
shown to increase the production of multipotent, self-renewing neurospheres cultured from
adult stem cells of the V-SVZ or SGZ, suggesting that signaling through this pathway
affects stem cell proliferation, the balance between self-renewal and differentiation, or both
[11, 63]. In contrast to the localization of Shh transcript and subsequent analyses using
knock-in mouse alleles to label cell bodies, Shh protein has been detected in the dentate
gyrus, cerebrospinal fluid, and the neuropil surrounding the ventral V-SVZ [63, 64].
However, the mechanisms through which Shh protein is secreted and reaches these regions
remain to be elucidated. In the case of the V-SVZ, although many stem cells extend a
primary cilium that contacts the cerebrospinal fluid in the lateral ventricles, the Shh-
producing cells under normal conditions all appear to be neurons, and the soma of these
neurons are frequently located far from the ventricles [64]. However, a small subpopulation
of these neurons exists very close to the ventral V-SVZ [64]. Radiolabeling data in
developing and adult optic nerve in rodent brain indicates that Shh can be anterogradely
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transported in neurons, suggesting that cells distant from the ventricular surface may still
form contacts with the stem cells of the V-SVZ to generate locally elevated Shh levels [65-
67]. Intriguingly, a recent study compromising the production of Shh by dopaminergic
neurons in the ventral midbrain also implicated this ligand in regulating the survival of
specific neuronal subtypes [68]. Ablating Shh in adult dopaminergic neurons in the
substantia nigra and associated areas (using a dopamine transporter locus-driven Cre)
resulted in a progressive loss of fast-spiking and cholinergic neurons in the striatum, where
long-range projections from dopaminergic neurons are found. These results suggest a
further, possibly Gli-independent, role in regulation of neural activity and survival that
depends on proper transport of Shh ligand [68].

Recently, multiple groups have mapped the cell types and microdomains within the V-SVZ
that are responsive to Shh signal, using expression of glil transcript and Glil-driven
reporters as indicators of high pathway activation. Quantification of Shh and other pathway
members in individual cells isolated from the V-SVZ, or subpopulations enriched by flow
cytometric sorting, indicates that type B1 cells (stem cells) are likely the major Shh-
responsive populations in this region, although transcript can also be detected in putative
transit-amplifying cells [11]. Studies of Glil-nlacZ, Gli2-nlacZ, and Gli3-nlacZ mice have
demonstrated persistent p—galactosidase activity in V-SVZ and SGZ, and the generation of
Gli1-CreER™ mice allowed temporally precise lineage tracing of strongly Shh-responsive
cells [8, 64, 69]. Co-localization analyses of brain sections from these reporter mice again
indicate that in the V-SVZ type B1 astrocyte-like neural stem cells are the primary Gli-
expressing population. Immunostaining for Smo protein shows substantial coexpression of
Smo with GFAP, which marks the astrocyte-like stem cell population and mature astrocytes,
but is not expressed in transit-amplifying progenitors or immature neuroblasts [64]. Further,
prospective labeling of Shh-responsive cells prior to antimitotic (cytosine-B-D-
arabinofuranoside [Ara-C]) administration, a procedure to eliminate actively dividing
intermediate progenitors, demonstrates that the Shh-responsive population in both the V-
SVZ and SGZ includes slow-cycling neural stem cells (as opposed to “activated” neural
stem cells, which are initiating division) [8]. These cells persist during antimitotic treatment
and subsequently repopulate the germinal zones. In the case of antimitotic treatment, as Shh-
responsive cells were prospectively labeled prior to infusion, it is not possible to tell how the
pattern of pathway activation might change during or after Ara-C administration. As we now
appreciate (see below) that dorsal and ventral microdomains of the normal V-SVZ have
distinct levels of Shh activity, it will be of interest to trace pathway activation during
recovery from Ara-C.

It is now known that the V-SVZ is an organized mosaic of NSCs which can be subdivided
into several microdomains, distinguished by their ability to generate specific neuronal
subtypes in the olfactory bulb [64, 70-76]. Recent data focusing on stem cell regional
heterogeneity have indicated different roles for the various Gli family members in distinct
parts of the V-SVZ. While upstream components of the Hh pathway, such as Smo, are
expressed in GFAP-positive cells throughout the germinal zone, glil expression is
predominantly localized to the ventral SVZ, and is sufficient to drive the production of the
most common ventrally-derived neuron types — deep granule interneurons (deep GCs,
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shown in Figure 2) and calbindin-positive periglomerular cells (PGCs) [64]. Intriguingly,
recent lineage tracing data indicate that the Glil-expressing domain of the ventral V-SVZ
also contributes to the generation of four recently identified novel interneuron subtypes in
the olfactory bulb [70]. However, ectopic activation of Hh signaling via expression of the
SmoM2 allele, while sufficient to drive dorsal stem cells to produce deep GCs and calbindin-
positive PGCs, does not result in the production of these novel interneuron subtypes.
Additional lineage tracing analyses indicate that the ventral domain, defined by Glil
expression, contains distinct subregions defined by expression of the Nkx2.1, Nkx6.2, and
Zic transcription factors, all of which have been suggested to be Shh target genes in the
developing CNS [16, 77]. While the Nkx2.1-expressing microdomain does not contribute to
the generation of novel interneuron subtypes, both Nkx6.2- and Zic-expressing cells do,
suggesting that additional subtle gradations in the interpretation of the Shh signal may be
present within the adult germinal niche. Alternatively, the mechanisms regulating these
graded responses may be established early in development and inherited in the adult.
Identification of microdomain-specific transcription factors within the VV-SVZ, where
distinct groups of progenitors can be distinguished by their anatomical location, will also be
useful in future work to determine if the Glil-positive and — negative progenitors of the SGZ
are similarly heterogeneous.

Interestingly, ablation of Shh in adult ShhCreER; Shhil mice, and loss of gli1 transcript
expression in the V-SVVZ, does not phenocopy postnatal loss of the Smo protein in this niche
— while a shift in the types of neurons produced by the V-SVZ is observed, following Shh
reduction neurogenesis is not broadly compromised. Recent studies ablating Gli family
members throughout the neurogenic niche have begun to illuminate why Shh reduction and
Smo loss may result in distinct phenotypes [69]. Using the mGFAP-Cre transgene, which
drives recombination in astrocytes and GFAP-positive neural stem cells in the postnatal
brain, Petrova and colleagues conditionally removed Smo, Gli2, Gli3, or Gli2 and Gli3
together. These experiments revealed that Gli-mediated repression is broadly required for
the maintenance of normal VV-SVZ neurogenesis. Similar to the results obtained with
postnatal ablation of Smo in other mouse strains, MGFAP-Cre; Smo//fl animals exhibit a
loss of NSCs and a gradual reduction in V-SVZ proliferation and neurogenesis. Although
loss of Gli2 or Gli3 alone does not affect V-SVZ neurogenesis, the concomitant removal of
Smo and Gli3 largely rescues the phenotype of Smo loss, suggesting that Gli-mediated
repression has a major role in regulating V-SVZ neurogenic activity. Further, the expression
of a constitutive Gli3R, in the absence of both normal Gli2 and Gli3, phenocopies the Smo
knockout phenotype, arguing that observed differences in neurogenesis between Smo loss
and Gli2/3 loss are largely due to the absence of Gli3R in the latter models. A similar
requirement for Gli3R was also observed in astrocytes that depend on Shh, as discussed in
more detail below. Some questions remain about the potential function of each pathway
member in the specification of neuronal subtypes within the niche. After ablation of Smo
using the mGFAP-Cre driver, lineage tracing revealed a shift in the proportion of deep and
superficial GCs present in the olfactory bulb, with fewer deep GCs and more superficial
GCs produced when Smo is lost. This shift is not observed when Gli3 is ablated (either
alone or together with Smo), and ablation of both Gli2 and Gli3 results in an increase in the
fraction of deep GCs produced. The use of BrdU in the above studies allows labeling of a
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cohort of SVZ-derived neurons — however, with use of this method alone, changes in the
absolute number of specific subtype of interneurons produced may be difficult to determine.
Shifts in the proportions of neurons produced may occur because of respecification of new
neurons derived from a particular microdomain or could be due to relative changes in
proliferation of different stem cell subgroups. Specific ablation of the Gli genes using either
viral microinjection or microdomain-specific Cre drivers would distinguish between these
possibilities. Collectively, these results argue that a major function of Shh in the adult brain
is to maintain the neurogenic niche by attenuating Gli-mediated repression.

1.4 Shh Signaling In Differentiated Astrocytes

In the juvenile and adult brain, Hh signaling also appears to have prominent functions
outside the germinal niches. Shh signaling has been suggested to regulate mature astrocytes
in both the normal and injured brain [69, 78-80]. In the case of the uninjured adult brain,
Shh-responsive astrocytes, revealed by Glil-nlacZ, Gli2-nlacZ, and Gli3-nlacZ reporter
alleles, are present in the ventral forebrain, but also in other parts of the telencephalon
including the cerebral cortex [69, 78]. The primary sources of Shh ligand in these brain
regions also appear to be neuronal, as labeling using the Shh-CreER transgene identifies
subgroups of labeled cells with neuronal morphology [78]. Ablation of Smo using the
MGFAP-Cre driver, which targets both astrocyte-like neural stem cells and a subpopulation
of mature astrocytes, results in reactive gliosis; interestingly, this effect is most prominently
observed among cortical astrocytes. These cortical reactive Glil-expressing astrocytes, but
not those in more ventral structures, are present in greater numbers, have increased
expression of GFAP, and exhibit cellular hypertrophy when Smo is removed [78]. As in the
case of the V-SVZ, much of this phenotype appears to be dependent on attenuation of Gli3-
mediated repression: MGFAP-Cre; Smo/fl; GIi3f/fl animals do not exhibit elevated
expression of GFAP in the cortex, while adding back a repressor form of Gli3 results in the
reappearance of a reactive gliosis phenotype [69]. These phenotypes suggest an ongoing
dependence on a Shh signal in the adult brain to restrain astrocytes from becoming reactive.
In this case, it remains unclear whether the very small number of Shh-producing cortical
neurons (labeled by the Shh-CreER reporter allele) are the sole source of ligand, or whether
more distant sources are also required.

1.5 Shh Signaling in the Injured Brain

In contrast to the uninjured brain, reactive astrocytes themselves have been suggested to
produce Shh ligand after different types of damage, including cortical stab or freeze injuries
and tumor development [80, 81]. In these cases, the ligand has been postulated to enhance,
rather than inhibit the reactive glial phenotype — inflammatory factors that enter the brain
after injury appear to result in an upregulation of Shh expression in reactive astrocytes [80].
In a cortical stab injury model, elevated Shh signaling has been proposed to increase the
capacity of reactive astrocytes to form neurospheres in culture, although in this case the
precise source of ligand after injury (and before culture) is unclear [79]. Reactive
astrogliosis can be either beneficial or detrimental depending on the duration and severity of
an injury and resulting inflammation [82]. It will be important in future experiments to
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determine the precise roles of Shh in response to injury and determine if it is beneficial, or
whether it perpetuates and potentiates an inflammatory response.

Shh is also associated with oligodendrocyte production in neural development, and has
recently been shown to be upregulated after focal demyelinating lesions in the adult mouse
[83]. Introduction of exogenous Shh in this system, via overexpression of human Shh in V-
SVZ cells, enhanced remyelination after injury. This effect might be attributable to the
combination of multiple alterations observed in this system, as transduction of V-SVZ cells
with Shh increases the number of proliferating oligodendrocyte precursors but also results in
a reduction of reactive glia and macrophages in these lesions [83]. Interestingly, in this case,
as in the normal cortex, Shh appears to act as a factor that inhibits the reactive astrocyte
phenotype.

High activation of the Shh pathway can also have deleterious consequences for the normal
proliferation of progenitor cells, especially in the brain, where most cells are normally
quiescent. Shh signaling may abnormally increase proliferation or promote tumor cell
growth. Active Shh signaling occurs in stem-like brain tumor cells and molecular subclasses
of brain tumors, including pediatric brain tumors derived from cerebellar precursors and
juvenile and adult gliomas [10, 25, 84-87]. Similar to its role in the normal adult neural stem
cell niche, Shh may be important for maintaining the tumor-propagating “brain tumor stem
cell” population. In some cases, a Shh-responsive cell may also be a brain tumor cell of
origin. For example, a population of Glil-expressing cells is present in the juvenile pons,
correlating with the time in human development when pontine gliomas occur [86]. In both
pontine gliomas and glioblastoma multiforme, the most common adult brain tumor,
inhibition of Shh signaling via the small molecule cyclopamine inhibits the propagation of
glioma cells in sphere culture and/or intracranial xenograft models [10, 85, 86]. Shh,
therefore, is likely an important mitogen or self-renewal factor not only under normal
conditions, but also during oncogenesis in the juvenile or postnatal brain.

1.6 Perspectives and Future Directions

Although much progress has been made in understanding the function of the Hh pathway in
the adult brain, many questions still remain. In particular, while most, if not all, Shh
producing cells in the adult brain under normal conditions correspond to neurons, the
conditions that trigger Shh ligand release have not been identified. The finding that specific
groups of neurons produce Shh raises the question of whether activation of specific neural
circuits is responsible for transiently elevating levels of this ligand, and thereby influencing
neuronal production in the V-SVZ or SGZ or neuronal and glial survival in other brain
regions. It will be fascinating to address this unique aspect of pathway regulation using the
many novel molecular and optogenetic tools that are now available to selectively ablate or
activate neuronal populations of interest. Similarly, the mechanism for transport of Shh to
the relevant responsive cells has not yet been defined, although evidence supporting
anterograde transport within neurons exists [65-67]. Alternatively, another type of
specialized contact may be at play. Recent live-imaging data in embryonic limb bud
suggests that Shh-producing and —responsive cells may also contact each other through
specialized filopodia termed cytonemes [88—90]. As these extensions cannot be readily
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detected in fixed tissue, imaging of explanted V-SVZ or SGZ tissue will be necessary to
determine if these structures are also present among adult NSCs. Finally, whether the
potential role of Shh pathway activation in pathological conditions is dependent on autocrine
signaling, neuronally produced Shh, locally produced Shh from reactive astrocytes or other
cells, or systemic sources of this ligand remains to be fully elucidated.

Shh may function either as a classical morphogen, dictating cell identity through the
expression of lineage-specific transcription factors, or as a mitogen, regulating the cell cycle
kinetics of progenitor cells [1, 2, 4, 26, 27, 77, 91-93]. In the adult brain, a case may be
made for both of these roles: existing data implicate both Gli2/3-mediated regulation of
quiescence and cell division as well as Glil/2-mediated identity specification as active
processes in the stem cell niche. In future experiments, it will be interesting to determine
whether the primary function of the Shh protein is in regulation of proliferation,
specification, or both in adult stem cells. A rigorous identification of the transcriptional
targets of this pathway in the neural stem cell niches will likely be central to answering this
question. Although Hedgehog signaling is a major driver for the development of many
organs, the many ways this pathway is repurposed in the adult brain are only now being
revealed, and represent a fascinating puzzle for future investigation.
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Figure 1.
Expression of Shh Pathway Components in the Mature Brain. Coronal sections of adult

brain are shown from anterior (left) to posterior (right). The ventricles, which contain
cerebrospinal fluid, are shown in black. Specific anatomical regions discussed in the text are
indicated in the top row of sections, including the olfactory bulb (OB), ventricular-
subventricular zone (V-SVZ), and subgranular zone (SGZ) in the dentate gyrus. Locations
where Shh, Smo, and Glil (downstream transcriptional activator) expression have been
reported are indicated by colored dots. Both the V-SVZ and SGZ contain Smo-expressing
astrocyte-like stem cells, some fraction of which also express Glil. The cortex (in the dorsal
portion of each slice) and parts of the ventral forebrain also contain Smo / Glil-expressing
astrocytes. By contrast, Shh-producing cells are often located in distinct subregions from
Shh-responsive cells, with Shh-producing neurons found in the septum (Sep), multiple areas
in the ventral forebrain, and the substantia nigra (SN).

Semin Cell Dev Biol. Author manuscript; available in PMC 2015 September 01.



yduasnUe J0yINY Vd-HIN 1dudsnUeN JoYyINY Vd-HIN

1duosnue Joyiny Vd-HIN

Alvarez-Buylla and Ihrie Page 17

Adult V-SVZ

olfactory bulb

= —
/ //;:f'ﬂ\\l// b SN
oy
|/
\ e
\ “
\\« A
/// [
/
/

/ / \
| /
(\ J — \> /) 1 month

Inject Ad:GFAPpCre dorsally Controls generate superficial GCs,
in control or SmoM2 animals SmoM2+ cells generate deep GCs

Figure 2.
Forced Activation of Shh Signaling Respecifies Neuronal Progeny. Localized dorsal

injection of Ad:GFAPpCre virus (shown in green), which drives recombination in GFAP-
expressing stem cells and astrocytes, was used to induce expression of a GFP reporter in
combination with a conditional SmoM?2 allele. Dorsal stem cells expressing only GFP
primarily generate superficial granule cells (shown in blue). In contrast, expression of GFP
and SmoM2 re-specifies these dorsal neural stem cells and results in most of these
progenitors producing deep granule cells (shown in red), mimicking the behavior of ventral
neural stem cells. This forced activation of Hh signaling in dorsal neural stem cells also
results in the up-regulation of glil transcript in labeled neural stem cells (not shown).
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