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Abstract: Progress over the last decade has confirmed the occurrence of de novo neurogenesis within discrete regions of
the adult brain. It has been demonstrated that under certain conditions neurogenesis can be stimulated above basal levels
in the adult, and that resident pools of adult progenitors can be manipulated to generate new neurons in situ. Undoubtedly,
these reports prelude possibilities for applications in regenerative medicine. Much attention is now being focused on the
elucidation of the discrete mechanisms that are involved in the induction of the neurogenic response in the adult brain and
whether these pathways can be pharmacologically manipulated to endogenously replace lost cells and alleviate neuropa-
thy. There is evidence that the re-expression of many key molecular components of the various pathways controlling cel-
lular proliferation, migration and differentiation during development can be re-induced within the mature brain. Recent
reports show that the expression of a number of these developmentally-associated molecules occurs in close association
with adult progenitor proliferation and neurogenesis, signifying an additional role for these systems in eliciting the adult
neurogenic response. Here we review the literature regarding this phenomenon, with reference to the main candidate
pathways involved including bone morphogenetic protein, sonic hedgehog and Wnt signalling pathways, and discuss the
progress which has been made in the use of small molecules to manipulate these pathways and affect adult neurogenesis
in situ.
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1. INTRODUCTION

The regenerative capacity of the adult mammalian central
nervous system (CNS) is limited and it is generally incapable
of replacing functional cells lost in the course of injury or
disease. Accordingly, a neurological insult almost always
results in permanent functional impairment, and as a conse-
quence, many people remain incapacitated for the remainder
of their lives. The personal, clinical and economic implica-
tions of this are far reaching, severely affecting the quality of
life of millions for people worldwide. The lack of restorative
therapies following neural trauma and the significant number
of increasingly prevalent neurological diseases emphasises
the need for the development of novel approaches which act
to allow or induce some recovery of lost or altered function
in affected patients.

Recently, much attention has been focused on the support
of compromised neural cells or the replacement of lost neural
tissues by the delivery of new populations of cells, such as
neural precursor cells or stem cells, into injured or degener-
ate regions of the CNS [1]. Transplanting cells to replenish
lost neural populations is especially relevant in the treatment
of traumatic, ischemic and degenerative cell loss. In order to
achieve appropriate and functional cell replacement within
damaged tissues, grafted cells must stably integrate within
the correct anatomical regions, survive for extended periods
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of time, receive relevant afferents, release appropriate neu-
rotransmitters and reform axonal projections to topographi-
cally correct brain regions. However, numerous ethical, im-
munological and functional issues, remain to be resolved in
this process that have considerably slowed the development
of neural transplantation therapy [2]. For example, besides
the clear ethical considerations associated with the use of
embryonic and foetal donor material, it has been reported
that a patient suffering from Parkinson’s disease will require
between 8-12 foetuses for bilateral transplants to be most
effective [3]. This is undoubtedly a significant quantity of
donor material for success of one transplant and the source
of such material is likely to be variable and inconsistent.
Furthermore, the results reported in various animal neural
transplantation studies have not been reflected in man. In-
deed, many clinical neural transplantation trials are incon-
sistent in their outcome and in some cases cause worsening
symptoms and adverse effects [4]. Depending on the source
of donor cells, immunological problems can also be preva-
lent which may result in hyperacute rejection of the
xenograft. This, coupled with a gradual decline in the num-
ber of successfully-integrated cells over time, results in the
loss of a substantial proportion of the initial graft [4-6].
Xenotransplanted cells have been shown to integrate within
the mammalian CNS but their long-term functional capabili-
ties remain questionable and their use may risk the introduc-
tion of novel diseases in humans.

As research progresses, many of the current obstacles to
neural transplantation are likely to be overcome and grafting
cells into the CNS may offer a more immediate method to
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relieving certain neurological deficits. However, replenishing
neural circuitry by the transplantation of donor cells within
compromised CNS regions is unlikely to provide the princi-
pal long-term solution to treating the millions of patients
suffering from neurological dysfunction since such neuro-
surgery will require specialist equipment, expertise and be of
significant expense. For this reason, therapeutic transplanta-
tion may only available to the fortunate few. Accordingly,
scientists are now exploring a different route to replacing lost
cells in the damaged CNS. It is proposed that pharmacologi-
cal manipulation of existing neural tissues using small mole-
cules or proteins may be a viable approach to encourage the
brain to self-repair. In this review, we explore the recent ad-
vances in the recruitment of cells from endogenous adult
progenitor or stem cell populations as tools for repairing the
damaged nervous system and discuss the candidate molecu-
lar pathways likely to be targeted by this approach.

2. NEUROGENESIS IN THE ADULT CENTRAL
NERVOUS SYSTEM

The classical understanding of neurogenesis in the adult
mammalian CNS has recently been re-evaluated in the light
of several studies describing the occurrence of de novo neu-
rogenesis in discrete regions of the adult brain and the isola-
tion of neural stem cells from these regions [7-20]. It has
been shown that stem cells derived from regions of the adult
brain including the spinal cord, prefrontal cortex, hippocam-
pus, substantia nigra, ependymal layer of the lateral ventri-
cles, adult ciliary pigmented epithelium and sclera-choroid
cells of the eye, can be expanded in culture and differentiate
into both neurons and glia in vitro or in vivo [15, 17, 21-26].
It is suggested that the level of de novo neurogenesis has
little functional relevance since the number of newly gener-
ated cells and discrete regions involved in adult neurogenesis
is low, and that there is a lack of spontaneous recovery sub-
sequent to CNS trauma or degenerative disease [27]. There
are, however, regions of the CNS where neurogenesis is
readily detectable and continues throughout life. In the ol-
factory bulb, GABA-ergic interneurons are continually re-
placed by the tangential migration of neuroblasts from the
subventricular zone (SVZ), whereas in the subgranular zone
(SGZ) of the hippocampal dentate gyrus, neurons and syn-
aptic contacts are constantly remodelled for the purpose of
memory-associated plasticity [8, 13, 18, 28-39].

More recently, it has been demonstrated that it may be
possible to stimulate adult neurogenesis to generate new neu-
rons in situ from resident progenitor cells, even in areas
where neurogenesis does not normally occur, and manipulate
these precursors in situ to selectively replace lost neurons
[40-45]. From these studies it appears that adult progenitors
are limited only by the microenvironmental neurogenic sig-
nals they receive, and that even in the adult, resident pro-
genitors can be manipulated to generate new neurons in situ.
Transplantation may become unnecessary if we are able to
replicate the mechanisms controlling neurogenesis in the
adult by prompting the mobilisation and migration of adult
progenitors or stem cells towards the site of injury, followed
with their appropriate integration within the neural circuitry.
If the molecular signals that induce neurogenesis in the adult
can be elucidated, then this would have huge implications for
the development of pharmaceutical approaches aiming to

improve recovery after CNS trauma or alleviate symptoms of
neurodegenerative disease.

3. PATHOLOGY-INDUCED NEUROGENIC CUES IN
THE ADULT BRAIN

3.1. Apoptotic Degeneration and Adult Neurogenesis

Inappropriate apoptosis and aberrant activation of
caspases underlies the pathology of many human diseases
[46] including chronic neurodegenerative conditions such as
Parkinson’s [47-49], Alzheimer’s disease (AD [50-55]), hu-
man immunodeficiency virus (HIV) encephalitis [56, 57],
epilepsy [58] and amyotrophic lateral sclerosis [59-62] and is
implicated in the secondary brain damage seen after stroke
[63-67] and traumatic brain injury [68, 69]. Recent results in
adult animal models, and observations in the canary over
seasonal song modification, suggest that the apoptotic de-
generation of endogenous neurons creates a neurogenic-
permissive environment for the stable and directed integra-
tion of newly transplanted cells, or neurons newly recruited
from pools of endogenous neural precursors [40, 41, 70-77].
This appears to involve the expression of specific environ-
mental cues acting to guide cellular migration and pheno-
typic development within the degenerate region, a result that
is not observed in intact hosts or in hosts with necrotic or
inflammatory lesions [78]. In the neocortex of adult mice, a
typically non-neurogenic region, the selective induction of
apoptosis in specific neuronal populations by targeted chro-
mophore photolysis has been shown to induce de novo  neu-
rogenesis by adult progenitors. These cells can give rise to
mature neurons as indicated by retrograde tracing that dem-
onstrated the formation of the appropriate long-distance cor-
ticothalamic connections [40]. This method of selective
apoptotic depletion has also been shown to support the neu-
ronal differentiation of grafted precursors within the degen-
erate region [77]. These observations confirm the recapitula-
tion of a neurogenic-permissive microenvironment sur-
rounding non-inflammatory pathology and that the combina-
tion of signals are instructive for neural precursors in situ as
well as exogenously grafted neuronal precursors. The suc-
cessful integration of endogenous proliferating cells within
areas of apoptotic degeneration may depend on sparing of
intermixed interneurons, glia, axons or connective tissue and
the resultant changes in local microenvironmental signals.
Such signals may include the up-regulation of brain derived
neurotrophic factor, neurotrophin-4/5 or the trkB receptor, all
of which have been observed within regions of non-
inflammatory neuronal degeneration [78, 79]. Yet apoptosis
does not appear to be the only underlying influence on adult
neurogenesis, considering that a neurogenic response can be
elicited following seizures in the adult brain which do not
cause any discernable cell death [80, 81]. However, the
mechanisms surrounding apoptotic degeneration of neurons,
do appear to elicit a more direct neuronal-replacement re-
sponse in the adult when compared with necrotic pathology
(see below). This indicates that many neurogenic signals
may already exist in brains affected by apoptotic pathology.
This is in line with observations made by Jin and co-workers
(2004), who recently reported that neurogenesis was up-
regulated in patients with Alzheimer's disease and that this
coincided with the expression of the cell migration protein,
doublecortin, polysialylated nerve cell adhesion molecule
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and neurogenic differentiation factor in the hippocampus
[82].

3.2. Necrotic Neurodegeneration and Adult Neurogenesis

Necrosis is known to be the primary mode of cell death
following inflammation of neural tissues arising from trau-
matic insults to the brain. Necrosis and the neuro-
inflammatory response are generally understood to have an
inhibitory effect on adult neurogenesis [83, 84]. However,
several studies report the up-regulation of cell proliferation
in the brain following various insults, including epileptic
seizures [80, 85-87], excitotoxic or mechanical lesions [88,
89] and global forebrain ischemia [90-93]. Until recently,
there has been little evidence as to whether such neurogene-
sis gave rise to surviving neuronal cells that could potentially
repopulate necrotically-depleted tissues. Indeed, de novo
neurogenesis following necrotic pathology appears to gener-
ate only a small number of surviving neurons, for example in
the dentate gyrus following seizure [80], and in the injured
neostriatum in rat stroke models [94, 95]. Levels of neuro-
genesis following necrosis are generally lower than those
observed in the apoptotic brain, and it remains unclear
whether new cells arise due to the small apoptotic compo-
nent of necrotic pathology.

4. ELUCIDATION OF THE MECHANISMS INVOL-
VED IN ADULT NEUROGENESIS

There has been significant interest in the dissection of the
molecular mechanisms involved in the regulation of neuro-
genesis in the adult brain. Several factors have already been
shown to affect the recruitment, migration and maturation of
adult neural progenitors, and are associated with neurogenic
regions in the adult, or become up-regulated following
ischemic or toxic insults. For example, expression of the
microtubule binding protein doublecortin is associated with
the migration of neuroblasts during development of the CNS
and is also found in isolated areas of the adult mammalian
brain associated with neurogenesis including the dentate
gyrus, the wall of the lateral ventricles and the rostral mi-
gratory stream [96-99]. A recent study showed that prolifer-
ating progenitor cells and newly generated neuroblasts in the
adult mammalian brain are immunopositive for doublecortin
and show a sharp decrease in expression upon cellular matu-
ration [100], thereby implicating a role for this protein in
adult neurogenesis. Various other markers of cell prolifera-
tion can also be found on BrdU-labelled cells in the adult,
including proliferating cell nuclear antigen (PCNA), phos-
phor-histone-H3 and CDC47 [101-103]. Moreover, the se-
cretion of a recently cloned novel secretory factor, Neuro-
genesin-1, from hippocampal astrocytes and dentate granule
cells has been shown to exert a neurogenic effect on adjacent
neural stem cells in the adult hippocampus [104]. Clearly
some of the prerequisites for neurogenesis remain active
within distinct regions of the adult brain [78, 79], which sug-
gests that many of the necessary molecular cues may already
be primed and are ready to further stimulate levels of adult
neurogenesis.

The definitive combination of factors initiating and con-
trolling neurogenesis in the adult brain remain unclear.
Those molecules identified to date include: the mitogens
epidermal growth factor, heparin-binding epidermal growth

factor-like growth factor, vascular endothelial growth factor,
basic fibroblast growth factor, brain derived neurotrophic
factor, insulin like growth factor-1, transforming growth
factor-α and kit ligand [15, 21, 82, 99, 105-112]; Notch re-
ceptor signalling and its ligands Delta and Serrate/Jagged
[113]; diffusible factors including nitric oxide and Slit [114-
117]; cell cycling genes and transcription factors [118-120];
various surface proteins and substrates including polysialy-
lated-neural cell adhesion molecule and the immature neu-
ronal marker protein TUC-4/CRMP-4/Ulip-1 [121-123];
glutamate activation of N-methyl-D-aspartate or alpha-
amino-3-hydroxy-5-methyl-4-isoxazole propionic acid re-
ceptors [93, 124, 125]; ageing [16, 126]; physical activity
[127]; environmental enrichment and learning [128, 129];
psychosocial stress [125]; oestrogen [130]; testosterone
[131]; serotonin [132]; and systemic effects including adre-
nal steroid levels [133-135] or the administration of antide-
pressants [136, 137]. Clearly there is an enormous range of
variables that appear in some way to influence the activity of
endogenous neural progenitor cells in the adult brain. Al-
though several of these effects are mediated by molecules
that are known to act via previously described molecular
pathways, many of these observations remain difficult to
explain since it is unclear by what mechanism(s) some fac-
tors mediate neurogenic activity.

There is currently a strong consensus that the molecular
control of neurogenic activity in the adult CNS involves
many of the regulatory pathways involved in the formation
of the CNS during embryonic development. Accordingly,
considerable interest is now being directed towards assessing
the role of developmentally regulated neurogenic genes in
the adult, with particular emphasis on sonic hedgehog (Shh),
bone morphogenetic protein (BMP), and Wnt signalling
pathways. Several components of these regulatory mecha-
nisms have been identified but it is not yet fully understood
how these pathways interact with one another. Therapeutic
control of the adult neurogenic responses may lie in under-
standing the complex interplay between the various compo-
nents of these pathways shown to influence adult progenitor
and stem cell proliferation, migration and differentiation.
Studies assessing the affect of the various components of
these regulatory mechanisms will allow us to discern the
intricate combination of events required to modulate neuro-
genesis in the adult brain. Furthermore, an understanding of
the signals conducive for the control of adult neurogenesis
will distinguish whether the mechanisms involved in each
step can be harnessed and manipulated as a potential phar-
macological approach to encourage the brain to self-repair.

For the sake of simplicity, factors affecting cellular sur-
vival become separated at this point – clearly what needs to
be elucidated are the discrete mechanisms underlying the
neurogenic response itself; the proliferation, cellular migra-
tion and appropriate differentiation of adult progenitors and
stem cells. Some of the main candidates of the aforemen-
tioned pathways and the evidence for their involvement in
adult neurogenesis are discussed below.

4.1. Sonic Hedgehog
4.1.1 Role of Sonic Hedgehog in Neural development

The Hedgehog family of secreted proteins has a large
number of functions during vertebrate development. Of the
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three known mammalian homologues, Sonic hedgehog (Shh)
appears to have the most potent effects and has the largest
range of biological actions. Shh is a secreted morphogen
produced by mid-line cells along the entire neural axis [138].
A large number of studies have shown Shh to be involved in
many aspects of CNS development including growth and
pattern formation [139-145], cellular proliferation [138, 146-
149, 150, 151], telencephalic interneuron development [152],
retinal and eye development [153], limb patterning [154] and
cell fate determination [150, 155-164].

Sonic hedgehog organises neural tube development by
acting as a gradient morphogen, orchestrating the production
of homeodomain transcription factors, including Nkx, Pax
and Dbx family members, along the dorsoventral axis in a
dose-dependent manner [141, 161-164]. These transcription
factors ultimately play a role in specifying neural cell type
identity and thus Shh is highly involved in neural cell fate
determination [161-164]. Shh and BMPs exert opposing ac-
tions on proliferation and differentiation during develop-
ment, and their interaction is crucial for the specification of
dorsal and dorsoventral cell types. It is understood that Shh
inhibits BMP signalling by activating the BMP inhibitor
noggin [165], and acts to enhance oligodendroglial and neu-
ronal differentiation of neural progenitor cells whilst inhib-
iting the effects of BMP2 on progenitor proliferation and
astroglial differentiation [150]. Acting in conjunction with
fibroblast growth factor, Shh is also required for the produc-
tion of dopaminergic and serotonergic neurons in the mid-
brain and hindbrain, as well as motorneurons and GABA
interneurons in the ventral neural tube [161, 141]. Shh re-
leased by Purkinje cells induces the proliferation of embry-
onic and postnatal cerebellar granule neurons [138, 148].
Shh also regulates the proliferation and survival of cortical
astroglia [147] and oligodendrocyte precursors in the spinal
cord [146, 151] and is potent mitogen for cultured retinal
progenitor cells [159, 160]. Studies in chick and Drosophila
indicate that cell migration in the embryo also appears to be
modulated by Shh [142, 145]. Mice with homozygous null
mutations for Shh show absence of ventral cell types in the
brain and craniofacial abnormalities including cyclopia
[157]. Humans lacking Shh also develop holoprosencephaly
and cyclopia due to failure of separation of the forebrain
[166]. Shh signalling defects are also associated with basal
cell carcinomas and brain cancers including medulloblas-
tomas [167]. Clearly Shh plays a pivotal role in embryonic
development and participates in a multitude of important
events during the formation of the nervous system.

4.1.2 Mechanism of Sonic Hedgehog Signalling

Research during the last decade has begun to unravel the
intricacies of Shh signalling (Fig. 1). Secreted Shh undergoes
autocatalytic cleavage into a 19kDa N-terminal (Shh-N) and
a 25kDa C-terminal (Shh-C) domain, mediated by the enzy-
matic activity of Shh-C. The N-terminal peptide is responsi-
ble for all of the known signalling functions of the molecule
[168]. Shh effects are mediated by the transmembrane mole-
cules patched (Ptc) and smoothened (Smo). Smo does not
bind Shh directly, but is activated by interaction with Ptc
upon Ptc-Shh-N binding (Fig. 1). Ptc is defined as a tumor-
supressor and silences the pathway in the absence of Hedge-
hog ligands. Ptc acts as a negative modulator of Shh by op-

posing the actions of Shh by basal repression of Smo. Upon
Shh-N binding to Ptc this inhibition is removed and Smo
initiates the intracellular Hh signalling cascades which act on
the transcription factors of the Gli family and lead to the
expression of Shh target genes including Wnt family mem-
bers and BMPs [169-171]. In addition, Gli1 activity is
known to up-regulate platelet-derived growth factor receptor
α (PDGFRα) expression, which has been shown to promote
basal cell carcinoma expansion [172], and IGF-2, which is
involved in cellular proliferation and implicated in tumori-
genesis [173]. The serine/threonine kinase, fused (fu), acts as
a positive mediator of Shh signalling, whilst protein kinase
A, costal-2 (cos-2), Hedgehog-interacting-protein-1 (Hip1),
growth-arrest-specific-1 (GAS-1) and suppressor-of-fused
(Sufu) are inhibitors of Shh signalling (Fig. 1) [171, 174,
175]. Proliferative and tumorigenic effects of Shh appear to
be mediated by cyclin D1 and the proto-oncogene N-myc,
which are shown to be upregulated after Shh activation and
are overexpressed in murine medullablastoma [176, 177].
Recent reports suggest the Shh signalling mechanisms to be
more complicated than originally thought, in that an inverse
relationship exists between Smo and Ptc. In response to Hh
signalling, cell-surface levels of Smo increase whilst levels
of Ptc are reduced [178-180]. Furthermore, Shh signalling
does not appear to be mediated exclusively by Gli transcrip-
tion factors, but also by other as yet unidentified factors
[181].

4.1.3 Sonic Hedgehog Signalling in the Adult Brain

While significantly less is known about the activity of
Shh signalling during neurogenesis in the adult mammalian
brain, recent experiments indicate that certain aspects of Shh
activity appear to be maintained. For example, the Ptc re-
ceptor is expressed in high levels in granule cells of the den-
tate gyrus and to a lesser extent in the pyramidal cell layers
of the hippocampus, suggesting a role for Shh in this actively
neurogenic region [182]. Furthermore, isolated adult hippo-
campal progenitor cells also express Ptc [108]. The prolif-
erative effects of Shh in the developmental context can also
be mediated in the adult CNS. For example, adeno-
associated viral vector delivery of Shh cDNA in adult rats
was shown to produce a 3.3-fold increase in cell proliferation
within the hippocampus, with subsequent differentiation of
newborn cells into granule neurons [183]. In addition, intro-
duction of cyclopamine (see Fig. 2), a natural inhibitor of
Shh, into the adult rat hippocampus was found to reduce
cellular proliferation, providing evidence that neuroprogeni-
tor proliferation in the adult brain may be mediated by the
Shh signalling pathway [183]. Interestingly, although Shh is
expressed in the dentate gyrus of E15 mice, it is not detect-
able in the adult hippocampus, but it is present in the adult
basal forebrain primarily in GABA-ergic neurons that are
known to project to the dentate gyrus [182, 184]. In other
work, Shh is also shown to be neuroprotective for the ni-
grostriatal pathway and reduce behavioural impairment in a
rat model of Parkinson’s Disease [185], whereas the sys-
temic treatment of mice with polyethylene glycol modified
Shh enhanced the regeneration of injured sciatic nerves
[186]. The activity of Shh may also be appropriate in the
treatment of demyelination following spinal cord injury,
following a report which showed delivery of Shh into de-
myelinated lesions in adult rats induced a significant increase
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in the number of oligodendrocyte precursors and neurons
[187]. Taken together, these reports indicate that Shh signal-
ling appears to function and influence neural cell prolifera-
tion and differentiation in the adult brain.

4.1.4 Pharmacological Manipulation of the Sonic Hedge-
hog Pathway

Researchers are currently investigating the possibility of
being able to pharmacologically direct endogenous popula-
tions of brain cells to replace lost tissues with the intention to
alleviate neurological deficits. The Shh signalling pathway is
well suited to such intervention, especially given its known
roles in neural differentiation, and that an understanding of
some of the molecular mechanisms involved already exists.

Neonatal cerebellar cells cultured in vitro in the presence
of the biologically active N-terminal fragment of Shh (Shh-
N) are shown to display a 100-fold increase in cellular pro-
liferation when compared with controls cultured in the ab-
sence of Shh-N [138]. This effect can be observed within
24hrs of Shh exposure and is maintained over long periods in
culture, with Shh-treated cells displaying increased prolif-
eration even after 14 days [138]. Granule cell precursors

(GCPs) were identified to be the primary Shh-responsive
population within these cultures, whilst astrocyte and oli-
godendrocyte precursors were found to be unresponsive to
the proliferative effects of Shh-N treatment. In cerebellar
slice culture systems, addition of Shh-N to the media re-
sulted in the maintenance of proliferative, premigratory
GCPs within the EGL and the prevention of withdrawal from
the cell cycle and subsequent migration of GCPs from this
layer [138]. Forskolin and bFGF were found to exert potent
suppression upon Shh-induced proliferation. The transplan-
tation of hybridoma cells which secrete function-blocking
anti-Shh-antibodies into the cerebra of P4 mice also substan-
tially inhibited GCP proliferation, and resulted in a substan-
tial decrease in the number of mitotically active cells present
in the EGL [138].

Various small molecules have recently been described
that might act as agonists or antagonists affecting Hedgehog
protein functions. In a screen of compound libraries, Frank-
Kamenetsky and colleagues (2002) identified a group of
small molecule Hh agonists (Hh-Ag) which interact directly
with Smo, thereby overriding the inhibitory effect of Ptc
[188]. This class of small molecules are now known as the

Fig. (1).  Mechanisms of the sonic hedgehog (Shh) signalling pathway. Activation of Shh signalling occurs by Shh-N binding to Patched
(Ptc), an integral membrane protein with twelve transmembrane domains that acts as an inhibitor of Smoothened (Smo) activation. Upon
ligand binding to Ptc, repression of Smo signalling is removed and the Shh intracellular cascade is initiated which acts on members of the Gli
family of transcriptional activators. Downstream effects include the induction of Cyclin D1 and N-myc expression, and the transcriptional
regulation of Wnt and BMPs. Kinases including PKA and supressor of fused (Sufu) act at various stages of the Shh pathway to oppose Shh
pathway activation, whilst fused and Dyrk1 act to stimulate Shh-induced transcriptional activation. Small molecule agonists and antagonists
of the Shh pathway have been identified which act at the level of the Smo receptor. (artwork courtesy of Paul Robinson).
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leiosamines (Fig. 2) [189]. Low concentrations of these non-
peptidyl small compounds are shown to induce the expres-
sion of Hh target genes and elicit a similar biological re-
sponse as native Shh. The activity of leiosamines appear to
be dose dependent since these molecules elicit Hedgehog
inhibitory responses at higher concentrations [189]. Leiosa-
mines are shown to promote cell type-specific proliferation
and concentration dependent differentiation in vitro [188].
Interestingly, oral delivery of leiosamines to Shh-/- and Smo-/-

pregnant mice resulted in partial rescue of Ptc1 expression
and midline defects in Shh-/- mutant embryos in vivo, but had
no detectable effect on morphology or Ptc expression in
Smo-/- embryos [188]. These data confirmed that leiosamine
activity in vivo requires the presence of the Smo receptor.

Williams and co-workers (2003) identified a novel small
molecule antagonist, Cur61414 (Fig. 2), which acts as an
inhibitor of Hh signalling like cyclopamine [190], and also
interacts directly with Smo [191]. This compound strongly
inhibited Hh signalling in established Hh assays as well as in
cells from a Ptc-inactive cell line [191]. It is known that
Cur61414 competes with leiosamine for binding, thereby

blocking Hh signalling in a Ptc-independent manner [189,
191]. Further development of antagonist compounds will
provide additional small molecule tools to manipulate en-
dogenous progenitor populations in brain and assess their
contribution to the regenerative responses post injury.

In addition, other small compounds which act similarly to
leiosamines and Cur641414 are now being identified [192,
193]. Interestingly, the majority of these synthetic small
compounds are understood to interact directly with Smo
(Fig. 1) [188, 190, 191]. There is a clear structural homology
between the Smo receptor and G protein-coupled receptors
(GPCRs), which remain predominately inactive until ligand
binding [194]. GPCRs are considered to be tractable drug
targets due to their regulatory interactions with small natural
ligands, therefore the likeness of Smo to GPCRs may pro-
mote this receptor as a promising target for Hh pathway
regulation, in the treatment of neurodegenerative disorders
[195]. Identification of endogenous ligands may also present
opportunities to exploit the properties of natural ligands to
modulate this pathway.

Fig. (2). The molecular structure of some identified natural and synthetic modulators of the Hedgehog (Hh) pathway. (a) Smoothened ago-
nists: The leiosamines, comprising the small molecule modulators Hh-Ag 1.1, 1.2 and 1.5 [188]. (b) Smoothened antagonists: Cyclopamine,
a natural inhibitor of Hh signalling [190], and the synthetic small molecule Cur61414 [191]. See text for further details.
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4.2. Bone Morphogenetic Proteins

4.2.1 Role of Bone Morphogenetic Proteins Neural Devel-
opment

Bone morphogenetic proteins (BMPs) are cytokines and
members of the TGF-β superfamily. They were originally
identified as proteins capable of inducing ectopic bone for-
mation in rats [196, 197] and independently as dorsalising
agents involved in neural fate determination [198-201].
BMPs and their receptors have complex regulatory roles in
neurogenesis. Cells respond in a differential manner to
BMPs that appears to be related to the cell type and the
status of their ontogeny [202]. For example, BMP4 acts as
the major dorsalising signal during neural tube formation,
whereas both BMP2 and 4 regulate the fate decisions of neu-
ral crest cells [203]. Both BMP2 and BMP4 play a role in the
formation of the autonomic nervous system and have been
shown to induce expression of MASH1, a basic helix-loop-
helix transcription factor essential for autonomic neurogene-
sis [204]. During the period of perinatal cortical gliogenesis,
BMPs lead to the cessation of cell proliferation and induction
of astrocyte differentiation in cultured progenitor cells from
the subventricular zone surrounding the lateral ventricles
adjacent to the striatum [150, 205]. In contrast, BMPs appear
to function and inhibit oligodendrogliogenesis at all stages

during development [202]. Cultured embryonic neural pro-
genitor cells synthesise and release BMPs, and addition of
the BMP inhibitor, noggin, to these cultures enhances oli-
godendroglial differentiation [206]. Depending on the devel-
opmental context, Shh can act to upregulate BMPs or inhibit
them by inducing noggin [165, 207]. Similarly, fibroblast
growth factor, a known mitogen, has also been shown to
antagonise BMP signalling [208]. BMPs are also shown to
induce the differentiation of neuronal precursors in the spinal
cord, GABAergic neurons and oligodendrocytes in the cor-
tex, and cultures of neocortical precursors from the ven-
tricular zone [209-211]. In cell culture systems, BMPs have
been shown to act directly on regulators of cyclin dependant
kinases, such as p21CIP1 to induce apoptosis or cell cycle exit
[212]. This study suggests that BMPs also play a pivotal role
in regulating the cell cycle and progressive neural fate deci-
sions in various progenitor cell populations.

4.2.2 Mechanism of Bone Morphogenetic Signalling

BMPs are synthesised as large precursor proteins that
undergo proteolytic cleavage to generate C-terminus biologi-
cally active BMP dimers [213, 214]. BMP signalling is acti-
vated by binding of the BMP ligand to transmembrane serine
threonine kinase receptors (Fig. 3). There are various types
of BMP receptors (BMPR), including BMPR-1A, BMPR-1B

Fig. (3). Mechanisms of the bone morphogenetic protein (BMP) pathway. The binding of BMP dimers to the BMPR causes transphosphory-
lation of receptor subunits resulting in the recruitment and phosphorylation of the pathway restricted Smads (R-Smad). R-Smad then forms a
complex with common mediator Smad (Smad4). The Smad1-Smad4 complex translocates to the nucleus and initiates transcription of target
genes, including CDKIs and msx-1. A number of regulatory mechanisms exist at various stages of the BMP pathway. Extracellular proteins
including Noggin and Chordin act to antagonise BMP signalling by binding BMP and competing at the BMPR. Within the cell, Smads 6 and
7 repress BMP pathway activation in the cytoplasm and negative feedback exists simultaneously at the nuclear level. (artwork courtesy of
Paul Robinson).
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and BMPR-II, all of which are expressed abundantly
throughout embryogenesis and adult life [215-217]. There
are three known Type-I and three known Type-II BMPR
subtypes, combinations of which form a tetrameric receptor
complex [218]. Both receptor subtypes are required for
pathway activation [219-221]. Ligand binding leads to het-
eromeric receptor complex formation, BMPR subtype-I
phosphorylation, and activation of the intracellular signalling
cascade [221-223]. BMP signalling involves a complicated
array of negative feedback loops at various stages along the
BMP pathway. A number of structurally distinct proteins in
the extracellular space specifically bind BMP thereby
blocking ligand activity, and which also compete with BMP
at the receptor level (Fig. 3) [219, 224-226]. These antago-
nists, which include Gremlin, Noggin, Chordin and fol-
listatin, act to regulate BMP cascade initiation [227]. BMP
ligands bind in a cooperative manner to specific receptor
subunits resulting in transphosphorylation of the type-I
subunit by the type-II receptor resulting in the propagation of
the intracellular cascade [220, 221]. Activation of the
BMPR-I subunit results in the recruitment and phosphoryla-
tion of the latent pathway restricted Smads (R-Smads 1, 5 or
8). Upon phosphorylation, activated R-Smad is released from
the receptor into the cytoplasm then recruits and forms a
complex with common mediator Smad4 (Fig. 3). In the in-
tracellular compartment this signal is modulated by the acti-
vation of inhibitory Smad proteins, Smad6 and Smad7. The
Smad1-Smad4 complex translocates to the nucleus to initiate
gene transcription of specific target genes, affecting mem-
bers of the cyclin dependent kinase inhibitory (CDKI) genes
including p15, p21 and p38 [228] msx-1, RAS and ERK
[229]. Negative feedback also exists at the nuclear level,
where gene transcription requires the presence of coactiva-
tors and can be inhibited by co-repressors [229].

4.2.3 Bone Morphogenetic Protein Signalling in the Adult
Brain

A number of BMPs and their receptors are expressed in
perinatal tissues including the hippocampus, cortex and
cerebellum. BMP6 is highly expressed in the brain at all
stages of development and also in the adult hippocampus and
neocortex [230, 231]. BMP6 can bind to each of the BMP
receptor types, however BMPR-II is present in the adult
cortex, dentate, hippocampus and substantia nigra [215], and
becomes upregulated in the granule cells of the dentate gyrus
and after transient global cerebral ischemia and brain contu-
sion [232, 233]. The function of BMP6 in the brain appears
to be dose-dependent. Pre-treatment with low concentrations
of BMP6 (1.25x10-9 mol/L) has been shown to increase mo-
tor performance and decrease cerebral infarction caused by
arterial occlusion in adult rats by reducing caspase-3 activity
and DNA fragmentation [234]. Interestingly, at higher con-
centrations, 12.5x10-9 mol/L BMP6 induces granule cell dif-
ferentiation suggesting this protein could play multiple roles
when used in a therapeutic context [206, 235]. BMP7
(known as osteogenic protein-1 or OP1) is also found in the
adult hippocampus, cortex and cerebellum and binds to
BMPR-II. BMP7 has been shown to reduce infarction vol-
ume and mortality in neonatal and adult rats [236, 237] and
appears to enhance sensorimotor recovery following focal
stroke by promoting dendritic sprouting and neurite out-
growth [238-240]. BMP7 can also stimulate BrdU incorpo-

ration into glial cells, increasing proliferation of immature
glial cells and astrocyte numbers in vitro [240]. This is ex-
tremely interesting considering growing evidence suggesting
that GFAP-positive astrocytes in the adult brain give rise to
new neurons in the hippocampus and therefore astroglia may
be the source of the adult neural stem cell niche [241, 242].
Indeed, if this is the case, BMP7 could play a major role in
the control of adult neurogenesis by encouraging the prolif-
eration of these adult stem cell-like astroglial cells.

4.2.4 Pharmacological Manipulation of the Bone Morpho-
genetic Pathway

To the best of our knowledge, no literature exists which
describes the development of small molecule agonists or
antagonists of the BMP pathway relating to the brain. There
are, however, a number of studies describing the use of syn-
thetic molecules which act via the BMP pathway to modulate
bone formation and tumour progression [243-251]. These
molecules provide a starting point for the development of
neural modulators of BMP signalling and offer important
information on aspects of BMP pathway activation.

BMPs are known potent inducers of bone formation. The
synthetic anti-angiogenic agent TNP-470 [243-246], an ana-
log of the naturally secreted fumagillin, is shown to strongly
inhibit angiogenesis and suppress tumour growth in chick
and rat assays [243, 245]. TNP-470 is also shown to reduce
BMP-2-induced ectopic bone formation in mice, by pre-
venting the proliferation of mesenchymal cells and chondro-
genesis [249]. The action of 3-hydroxy-3-methylglutaryl
coenzyme A reductase inhibitors (statins) to lower serum
cholesterol are well documented and they are used success-
fully to improve cardiovascular health [252]. Interestingly,
the stimulatory effects of statins on bone formation in vitro
and in vivo have also been reported [250, 253, 254]. This
work decribes the positive effect of statins on bone formation
when delivered locally to bony sites and following systemic
administration. It is unclear exactly how statins induce bone
formation, but it is thought to occur via stimulation of BMP-
2 [254].

4.3. Wnt - β - Catenin Pathway

The Wnt genes encode a family of cysteine-rich proteins
that are vital intercellular signalling molecules during devel-
opment. The proteins and molecules of the Wnt pathway are
critical for normal brain development and are involved in
multiple aspects of neurogenesis including dendritic
morphogenesis and synapse formation [170]. The Wnt path-
way is also implicated in cancer pathology as well as neuro-
developmental, psychiatric, and neurologic disease [255]. β-
catenin, initially discovered as a cytoskeletal protein, is a
major downstream transcription factor in the Wnt pathway
and has a role in neuronal differentiation and dendritic
morphogenesis [256].

4.3.2 Mechanism of Wnt- β –Catenin Signalling

The Wnt pathway receptor, frizzled, is characterised by a
N-terminal signal peptide, a cysteine-rich ligand-binding
domain (CRD) followed by a hydrophilic linker, seven
transmembrane regions, and a cytoplasmic tail [257]. Bind-
ing of Wnt ligands to frizzled receptors activates the Wnt
signalling cascade and the downstream molecule dishevelled
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(dsh), thereby inhibiting the kinase GSK-3β (Fig. 4). In basal
conditions, GSK-3β phosphorylates β-catenin causing its
degradation. Upon inhibition of GSK-3β by dsh activation,
active β-catenin accumulates in the cytosol. Active cytosolic
β-catenin translocates to the nucleus and acts as a transcrip-
tional activator resulting in gene transcription at Lef1/TCF
sites [258]. Nuclear β-catenin appears to induce gene tran-
scription to activate the cell cycle and therefore maintain
stem cells in an undifferentiated state by forcing cells to re-
enter the cell cycle [256, 259]. β-catenin also serves as a
mediator between actin and membrane-spanning cadherins,
thereby playing a role in the production and maintenance of
synaptic connections, and functions to recruit scaffolding
molecules towards developing synapses [260].

Frizzle-related proteins (FRPs) are secreted proteins with
a highly conserved cysteine residue similar to Frizzleds.
They contain a region with similarity to netrins, secreted
proteins involved in axon guidance. FRPs can bind directly
to Wnt and thereby act as secreted Wnt antagonists (Fig. 4)
[261, 262]. It is presently unclear how this process is regu-
lated, but is intriguing that this pathway remains active dur-
ing cell division, proliferation and in the formation of synap-
tic connections [260, 263-265]. Mutations in Wnt 3a lead to
agenesis of the hippocampus, similar to the effects of the

genetic deletion of Lef1 [255, 266, 267]. Abnormal social
and neurological defects are seen in mice lacking the mouse
homologue of dsh, although these animals are anatomically
normal and fertile [268]. Neonatal overexpression of GSK-
3β results in reduced brain size in mice [269] and inactiva-
tion of the β-catenin gene is associated with brain malforma-
tion and abnormalities [270]. Wnt pathway dysfunction is
also implicated in the pathophysiology of Alzheimer’s dis-
ease [271].

4.3.3 Wnt- β- Catenin Signalling in the Adult Brain

Interestingly, mood stabilisers, antidepressants and ex-
treme mood altering therapies have been reported to exert
neurotrophic and neurogenic effects. Recent data show that,
in experimental adult models, a robust increase in hippocam-
pal neurogenesis follows ECT treatment [81, 137]. Lithium
treatments of severe depression, previously shown to in-
crease the levels of Bcl-2 [272], also results in significant
increases (25%) in the number of BrdU-labelled cells in the
dentate gyrus in chronically lithium-treated adult mice [136].
Small molecule antidepressants are also shown to up-
regulate adult neurogenesis, although not to the same extent
as ECT. This increase in neurogenesis appears to be medi-
ated, in part by the Wnt -β-catenin pathway.

Fig. (4).: Mechanisms of the Wnt - β – catenin pathway. In basal conditions, the kinase GSK-3β phosphorylates β-catenin, causing its degra-
dation. Extracellular FRPs antagonise Wnt signalling by binding directly to Wnt. Upon binding of Wnt ligands to the Frizzled receptor, the
downstream molecule dsh is activated which inhibits GSK-3β activity and results in the accumulation of active β-catenin in the cytosol.
Active β-catenin then translocates to the nucleus and activates gene transcription at Lef1/TCF-4 sites to activate the cell cycle. Active cyto-
solic β-catenin also functions to recruit scaffolding molecules, such as cadherins, that contribute toward the development of synapses. (art-
work courtesy of Paul Robinson).
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It has been shown that chronic ECT leads to up-
regulation of Wnt-2 expression in the hippocampus and lev-
els of β-catenin immunoreactivity in the proliferative zone of
the adult hippocampus. The increase in β-catenin seems to
occur in close correspondence with cells that are proliferat-
ing or have recently undergone cell division [255]. A recent
study also demonstrates that blockade of neurogenesis results
in suppression of the action of antidepressant treatment in
behavioural models of depression [273], providing support
for a functional role of this process in the action of antide-
pressant treatment. It has recently been reported that GSK-3β
is inhibited by lithium, resulting in the accumulation of ac-
tive β–catenin [274]. This kinase is also shown to display
mood-stabilising drug-induced axon growth and synaptic
remodelling [275] and to modulate BDNF-signalling in vitro
[276]. Many of the mechanisms of Wnt signalling remain to
be elucidated, however the role that the Wnt- β-catenin
pathway plays in neurogenesis and dendritic and synapse
formation makes components of this pathway ideal targets
for manipulating adult neurogenesis.

4.3.4 Pharmacological Manipulation of the Wnt- β
–Catenin Pathway

Glycogen synthase kinase-3 (GSK3) is a key component
of the Wnt signalling cascade and is associated with neuronal
apoptosis following stroke or head trauma, and the hyper-
phosphorylation of tau protein implicated in the pathophysi-
ology of Alzheimer’s disease. A number of potent GSK3
inhibitors have been identified which are shown to modulate
glycogen metabolism and gene transcription [277].

Fishman and others (2002) report that activation of the
A3 adenosine receptor (A3AR) in melanoma cells by the
synthetic adenosine analog IB-MECA, results in an increase
in GSK3β and a substantial decrease in the levels of phos-
phorylated GSK3β and β–catenin [278, 279]. Furthermore,
the level of growth regulatory genes cyclin D1 and c-myc
were severely reduced following application of IB-MECA
[278]. In vivo, A3AR agonists are shown to be neuroprotec-
tive following ischemia and also suppress tumour growth via
de-regulation of the Wnt signalling pathway [279].

Although lithium treatment is shown to increase hippo-
campal neurogenesis [280, 272], presently there are no re-
ported synthetic small molecules that act comparably to
lithium, GSK3 inhibitors or IB-MECA in brain tissue. How-
ever, the potent effects of these molecules on the Wnt path-
way identify the Wnt signalling cascade as a promising tar-
get for neural therapy, particularly related to stroke, head
trauma and Alzheimer’s disease.

5. CONCLUSION

To date, neurorestorative small molecule or protein
therapies have largely been designed as neurotrophic stimu-
lators of established neuronal architecture, seeking to in-
crease cell survival, axon growth or synaptic connectivity.
Notably, Cortex, Guilford Pharmaceuticals, Boston Life Sci-
ences, Spectrum Pharmaceuticals, Eli Lilly and Vertex
Pharmaceuticals all have active or recent drug development
efforts. A smaller set of companies including Curis, Inc.,
Juventis, Memory Pharmaceuticals, and NeuroNova are ac-
tively pursuing neurogenesis as a therapeutic target.

Before the factors known to control neurogenesis can be
utilised for therapeutic purposes, it is critical that we first
understand the mechanisms responsible for the directed pro-
liferation, differentiation and migration of the various neu-
ronal cell types under the specific conditions of each pathol-
ogy [281, 282]. Studies of neural development suggest that
the biological steps leading to neurogenesis occur by step-
wise restriction and are dependent on available microenvi-
ronmental signals [283]. These steps are different at various
stages of development and in different locations of the brain,
highlighting the importance of realising and investigating the
regional variance in response to neurogenic factors. For ex-
ample, infusion of epidermal growth factor into the ventricle
of adult rats triggers neurogenesis in the subventricular zone,
but it is not effective in eliciting the same response in the
subgranular zone of the hippocampus [107, 284]. Further-
more, immature granule cells in the adult dentate gyrus can-
not be antagonised by gamma-aminobutyric acid, in contrast
to the inhibitory effects this neurotransmitter has on mature
granule neurons [285, 286]. The effects of mitogens on cell
proliferation also differs during development, for example,
early neural stem cells proliferate in response to fibroblast
growth factor [287, 288], later appearing stem cells to fibro-
blast growth factor or epidermal growth factor [289, 290],
and more restricted precursors require different conditions
again. Glial precursors respond to platelet-derived growth
factor and fibroblast growth factor [267], whereas neuronal
precursors respond to Shh, fibroblast growth factor and neu-
rotrophin-3 [22].

Knowing the correct combinations of compounds to em-
ploy during each stage of adult neurogenesis, and the right
order in which to administer them, is extremely important if
pharmacological manipulation of endogenous cells is to be
successful. Depending on the pathology, different combina-
tions of compounds could be used to achieve the most de-
sired effects. For example, Shh levels could be fine tuned to
increase oligodendrogliogenesis and induce remyelination of
peripheral and central nerves in multiple sclerosis patients, or
encourage dopaminergic lineage induction in the brain of
Parkinson’s disease patients. Along each step of the way
these compounds must also be present in the correct physio-
logical amounts. Low concentrations of particular neuro-
genic molecules may possibly induce opposing effects to
high concentrations of the same compound, as many of the
effects of pathway components are dose-dependent. Mis-
expression of Shh may elicit abnormal proliferation and su-
pernumerary oligodendrocytes [143, 291] and loss of Shh
signalling induces apoptosis of subventricular zone cells
[292]. Of greater concern, however, is up-regulation or mis-
expression of the proto-oncogene Smo or de-regulation of
the Shh signal-transduction pathway since this may result in
the induction of basal cell carcinomas or medulloblastomas
by instructing abnormal hyperproliferation of precursors.
Furthermore, members of the Gli family and insulin-like
growth factor signalling are implicated in tumorigenesis
[173, 195, 293, 294], and activation of the fibroblast growth
factor and Wnt pathways is reported to induce mammary
tumours in mice [295, 296]. The effects of using combina-
tions of agonists/antagonists to manipulate different mo-
lecular pathways must also be elucidated. For example, the
Shh inhibitor GAS-1 is also an inducible gene of the Wnt
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pathway, a further important regulatory mechanism of cel-
lular differentiation, and is expressed in regions responsive
to Shh [297]. Accordingly, regular screening for abnormal
pathway function will clearly be of the utmost importance.

Small, soluble molecule agonists and antagonists are
likely to hold most promise for modulation of neurogenesis
in the adult brain, however the delivery of therapeutic com-
pounds must be carefully considered. Targeted delivery of
reagents to the CNS may be required and systemic admini-
stration avoided, given the large range of effects that Shh,
BMPs and other molecules can induce throughout the body
during the life of an organism. As mentioned previously, the
action of Shh is not exclusively targeted toward neural tissue
since it can also induce the proliferation of pluripotent blood
cell precursors [298]. Thus systemic administration of Shh
may induce detrimental effects in the haematopoietic system.

In conclusion, despite the promising advances in this
highly relevant field, it is essential that the limitations of
exploiting endogenous neural stem cells are resolved before
this approach moves into the clinic as a therapy for restora-
tion of the injured adult brain. It is possible that, in some
discrete areas of the brain, transplantation might remain the
only option for neural replenishment if a substantial neuro-
genic response cannot be produced. However, it is hopeful,
that the development of specifically targeted compounds will
allow pharmacological intervention in the adult brain to
modulate the molecular mechanisms that control neurogene-
sis and aid patient recovery from traumatic or neurodegen-
erative pathologies. Indeed, as molecular pathways become
elucidated new targets will become identified providing op-
portunities for small molecule screening. As in the case of
the hedgehog pathway, development of a robust readout ena-
bling a small molecule high throughput screen has provided
access to novel molecular entities modulating the pathway
and the potential for drug development and tool compounds
to further dissect the functional role of hedgehog signalling.
Small molecule screening platforms may use reporter sys-
tems proximal within the signal transduction cascade or
functional readouts with follow up to elucidate the target of
compound activity. The challenges to identifying the most
tractable targets to modify endogenous stem cell populations
are best met by the marriage of pharmaceutical technologies
and a clear understanding of the molecular pathways con-
trolling stem cell behaviour under normal and disease condi-
tions. Recently, Curis, Inc. have partnered their BMP portfo-
lio with Ortho Biotech a subsidiary of Johnson & Johnson
and their hedgehog proteins and novel small molecule
hedgehog pathway agonists with Wyeth Pharmaceuticals,
both for neurological disorders. The neurodegenerative dis-
eases that potential stem cell therapies seek to address con-
tinue to experience high unmet need and this fact alone will
continue to be a driver to foster academic and industrial
partnerships.

ABBREVIATIONS

AD = Alzheimer’s disease

BMP = Bone morphogenetic protein

BMPR = BMP receptor

BrdU = 5-Bromo-2-deoxyuridine

CDC47 = Saccharomyces cerevisiae mini-chromosome
maintenance protein 7

cDNA = Cytokine Doexyribose Nucleic Acid

CNS = Central nervous system

dsh = Dishevelled

ECT = Electroconvulsive therapy

FRP = Frizzle-related protein

GABA = Gamma-aminobutyric acid

GCPs = Granule cell precursors

GFAP = Glial fibrillary acidic protein

GPCRs = G protein-coupled receptors

Hh = Hedgehog

HIV = Human immunodeficiency virus

PCNA = Proliferating cell nuclear antigen

Ptc = Patched

SGZ = Subgranular zone

Shh = Sonic hedgehog

Smo = Smoothened

Sufu = Supressor of fused

SVZ = Subventricular zone

TGF = Transforming growth factor

trkB = Tyrosine kinase receptor
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