REVIEWS
Emerging roles of Wnts in the adult
nervous system
Nibaldo C. Inestrosa* and Ernest Arenas‡

Abstract | The roles of the Wnt signalling pathway in several developmental processes,
including synaptic differentiation, are well characterized. The expression of Wnt ligands and
Wnt signalling components in the mature mammalian CNS suggests that this pathway might
also play a part in synaptic maintenance and function. In fact, Wnts have a crucial role in
synaptic physiology, as they modulate the synaptic vesicle cycle, the trafficking of
neurotransmitter receptors and the interaction of these receptors with scaffold proteins in
postsynaptic regions. In addition, Wnts participate in adult neurogenesis and protect
excitatory synaptic terminals from amyloid-β oligomer toxicity. Here, the latest insights into
the function of Wnt signalling in the adult nervous system and therapeutic opportunities for
neurodegenerative diseases such as Alzheimer’s and Parkinson’s disease are discussed.
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Wnt proteins are important mediators of cell–cell
communication and are involved in diverse cellular processes, including the development of the CNS1,2. They are
thought to bind to receptors of the Frizzled (Fz) and lowdensity lipoprotein-related protein (LRP) families on the
cell surface. Through several cytoplasmic relay components, including glycogen synthase kinase-3β (GSK3β)
and adenomatous polyposis coli (APC), Wnts signal to
β-catenin, which enters the nucleus and forms a complex
with lymphoid enhancer-binding factor 1 (LEF1; also
known as T cell factor) to activate the transcription of
Wnt target genes (the Wnt–β-catenin or canonical Wnt
signalling pathway)3. Wnt signalling is also executed
independently of β-catenin, in what are referred to as
the non-canonical pathways; these include the planar cell polarity pathway (PCP or Wnt–PCP pathway;
also known as the Wnt–Jun N-terminal kinase (JNK)
pathway) and the Wnt–Ca2+ pathway 4 (FIG. 1).
The neuronal expression of components of the Wnt
signalling pathway has been described in the past few
years. One of its key components, GSK3β, was first identified in 1993 as the enzyme that phosphorylates tau, a
microtubule-associated protein5. In 1999, β-catenin,
another key component of Wnt signalling, was found in
the human brain6. More recently several Fz receptors and
other Wnt signalling components have been described
in the adult brain and spinal cord of rodents7,8, and the
expression of different Wnt ligands has been detected in
the rat hippocampus of adult animals9.
In addition to its well-described role in synaptic
differentiation10,11, the Wnt signalling pathway has been

implicated in neurogenesis in adult mice12 and in the
modulation of synaptic plasticity: activity-regulated
secretion of Wnt ligands induces long-term potentiation in adult mouse hippocampal slices13 and dendrite
arborization14; NMDAR (N-methyl-d-aspartate receptor) activation induces calpain-mediated β-catenin
cleavage, which leads to LEF1-dependent gene transcription15; and physical exercise modulates the expression of Wnt signalling pathway components in aged
mice16. Furthermore, overexpression of GSK3β, which
is expressed in dendritic spines17, causes a decrease in
spatial learning, as evaluated in the Morris water maze18,
and prevents the induction of NMDAR-dependent longterm potentiation in CA3–CA1 hippocampal synapses
of 2-week-old rats19,20. Recent studies indicated that
Wnt signalling mediates the global regulation of synapse numbers in response to experience and age in the
adult hippocampus21. These studies illustrate the emerging role of Wnt and/or β-catenin signalling in postnatal
brain plasticity.
The persistent expression of Wnts in the adult brain,
together with their role in the modulation of neurogenesis and synaptic plasticity, indicates that Wnt signalling plays a part in maintaining and protecting neuronal
connections throughout the entire lifespan. This Review
discusses how different Wnt ligands, acting through
different signalling pathways, operate in pre- and postsynaptic regions to modulate synapse structure and
function, as well as their role in neurogenesis in the
developed nervous system. We also discuss evidence that
the Wnt signalling pathway offers potential targets for
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FM-1-43
An amphiphatic dye that
becomes intensely fluorescent
when inserted into the cell
membrane. It is used in a wide
variety of studies involving the
plasma membrane and
vesiculation.

Miniature excitatory
postsynaptic current
(mEPSC). The postsynaptic
current that is evoked by
release of a single vesicle of
neurotransmitter from the
presynaptic terminal into
the synapse.

the treatment of neurodegenerative diseases that affect
synaptic integrity, such as Alzheimer’s disease (AD) and
Parkinson’s disease (PD).

Wnt signalling at the presynaptic sites
The finding that WNT7A increases the clustering of
synapsin 1 in granule cells2,10 was the first hint that Wnt
signalling has a key role in presynaptic assembly during neural development. A similar function has been
established for wingless, the prototypical Drosophila
spp. Wnt, during synaptogenesis at the larval glutamatergic neuromuscular junction22,23. More recently, several Wnt ligands were shown to induce clustering of
several presynaptic proteins and regulate the trafficking
of the α7 nicotinic acetylcholine receptor (α7-nAChR) to
Wnt
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Figure 1 | The Wnt signalling pathways. a | Canonical Wnt signalling is inhibited in the
presence of DKK1. Under these conditions glycogen synthaseNature
kinase Reviews
3β (GSK3β)
is
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activated and β-catenin (β-cat) phosphorylated and eventually degraded in the proteasome.
b | When canonical Wnt signalling is activated, the Wnt ligand interacts with Frizzled (Fz)
receptors and the co-receptor low-density lipoprotein receptor-related protein 5 (LRP5)/
LRP6. Under these conditions GSK3β is blocked and β-catenin accumulates in the cytoplasm
before moving into the nucleus, where it activates the transcription of Wnt target genes.
c | In non-canonical Wnt–Jun N-terminal kinase (JNK) signalling the activation of Fz
receptors, Dishevelled (DVL) and the monomeric GTPases Rho and Rac activates JNK. This
facilitates the interaction of JNK with the cytoskeleton, or activates transcription through
AP-1 (not shown). d | In non-canonical Wnt–Ca2+ signalling activation of Fz and DVL
increases the intracellular Ca2+ concentration, which in turn activates both protein kinase C
(PKC) and calcium/calmodulin-dependent protein kinase II (CaMKII); these kinases can then
modify different signalling components, including postsynaptic receptors. In both cases of
non-canonical Wnt signalling, evidence suggests that G proteins are probably involved in
the transduction of the Wnt signal. βTrCP, transducin repeat-containing protein; APC,
adenomatous polyposis coli; LEF, lymphoid enhancer-binding factor (also known as T cell
factor); Ub, ubiquitin; WIF, Wnt inhibitory factor.

the plasma membrane in mature hippocampal neuronal
cultures24. The mechanism implicated in the presynaptic localization of α7-nAChR involves APC and does not
follow the classical canonical Wnt–β-catenin signalling pathway 24. APC is expressed at high levels in the
cytoplasm of hippocampal neurons25 and it has been
reported that β-catenin forms a cytoplasmic complex
with APC in rat brain26. WNT7A induces the dissociation of APC from β-catenin, allowing APC to interact
with the α7-nAChR and induce the trafficking of the
receptor to the presynaptic plasma membrane24.
In addition, WNT7A has been shown to modulate the
synaptic vesicle cycle and synaptic neurotransmission in
mature hippocampal neurons9. Examination of vesicle
recycling and exocytosis using FM‑1‑43 indicated that
WNT7A stimulates the recycling of presynaptic vesicles
in a fast and robust way. WNT3A has a moderate effect,
whereas WNT1 and WNT5A do not affect the recycling of synaptic vesicles. Mature hippocampal neurons
exposed to WNT7A temporarily increase their rate of
synaptic vesicle exocytosis, suggesting that this Wnt ligand modulates neurotransmitter release at the presynaptic
nerve terminal9. This was supported by electrophysiological studies carried out in hippocampal slices from adult
rats, in which WNT7A decreased paired-pulse facilitation and increased the frequency of miniature excitatory
postsynaptic currents (mEPSCs)9, indicating an increase in
neurotransmitter release in CA3–CA1 synapses. Analysis
of a double-mutant mouse lacking both WNT7A and the
downstream scaffold protein Dishevelled (DvL) showed
a decrease in the mEPSC frequency, indicating a defect in
the release of neurotransmitter 27. Together these results
indicate that WNT7A increases synaptic transmission
through a presynaptic mechanism, probably involving an
increase in neurotransmitter release (FIG. 2). Recently, the
presynaptic distribution of the receptor Fz1 was determined in hippocampal neurons28. In addition, it was
shown that the induction of presynaptic protein clustering and the increase in functional presynaptic recycling
sites by WNT3A was mediated by this receptor. These
results suggest that the synaptic effects of the Wnt signalling pathway could be modulated by local activation of
synaptic Fz receptors.
Some authors have proposed that Wnt signalling
regulates synapse formation by promoting neuronal
maturation through gene transcription29. However, evidence suggests that the mechanism involved in synapse
assembly is independent of gene transcription, at least
in short-term studies. First, in cultured neurons, Wnt
signalling increases the number and size of synaptic
vesicle recycling sites without affecting synaptic protein
expression9. Second, in the Wnt7a–/–;Dvl1–/– mouse the
localization, but not the levels, of synaptic proteins is
affected27. Third, in conditional knockouts of β-catenin
it has been observed that this protein is required for the
proper localization of synaptic vesicles along the axon30,
and scribble (a member of the LAP (leucine-rich repeats and
PDZ domains) family) functions downstream of
β-catenin to cluster synaptic vesicles at developing
synapses31. Thus, there seems to be a consensus that a
β-catenin-dependent Wnt signalling pathway mediates

78 | FEbRuARy 2010 | vOLuME 11

www.nature.com/reviews/neuro
© 2010 Macmillan Publishers Limited. All rights reserved

REVIEWS
Presynaptic terminal

Microfilaments

WNT7A
Fz receptor

Synaptic
vesicle cycle

AXIN
β-cat
APC GSK3β

APC

Synaptic
vesicle

α7-nAChR
Ca2+

Figure 2 | canonical Wnt signalling regulates the presynaptic component of
mature central synapses. Wnt ligands, probably released Nature
from the
postsynaptic
site,
Reviews
| Neuroscience
modulate the synaptic vesicle cycle in the presynaptic nerve terminal, which includes
the regulation of exocytosis (glutamate release) and endocytosis. Whether Wnt ligands
regulate the reserve pool of synaptic vesicles is uncertain. In addition, Wnt ligands regulate
the targeting and trafficking of the α7 nicotinic acetylcholine receptor (α7-nAChR)
through adenomatous polyposis coli (APC), a member of the cytoplasmic destruction
complex. β-cat, β-catenin; Fz, Frizzled; GSK3β, glycogen synthase kinase 3β.

this presynaptic function, without requiring gene transcription. However, the mechanism by which this nonconventional canonical Wnt pathway regulates the
presynaptic region and whether a similar mechanism
operates in mature neurons to regulate neurotransmitter
release are still under investigation.

Active zone
The portion of the presynaptic
membrane located opposite
the postsynaptic density. It
is the site of synaptic vesicle
docking and neurotransmitter
release.

Field EPSP
(fEPSP). The extracellular signal
recorded from a population of
neurons when they all receive
synaptic inputs from afferent
axonic fibres. It is possible to
make field recordings only in
those areas of the brain, such
as the hippocampus, in which
the neurons are arranged in
such a way that they all receive
synaptic inputs from the same
afferent.

Wnt signalling at the postsynaptic sites
Glutamate receptors, such as NMDARs and AMPARs
(α-amino-3-hydroxy-5-methyl-4-isoxazole propionic
acid receptors), are located at the postsynaptic membrane
of excitatory synapses, with the NMDARs at the centre,
directly in front of the active zone, and the AMPARs
more peripherally distributed. The scaffold protein postsynaptic density protein 95 (PSD95; also known as Disks
large homolog 4) forms membrane-perpendicular and
roughly equally spaced filamentous structures, with its
amino terminus attached to the membrane32.
So far, few synaptogenic factors have been reported
to regulate the postsynaptic region of central synapses.
In the vertebrate cholinergic neuromuscular junction, agrin, a heparan sulphate proteoglycan secreted
by motor neurons, induces aggregation of AChRs at
the postsynaptic membrane33,34. Recent studies have
demonstrated that WNT3 functions as a modulator of
postsynaptic differentiation at the vertebrate peripheral
neuromuscular synapses by collaborating with agrin34.
In the CNS, electrophysiological studies in rat hippocampal slices indicate that WNT5A increases field
EPSP (fEPSP) amplitude without affecting synaptic

facilitation35. This effect was reversible and antagonized
by a WNT5A-specific antibody. Patch-clamp analysis at
different holding potentials (–90 mv and +40 mv) in
CA1 pyramidal neurons revealed that the potentiation
induced by WNT5A is due to the postsynaptic modulation of NMDAR- and AMPAR-mediated currents36. In
addition, WNT5A induces rapid insertion of NMDARs
in the postsynaptic region of hippocampal neurons36 and
has been shown to increase the number of PSD95 clusters in dendritic spines within 30 minutes35. Interestingly,
WNT5A induces fast and transient phosphorylation of
calcium/calmodulin-dependent protein kinase II after
15 minutes, followed by JNK phosphorylation, which
peaks after 30 minutes of treatment and lasts for at least
2 hours35. These results indicate that WNT5A is acting
as a non-canonical ligand, activating both the Wnt–Ca2+
and the Wnt–JNK signalling pathways without stabilizing β-catenin. The mechanism whereby WNT5A
induces synaptic PSD95 clustering may be related to the
phosphorylation of Ser295 of PSD95 by JNK37. Together,
these findings indicate that WNT5A regulates the assembly and function of the excitatory postsynaptic region in
the mature CNS (FIG. 3).

Wnt signalling and adult neurogenesis
Adult neurogenesis in the mammalian brain is generally
considered an active process encompassing the proliferation and cell fate specification of adult neural progenitors, and their subsequent differentiation, maturation,
navigation and functional integration into the existing
neuronal circuitry 38. In the intact adult mammalian
CNS, active neurogenesis occurs in two discrete ‘neurogenic’ regions: the subgranular zone (SGZ) of the dentate gyrus in the hippocampus and the subventricular
zone (SvZ) of the lateral ventricles in the forebrain39,40.
Accumulating evidence suggests that these new neurons are essential for brain functions, such as learning,
memory, olfaction and mood modulation38. They are
thought to originate from multipotent adult neural stem
cells, but their exact identity is still subject to debate and
their multipotency at the clonal level in vivo has not
been universally demonstrated. It seems that astrocytelike cells function as neural stem cells in both the SvZ
and the SGZ38–44.
Stem cell differentiation is controlled by both intrinsic and extrinsic regulators. Wnt ligands are among
the extracellular factors that regulate this process45,46.
During development Wnts act on CNS progenitor cells,
and the activation of β-catenin leads to the proliferation
of the neural progenitor pool, resulting in the expansion of
the entire neural tube47. In addition, a GSK3β inhibitor
was found to induce the selective differentiation of stem
cells into neurons48, and WNT7A promoted the maturation of neural precursor cells into neurons49. More recent
studies provide evidence that Wnt signalling enhances
the proliferation of neural stem cells derived from the
adult CNS50–52. WNT3 is expressed by adult hippocampal stem or progenitor cells and has been found to act as
an intrinsic regulator of hippocampal neurogenesis by
modulating the generation of newborn neurons in the
adult dentate gyrus52. In addition, Wnts secreted by adult
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hippocampal progenitors self-stimulate canonical Wnt
signalling, and inhibition of this autocrine Wnt pathway
increases the number of neurons formed and leads to a
loss of the multipotency of the progenitors53. Inhibition
of Wnt signalling by lentiviral expression of a dominantnegative Wnt in the dentate gyrus reduces neurogenesis
in the hippocampus52 and decreases long-term retention
of spatial and object recognition memory in adult rats54.
Further pointing to a role for GSK3β–β-catenin signalling in neurogenesis is the finding that suppression of
expression of Disrupted in schizophrenia 1 (DISC1), a
protein encoded by a gene that is implicated in schizophrenia susceptibility and which directly interacts
with GSK3β, decreased the proliferation of adult hippocampal progenitors in vitro and in vivo through the
GSK3β–β-catenin pathway 55.
Recently, NEuROD1, a pro-neurogenic transcription factor in the adult brain that is selectively expressed
in dividing neural progenitors and in immature granule neurons in the adult dentate gyrus, was identified
as a downstream effector of Wnts in adult neurogenesis56,57. WNT3A treatment induced the expression of
NEuROD1 in adult neural progenitors in vitro, and
β-catenin was directly associated with the NEuROD1
WNT5A
NMDARs

Fz receptor
DVL
PSD95

Ca2+
CaMKII

JNK

Cytoskeleton
Postsynaptic terminal

Figure 3 | Non-canonical Wnt signalling regulates the
postsynaptic component ofNature
mature
central
synapses.
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WNT5A modulates rapid changes in the traffic of
glutamatergic receptors, including both NMDARs
(N-methyl-d-aspartate receptors) and AMPARs (α-amino3-hydroxy-5-methyl-4-isoxazole propionic acid receptors)
(not shown), through changes in calcium/calmodulindependent protein kinase II (CaMKII) and protein kinase C
(PKC) (not shown) activity (within the first 20 min) and then
by activating Jun N-terminal kinase (JNK) (1 h) in the
dendritic spines. The stabilization of glutamatergic
receptors is defined by the eventual aggregation of
postsynaptic density protein 95 (PSD95). WNT5A also
induces an increase in the clustering of PSD95 (within 1–2 h)
through changes in JNK activity, which also modulate the
formation of dendritic spines. These results indicate that
excitatory synapses are modulated by the non-canonical
Wnt signalling pathway. Whether different types of Wnt
receptors (Frizzled (Fz) receptors and receptor tyrosine
kinase-like orphan receptor 2 (ROR2)) modulate different
aspects of dendritic spine plasticity requires further
investigation.

gene promoter during the course of neurogenesis56.
Deletion of NEuROD1 in stem cells prevented neurogenesis in vivo57, and Wnt treatment of these cells did not
stimulate neurogenesis56.
Wnt signalling has also been shown to modulate neurogenesis in the SvZ. WNT3A and WNT5A
increase the proliferation of cultured progenitor cells
isolated from postnatal and adult mouse SvZ and
promote their neuronal differentiation58. In addition,
retrovirus-mediated expression of stabilized β-catenin
or treatment with an inhibitor of GSK3β were shown
to promote the proliferation of progenitor cells in the
SvZ, inhibit their differentiation into neuroblasts and
increase the number of new neurons in the olfactory
bulb59. Conversely, expression of the Wnt antagonist
DKK1 reduced the proliferation of progenitor cells59.
These studies indicate that activation of Wnt signalling
regulates adult neurogenesis in the SvZ by regulating
progenitor cell proliferation.

Wnt signalling in non-neurogenic regions
The finding that new neurons functionally integrate
into adult brain circuits60,61 has opened up the possibility that stimulating adult neurogenesis could become
a therapeutic strategy to replace neurons lost by disease38. Müller glia in the adult mammalian retina may
behave as stem cells and support retinal regeneration
in vivo. Interestingly, Müller glia-derived progenitors can differentiate into multiple lineages of retinal
cells under the control of intrinsic or extrinsic factors62,63. Recently, the activation of Wnt signalling has
been shown to promote the proliferation of Müller
glia-derived retinal progenitors and neural regeneration after damage or during degeneration in adult
mammals64. WNT3A treatment increased the proliferation of de-differentiated Müller glial cells 20-fold
in the photoreceptor-damaged retina compared with
the control retina. Supplementation with an inhibitor of
GSK3β induces differentiation of these cells primarily
into cone or rod homeobox-positive and rhodopsinpositive photoreceptors. Conversely, inhibition of Wnt
signalling with DKK1 attenuated retinal regeneration.
Injury induced nuclear accumulation of β-catenin, an
upregulation of cyclin D1 and Wnt/β-catenin reporter
activity. This WNT3A-mediated regeneration of retinal
cells also occurs in rd mice, a model of retinal degeneration64, indicating that in the retina a Wnt-mediated
repair process exists in vivo and that, under pathological conditions, application of Wnt or GSK3β inhibitors
could promote regeneration.
Other pathological stimuli, such as stroke, have
long been thought to be unable to activate neurogenesis outside the two neurogenic regions of the adult
brain38. However, recent findings indicate that neurogenesis in the forebrain may play a significant part
in repair and functional recovery after stroke65. These
findings suggest that compounds that improve the efficiency of neurogenesis and/or enhance the survival
and functional integration of newly produced neurons
in the adult brain, such as Wnts, could become useful
therapeutic agents.
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Wnts may also find an application in neurodegenerative disorders, such as AD, PD and Huntington’s
disease, which are characterized by the slow progressive
loss of specific neuronal populations in the brain. So far,
only symptomatic therapeutic approaches are available,
making these diseases potential candidates for restorative therapeutic approaches. In the following sections,
the role of Wnt signalling in PD and AD is examined
and the potential therapeutic use of Wnt-modifying
treatments is discussed.

Wnt signalling in midbrain DA neurons
Damage-induced adult neurogenesis would particularly
benefit the midbrain nigrostriatal dopaminergic (DA)
system, as degeneration of these cells causes the main
symptoms of PD66. Although some reports have found
evidence of adult DA neurogenesis in the striatum of
rodents following lesions in this area, whether such
neurogenesis occurs in the substantia nigra remains
controversial (see REF. 67 for a review and REFS 68–70
for more detail). Research in this area has focused
on understanding midbrain DA neurogenesis during
development, with the hope of stimulating the underlying mechanisms in either endogenous or reprogrammed adult stem cells in vivo or ex-vivo for use in
transplantation. Interestingly, Wnt signalling, through
the Wnt–β-catenin pathway (WNT1 or WNT3A) or the
Wnt–PCP pathway (WNT5A), is crucial for several
aspects of midbrain DA neuron development (FIG. 4).
WNT5A promotes ventral midbrain morphogenesis,
reduces DA progenitor proliferation and neurogenesis
in loss-of-function experiments in vivo, enhances DA
precursor differentiation both in vitro and in vivo71,72
and possibly increases survival by regulating the gliaderived neurotrophic factor receptor, RET71. Finally,
gain-of-function experiments in vitro showed increased
neurogenesis (indicated by the presence of Nurr1+ and
brdu+ cells)71, whereas loss-of-function studies in vivo
showed increased Nurr1+ cells in the absence of cell
death72, suggesting that a negative regulation of DA
neurogenesis occurs during development.
WNT1 serves a broader array of functions, some of
which are complementary to the functions of WNT5A
in vivo, such as patterning the midbrain region73,74 and
specifying DA progenitors or regulating survival 75.
WNT1 can also oppose the action of WNT5, for example by expanding the DA progenitor pool in vitro or
in vivo71,76, or have synergistic functions such as in the
regulation of neurogenesis, cell survival and neuritogenesis in vitro 71. Similarly, it has recently been reported
that β-catenin regulates midbrain DA neurogenesis
in vivo 77,78, providing evidence for the involvement of
canonical Wnt signalling in DA neurogenesis. However,
it remains to be determined which of the several Wnts
expressed in the developing ventral midbrain79,80 regulate this process in vivo. In line with the idea that activation of the Wnt–β-catenin pathway contributes to
increased DA neurogenesis during development, treatment of prenatal DA progenitors with GSK3β inhibitors
increased the generation of DA neurons81. Moreover,
transplantation of rodent fetal neural stem cells treated
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Figure 4 | Function of WNT1 and WNT5A in midbrain
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dopaminergic neuron development.
Midbrain
development depends on the sequential regulation of
multiple functions by cell-intrinsic and cell-extrinsic factors,
such as Wnts. The delicate balance between activation of
distinct Wnt signalling pathways by ligands such as WNT1
(which signals through the Wnt–β-catenin pathway) and
WNT5A (which signals through the Wnt–planar cell polarity
pathway) controls midbrain dopaminergic (DA) neuron
development. Loss- and gain-of-function experiments
in vivo (continuous arrows) and in vitro (discontinuous
arrows) have contributed to our understanding of this
balance. Arrowheads indicate activation; blunt-ended
arrows indicate inhibition. Blue shading indicates functions
controlled by WNT1; red shading indicates
functions controlled by WNT5A. VM, ventral midbrain.

with WNT5A resulted in enhanced survival, differentiation and functional integration in the absence of
tumour formation in animal models of PD82. Similar
results have recently been obtained for embryonic stem
cells (E.A., C. Parish and I. Liste, unpublished observations). Thus, current evidence suggests that Wnts may
find a therapeutic application in the preparation of stem
cells for cell replacement therapy in PD.
However, it still remains to be determined whether
progenitors actually exist in the adult midbrain and
whether Wnt signalling has a role in promoting adult
DA neurogenesis in vitro. One strategy to overcome an
eventual absence of adult ventral midbrain progenitors
could involve the reprogramming of adult somatic cells
in this region. Adult cortical astrocytes can be reprogrammed to undergo neurogenesis by overexpression
of PAX6 in vitro83. Interestingly, MyC, one of the four
transcription factors needed to transform somatic
cells into pluripotent stem cells84, is a direct target of
Wnt–β-catenin signalling 85, suggesting a role for Wnt
signalling in somatic cell reprogramming. However,
Wnt signalling is tightly regulated and a delicate balance between activation and inactivation of canonical
and non-canonical signalling is maintained both during development and in the adult brain86,87 (FIG. 4). A
deregulation of such mechanisms, either at a genetic or
an epigenetic level, leading to excessive Wnt–β-catenin
signalling has been linked to oncogenesis in many different tissues88. The involvement of Wnt signalling in
PD should also be examined more closely, in order to
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determine whether cells will be capable of transducing
the Wnt signal and whether Wnt signalling is impaired
in DA neurons affected by PD (FIG. 5). As the aetiology of PD is largely unknown, it is difficult to establish
whether there is a general pathophysiological mechanism. To date several genes have been identified as
causative or as susceptibility factors (see REF. 89 for a
review) and have provided clues as to the involvement
of oxidative stress, mitochondrial dysfunction, the ubiquitin–proteasome system and autophagic–lysosomal
systems. Evidence for a direct interaction between
the PD-associated protein parkin and β-catenin has
recently been published90; increased levels of total and
active (dephosphorylated) β-catenin were found in mice
lacking parkin. This increase in Wnt–β-catenin signalling resulted in an increase in DA neuron proliferation
and death, suggesting that a decrease in the degradation
of β-catenin may lead to loss of DA neurons as they
try to re-enter the cell cycle90. This result is in contrast
with the positive role of Wnt–β-catenin signalling during midbrain DA neuron development and in stem cells
and suggests that diseased adult DA neurons may need
lower levels of Wnt–β-catenin signalling, whereas DA
progenitors may benefit from increased activation of
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Wnt signalling and the function of DA neurons. Phosphatase and tensin homolog
(PTEN) induces the expression of PINK1 (step 1) and inhibits Wnt–β-catenin (β-cat)
signalling (step 2)123. Moreover, PINK1 and DJ1 (also known as PARK7) form a complex
with parkin and regulate its E3 ubiquitin ligase activity (step 3)124. Parkin interacts with
β-catenin and promotes its degradation (step 4)90. β-Catenin regulates the transcription
of target genes through lymphoid enhancer-binding factor (LEF) (also known as T cell
factor) (step 5). Activation of Wnt–β-catenin signalling promotes dopaminergic (DA)
neuron development in DA progenitors71–76 (step 6), whereas excessive Wnt–β-catenin
signalling in postmitotic DA neurons leads to cell cycle re-entry and cell death (step 7)90.
Other E3 ubiquitin ligases such as transducin repeat-containing protein (βTrCP), Siah and
Jade-1 also promote β-catenin degradation (step 8)125–127 and may partially compensate
for a loss of parkin function. β-Catenin has an armadillo repeat that allows it to interact
with cadherins and thus become involved in the regulation of morphogenesis128 (step 9).
Interestingly, the Parkinson’s disease (PD)-related protein leucine-rich repeat serine/
threonine protein kinase 2 (LRRK2) also has an armadillo repeat and was recently found
to genetically interact with PINK1, DJ1 and Parkin in Drosophila melanogaster129.
However, it might interfere with Wnt signalling by competing with β-catenin for the
interaction with cadherin (step 10).

Wnt–β-catenin signalling. These findings underline the
need to characterize the impact of disease mechanism
on Wnt signalling and emphasize the requirement for
drugs that restore Wnt signalling to the correct level.
Finally, they also underscore the importance of targeting such drugs to the desired cells. Taking these factors
into consideration will avoid the perils of abnormally
low or high levels of Wnt signalling.

Wnt signalling and AD
Studies in humans indicate that Wnt signalling is directly
related to neurogenesis and is altered or involved in the
pathophysiology of AD. One example is the reduced
renewal capacity of glial-like progenitor cells isolated
from the temporal cortex of patients with AD — which
correlated with elevated levels of GSK3β activity and
increased phosphorylation of β-catenin — compared
with that of cells from healthy controls91. Moreover,
treating glial precursor cells from healthy controls
with amyloid-β peptide (Aβ) also led to increased
β-catenin phosphorylation and reduced neurogenesis.
Conversely, β-catenin transfection led to restoration of
neurogenesis91. These studies suggest that Wnt signalling is required for human cortical neurogenesis and
that impaired Wnt signalling reduced the capacity of
progenitors to undergo neurogenesis and contribute
to repair.
Almost a decade ago a relationship between loss of
Wnt signalling and Aβ-induced neurotoxicity was proposed92,93. The change in Wnt signalling was suggested
to be the triggering factor for Aβ production and tau
hyperphosphorylation, which induce synapse and neuron loss93,94 (FIG. 6). Since then, other studies have shown
that several Wnt signalling components are altered
in AD94–97. Aβ directly binds to the Fz5 cysteine-rich
domain at or in close proximity to the Wnt-binding site,
inhibiting the canonical Wnt signalling pathway 98. In
addition, genetic studies show a link between Wnt signalling and AD. The apolipoprotein E ε4 allele, which
is associated with an increased risk of developing AD99,
inhibits canonical Wnt signalling on stimulation with
WNT7A100, and recent studies have identified genetic
polymorphisms in Wnt signalling components, which
are also implicated in AD (BOX 1).
To determine whether activation of Wnt signalling
could protect hippocampal neurons from the Aβ toxicity, the effects of activating other signalling pathways
that crosstalk with the Wnt pathway was examined101. As
cholinergic dysfunction has been observed in patients
with AD, treatment of rodents with an M1 muscarinic
AChR receptor agonist 102 or nicotine101 was examined.
As shown in FIG. 6, activation of Wnt signalling through
cholinergic activation seems to be a neuroprotective
mechanism against Aβ. In fact, it is well known that
M1 agonists increase the non-amyloidogenic processing of the amyloid precursor protein (APP), reducing
Aβ production and tau phosphorylation4. In addition,
cholinergic activation by the specific M1 agonist induces
the phosphorylation (and therefore inactivation) of
GSK3β in neuronal cultures from transgenic mice that
overexpress GSK3β102. Ser9 phosphorylation of GSK3β
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by cholinergic stimulation is probably mediated by a
mechanism involving protein kinase C (PKC), as it was
blocked by a PKC inhibitor 102. The protection observed
in vitro has been confirmed in vivo, as chronic treatment with the specific M1 agonist improved the spatial
memory and reduced the Aβ load in the hippocampus of a triple-transgenic mouse model of AD4. These
findings indicate that cholinergic activation interacts
with the Wnt signalling pathway, leading to potential
neuroprotection against Aβ toxicity.
Recent evidence suggests that lithium is neuroprotective in various neurodegenerative conditions, and it
is noteworthy that lithium reduces the prevalence of AD
in elderly patients with bipolar disorders103. In addition,
studies in a mouse model of AD indicated that lithium
reduces the size of the amyloid burden, including the
Aβ oligomers, and prevents the behavioural disturbances of the animals104. under these conditions lithium activates Wnt signalling, as demonstrated by the
inhibition of GSK3β and the increase in β-catenin104.
These studies are consistent with the idea that a loss of
Wnt signalling is involved in Aβ-dependent neurodegeneration, and that activation of the canonical pathway by lithium protects against the synaptic changes
triggered in AD.
Aβ oligomer-induced alterations in synapse composition, shape and density provide a molecular basis
for loss of connectivity in AD 101,105. Recent electrophysiological studies in rat hippocampal slices show
that WNT5A augments the glutamatergic transmission
mainly through a postsynaptic mechanism, increasing
both NMDA and AMPA currents. Conversely, Aβ oligomers impair synaptic transmission by decreasing
the NMDA currents and, to smaller degree, the AMPA
currents36. Treatment of hippocampal slices with Aβ
oligomers decreased the EPSC amplitude by around
60% at a holding potential of –80 mv, but in the presence of WNT5A the change in EPSC amplitude was not
observed, indicating that WNT5A exerts a protective
effect 36. Aβ oligomers have also been shown to reduce
the surface expression of glutamate receptors in hippocampal neurons106. Incubation of Aβ oligomers with
WNT5A showed that the distribution of the NMDARs
was similar to that in control neurons; however, cotreatment with the Wnt antagonist secreted Frizzled
receptor protein 1 (sFRP-1) abolished the increase
of NMDARs triggered by the Wnt ligand36. Together,
these results indicate that activation of non-canonical
Wnt signalling by WNT5A could also protect neurons
from Aβ oligomer-induced toxicity, further pointing
to the therapeutic potential of this signalling pathway in
the treatment of AD.

Wnt signalling and other CNS-related diseases
To function properly, the brain must be wired correctly during crucial periods in development 1,107.
Wnt signalling is involved in the development of the
brain and spinal cord and in the extension of numerous subpopulations of sensory and motor neurons.
However, some CNS-related diseases in adulthood
have also been associated with components of the
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Figure 6 | Activation of Wnt signalling protects from
amyloid toxicity. Under normal
conditions, Wnt ligands
Nature Reviews | Neuroscience
inhibit glycogen synthase kinase 3β (GSK3β) activation
(canonical Wnt signalling). In the presence of amyloid-β
(Aβ) oligomers, GSK3β is activated and increases β-catenin
and tau phosphorylation. At the same time, GSK3β
activates γ-secretase, leading to intracellular Aβ formation.
The increase in both Alzheimer’s disease (AD) hallmarks
(phosphorylated tau and amyloid build-up) triggers
synaptic changes and neuron loss, which eventually lead to
the clinical and cognitive alterations of AD. Activation of
Wnt signalling leads to neuroprotection in hippocampal
neurons both in culture and in transgenic AD models4,104.
Activation of other receptors, such as the α7 nicotinic
acetylcholine receptor (α7-AChR) and M1 muscarinic AChR
receptors protects hippocampal neurons from Aβ
oligomer-induced toxicity101,102. DVL, Dishevelled; Fz,
Frizzled; PKC, protein kinase C.

Wnt signalling pathway, highlighting the fundamental role of this pathway in the proper functioning of
the mature CNS.
Schizophrenia. Recently, DISC1 was found to regulate neuronal progenitor proliferation by modulating
GSK3β–β-catenin signalling55. DISC1 regulates β-catenin
abundance and is required for WNT3A-induced cell
proliferation and activation of downstream transcription factors of the LEF family in cultured adult neural
progenitor cells. The phenotype of neural progenitor
cells lacking DISC1 can be rescued by overexpressing
degradation-resistant β-catenin in vivo. Furthermore,
DISC1 interacts with GSK3β, blocking its activity, and
a GSK3β inhibitor rescued the defect in neural progenitor cell proliferation induced by DISC1 suppression in
mouse embryonic cortex and adult dentate gyrus55.
Importantly, mice lacking DISC1 in the dentate gyrus
exhibited schizophrenia-like and depression-like
behaviour that could be normalized by treatment with
a GSK3β inhibitor. In the adult brain, GSK3β mediates
several aspects of synaptic plasticity 108, and changes in
GSK3β regulation might underlie some of the cognitive
deficits present in schizophrenia108.

NATuRE REvIEWS | NeuroscieNce

vOLuME 11 | FEbRuARy 2010 | 83
© 2010 Macmillan Publishers Limited. All rights reserved

REVIEWS
Box 1 | LRP6, GSK3β and catenin genes are implicated in AD
Genome-wide screens in humans have identified several regions with significant linkage
to Alzheimer’s disease (AD), in particular one region on chromosome 12 in the vicinity of
the Wnt co-receptor gene low-density lipoprotein receptor-related protein 6 (LRP6)118.
Indeed, subsequent studies have revealed an association between a highly conserved
polymorphism in the coding sequence of LRP6 (Ile1062Val) and the risk of late-onset AD
(LOAD) in carriers of the apolipoprotein E ε4 allele. Interestingly, the Val1062 variant of
LRP6 causes reduced activation of a β-catenin-responsive reporter gene in HEK293T/
STF recombinant cells, suggesting that reduced signalling through the canonical Wnt
pathway may predispose people to AD. Glycogen synthase kinase 3β (GSK3β) was also
found to be associated with LOAD, as active GSK3β associates with neurofibrillary
tangles in the human brain119. Overexpression of GSK3β in mice caused both tau hyperphosphorylation and hippocampal dysfunction120. An intronic polymorphism in GSK3β
has been found to occur at more than twice the normal frequency in patients with AD
(14.6%) and patients with frontotemporal dementia (10.8%). This is the first evidence
that a gene known to be involved in tau phosphorylation is associated with primary
neurodegenerative dementias121. In addition, a genetic variation in αT-catenin, a protein
involved in cadherin adhesive complex signalling and that is related to Wnt signalling,
has also been linked to LOAD122.

Bipolar disorders. Genetic linkage studies have implicated mutations in DISC1 as a general risk factor for
major affective disorders, including bipolar disorders109.
As discussed above, DISC1 regulates the proliferation of adult neural progenitor cells through GSK3β–
β-catenin signalling 55. A possible association between a
Wnt target gene and susceptibility to a familial bipolar
disorder 110 has been described. Mutations in a member of the peroxisome proliferator-activated receptor
(PPAR) family, PPARδ, have been associated with
bipolar disorders. As PPARδ is expressed at high levels
in the murine entorhinal cortex and hippocampus, as
well as in the corpus callosum, and as its agonists are
neuroprotective in several rat models of stroke and
neuro degenerative disease 109 , it is an interesting
candidate for further studies.
Progressive myoclonus epilepsy-ataxia syndrome.
Several forms of progressive myoclonus epilepsy have
been described. This syndrome is characterized by
myoclonic seizures, generalized convulsive seizures,
ataxia and dementia. Recent studies have shown that
a mutation in PRICKLE1, a protein that is part of the
non-canonical Wnt–PCP signalling pathway, disrupts
its interaction with RE1-silencing transcription factor in vitro and alters its normal function in an in vivo
zebrafish overexpression system 111. This protein is
expressed in brain regions implicated in epilepsy and
ataxia in mice and humans, and is the first molecule in
a non-canonical Wnt signalling pathway to be directly
implicated in human epilepsy 112.
Retinitis pigmentosa. Elevated levels of sFRP-1 have
been reported in the retinas of patients affected by
retinitis pigmentosa, an inherited disease characterized
by the progressive loss of photoreceptors113. Abnormal
expression of sFRPs and other components of the Wnt
signalling pathways has been detected in several mouse
models of the disease113, supporting the possibility that
alterations in the Wnt signalling pathway are involved

in the progression of photoreceptor degeneration.
Alternatively, elevated sFRP expression might represent
an attempt by the tissue to promote the generation of
photoreceptors, as seen during the development of the
chick retina114.
Bardet–Biedl syndrome. bardet–biedl syndrome is a
rare pleiotropic disorder characterized by a multitude
of symptoms, including retinal degeneration, obesity
and nephropathy. The orientation of cochlear cells in the
inner ear was found to be determined by Wnt signalling
through the Wnt–PCP pathway. Mice with mutations in
genes related to bardet–biedl syndrome and mice with
Wnt–PCP pathway mutations have some common phenotypes, including open eyelids, neural tube defects and
disrupted cochlear stereociliary bundles115.

Conclusions and future directions
Although significant progress has already been made in
deciphering the roles of Wnt signalling during neural
development, little is known about the roles of Wnts in the
adult nervous system. As we have discussed throughout
this Review, evidence indicates that Wnt pathways modulate fundamental aspects of the adult CNS, such as adult
neurogenesis and synaptic stability and plasticity in some
brain regions. However, much remains to be investigated
with regard to other fundamental biological functions and
the importance of Wnt signalling in other regions of the
adult brain. The use of genetically modified animals and
in vivo imaging with two-photon microscopy will contribute to developments in this area. Moreover, advanced
imaging techniques, such as stimulated emission depletion (STED) far-field fluorescence nanoscopy 116 and techniques that allow the functional assessment of genetically
labelled neural circuits in freely moving animals, such as
optogenetics combined with solid-state optics117, are likely
to lead to significant advances in this field.
The emerging idea that Wnts are synaptogenic trophic
factors should be investigated further. At a physiological
level, it would be of great interest to understand whether
Wnts are implicated in the effects of exercise, sensory
deprivation and ageing on the CNS. More complex
endeavours, like determining whether Wnts are involved
in the processing and coding of information at the higher
levels of the cerebral cortex, are also worth attempting.
The known functions of Wnt signalling in the adult
brain suggest that disruptions to or impairments of
the Wnt pathways could have dramatic consequences.
Indeed, growing evidence implicates Wnt signalling
in the pathogenesis of several neurodegenerative and
neurological diseases. In the future it will therefore be
important to further explore the molecular mechanisms
that link these pathways to disease, in particular to the
pathogenesis of AD and PD.
The emerging roles of Wnts in adult neurogenesis,
neuronal differentiation, synaptogenesis and survival
suggest that targeting Wnt signalling pathways could
offer therapeutic benefits. Drugs capable of modulating
Wnt signalling may become tools for regenerative or
neuroprotective medicine, for example against diseases
associated with neuron loss.
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