
Review

Wnt signaling in the nervous system and in
Alzheimer’s disease
Nibaldo C. Inestrosa1,* and Lorena Varela-Nallar2

1 Center for Aging and Regeneration (CARE), Department of Cell and Molecular Biology, Faculty of Biological Sciences, Pontifical Catholic University of Chile,

Santiago, Chile
2 Center for Biomedical Research, Faculty of Biological Sciences and Faculty of Medicine, Andrés Bello University, Santiago, Chile

* Correspondence to: Nibaldo C. Inestrosa, E-mail: ninestrosa@bio.puc.cl

Wnts comprise a large family of proteins that have shown to be part of a signaling cascade that regulates several aspects of develop-

ment including organogenesis, midbrain development as well as stem cell proliferation. Wnt signaling pathway plays different roles in

the development of neuronal circuits and also in the adult brain, where it regulates synaptic transmission and plasticity. It has been also

implicated in various diseases including cancer and neurodegenerative diseases, reflecting its relevance in fundamental biological pro-

cesses. This review summarizes the progress about Wnts function in mature nervous system with a focus on Alzheimer’s disease (AD).

We discuss the prospects of modulating canonical and non-canonical Wnt signaling as a strategy for neuroprotection. This will include

the potential of Wnts to: (i) act as potent regulators of hippocampal synapses and impact in learning and memory; (ii) regulate adult

neurogenesis; and finally (iii) control AD pathogenesis.
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Wnt signaling

Wnt signaling plays critical roles in several cellular processes in-

cluding cell differentiation, migration, and synaptic activity (Nusse

and Varmus, 2012; Oliva et al., 2013). Wnt signaling is related to

several diseases like cancer, cardiovascular diseases, dementia,

Alzheimer’s disease (AD) (Inestrosa et al., 2012; Marinou et al.,

2012; Nusse and Varmus, 2012; Anastas and Moon, 2013),

Parkinson’s disease (Inestrosa and Arenas, 2010; also reviewed

in this issue), and NeuroAIDS (Al-Harthi, 2012). Wnt signaling

may be activated by 19 Wnt ligands (Toledo et al., 2008), and can

be mainly divided into two types: canonical or b-catenin-

dependent signaling (Wnt/b-catenin) and non-canonical or

b-catenin-independent signaling that can be subdivided into

the planar cell polarity pathway (Wnt/PCP) and the Wnt/Ca2+

pathway (Logan and Nusse, 2004; Gordon and Nusse, 2006)

(Figure 1). Wnt/b-catenin pathway begins with the binding of a

Wnt ligand to its receptor Frizzled (Fz) and the co-receptor

lipoprotein receptor-related protein (LRP5/6). The Wnt-LRP-Fz

complex then activates the scaffold protein Dishevelled (Dvl) that

causes the dissociation of the destruction complex targeting

b-catenin for degradation, therefore inducing the cytoplasmic

accumulation of b-catenin and its translocation to the nucleus in

order to interact with the T cell-specific transcription factor

(TCF) and lymphoid enhancer-binding factor (LEF) that regulate

the expression of Wnt target genes (Arrazola et al., 2009; Clevers

and Nusse, 2012; Nusse and Varmus, 2012). In Wnt/PCP

pathway, the Wnt ligand binds to its receptor Fz and leads to the ac-

tivation of Dvl that causes the activation of some small GTPases

such as Rho and Rac, which subsequently activates Jun

N-terminal kinase (JNK) and downstream gene expression related

to the reorganization and maintenance of the cytoskeleton

(Rosso et al., 2005; Chien et al., 2009; Rosso and Inestrosa,

2013). In Wnt/Ca2+ pathway, ligand binding to Fz receptors

allows the trimeric G proteins and subsequent activation of

phospholipase C (PLC), which increases the production of diacyl-

glycerol (DAG) and inositol triphosphate (IP3), and thus generating

an increased intracellular Ca2+ concentration that activates

Ca2+-dependent proteins plus the transcription factor NF-AT to

promote the transcription of target genes (Inestrosa et al., 2012;

Oliva et al., 2013).

Wnt signaling at central synapses

Wnt signaling pathway has different roles during the develop-

ment of the nervous system and has been linked to synaptogenesis

(Ciani and Salinas, 2005; Inestrosa and Arenas, 2010). Different

Wnt ligands have been specifically linked to the presynaptic assem-

bly (Table 1). It was demonstrated that Wnt-7a increases the clus-

tering of the synaptic vesicle protein synapsin I in cerebellar

neurons (Lucas and Salinas, 1997), and Wnt-7a mutant mice

show a delayed accumulation of synapsin I (Hall et al., 2000).

Wnt-7a increased the number of presynaptic puncta in hippocam-

pal neurons, an effect that was also observed with Wnt-3a and

Wnt-7b, suggesting a role for these ligands in presynaptic assembly
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(Ahmad-Annuar et al., 2006; Cerpa et al., 2008). In addition, by

using FM dyes, it was found that Wnt-7a stimulates the endocytosis

and recycling of synaptic vesicles (Cerpa et al., 2008) (Figure 2).

Wnt-7a also increased the expression and clustering of the

a7-nicotinic acetylcholine receptor (a7-nAChR), suggesting that

Wnt signaling is able to regulate the clustering of presynaptic

receptors (Farias et al., 2007). More recently, a crosstalk between

a7-nAChR and Wnt signaling pathway was established (Inestrosa

et al., 2013). Nicotine induced the stabilization of b-catenin in a

concentration-dependent manner and prevented Ab-induced loss

of b-catenin through the a7-nAChR; on the other hand, activation

of canonical Wnt signaling induced a7-nAChR expression

(Inestrosa et al., 2013). Moreover, analysis of the a7-nAChR pro-

moter indicated that this receptor is a new Wnt target gene

(Inestrosa et al., 2013).

Interestingly, all Wnt ligands able to modulate presynaptic differ-

entiation activate Wnt/b-catenin signaling pathway to do so, sug-

gesting that components associated with canonical Wnt signaling

cascade are involved in the presynaptic effects of Wnts. On the

other hand, one study found that non-canonical ligand Wnt-5a

also affects the presynaptic nerve terminals. In fact, Wnt-5a was

found to decrease the number of presynaptic terminals (Davis

et al., 2008). Although further studies are required to confirm this

study, it is possible to suggest that canonical and non-canonical

signaling pathways might have promoting and inhibitory effects

on presynaptic differentiation, respectively. Electrophysiological

recordings on adult rat hippocampal slices demonstrated that

Wnt-7a decreases paired pulse facilitation and increases the fre-

quency of mEPSC, indicating that this ligand increases neurotrans-

mitter release in CA3-CA1 synapses (Cerpa et al., 2008) and

supporting the promoting effect of canonical Wnt ligands. In con-

trast, non-canonical Wnt-5a ligand did not show this effect

(Cerpa et al., 2008).

In addition to Wnt ligands, Fz receptors also have been asso-

ciated to the presynaptic differentiation (Table 2). Fz1, a well-

described receptor for Wnt-3a that activates canonical Wnt

Figure 1 Wnt signaling pathways. In canonical Wnt/b-catenin signaling pathway, a Wnt ligand binds to Fz receptor and LRP5/6 and activates the

protein Dvl. In the absence of Wnt, b-catenin is phosphorylated by GSK-3b in a multiprotein complex with the scaffold protein axin and adenoma-

tous polyposis coli (APC), and phosphorylated b-catenin is ubiquitinated and subsequently degraded by the proteasome. Dvl activation

prevents the phosphorylation and degradation ofb-catenin, which accumulates in the cytoplasm and translocated into the nucleus where it inter-

acts with the transcription factors TCF/LEF and induces the transcription of Wnt target genes. In non-canonical Wnt/PCP signaling pathway, Dvl

activation leads to the activation of small GTPases, such as Rho and Rac, and the downstream JNK pathway. In non-canonical Wnt/Ca2+ signaling

pathway, Dvl activation triggers the activation of trimeric G proteins and subsequently PLC that increases DAG and IP3. IP3 induces the release of

intracellular Ca2+, inducing the activation of CamKII and calcineurin (CNA) that regulates gene expression through the transcription factor NF-AT.
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signaling pathway (Chacon et al., 2008), is located at the synaptic

region in hippocampal neurons co-localizing with presynaptic pro-

teins and active synaptic vesicle recycling sites (Varela-Nallar et al.,

2009). Overexpression of Fz1 in cultured hippocampal neurons

increased the number of clusters of Bassoon, which is a component

of the presynaptic active zone involved in the structural organiza-

tion of neurotransmitter release sites and is recruited early

during synapse formation (Zhai et al., 2000). Moreover, treatment

with the soluble extracellular cysteine-rich domain (CRD) of Fz1,

which is the region of the receptor important for the binding of

Wnt proteins and therefore competes with the receptor for the

binding of Wnt molecules, decreased Bassoon clustering. These

results suggest that Fz1 regulates presynaptic differentiation.

Interestingly, treatment with the CRD of Fz2 did not affect the

clustering of Bassoon (Varela-Nallar et al., 2009), indicating a re-

ceptor specificity for the presynaptic effects of Wnts. All these

suggest that the active zone, a structurally relevant presynaptic

component, is controlled by canonical Wnt signaling pathway

(Figure 2).

Wnt signaling also plays relevant roles in the postsynaptic struc-

ture (Inestrosa and Arenas, 2010; Oliva et al., 2013) (Table 1). In

particular, Wnt-5a that activates non-canonical Wnt signaling

cascades in neurons (Farias et al., 2009; Cuitino et al., 2010) mod-

ulates postsynaptic assembly and function. In cultured hippocam-

pal neurons, Wnt-5a increased the clustering of the postsynaptic

density protein-95 (PSD-95) (Farias et al., 2009), a scaffold

protein in the postsynaptic density that contains key molecules

involved in the regulation of AMPA and NMDA receptor (NMDAR)

targeting and trafficking and regulatory proteins relevant for neuro-

transmission (Han and Kim, 2008; Sheng and Kim, 2011). This

Wnt-5a-induced fast increase in the density of PSD-95 puncta

was not associated with the increase in either total level of

PSD-95 protein or the clustering of presynaptic proteins, but it

was prevented by JNK inhibitors suggesting that Wnt/JNK signaling

pathway is involved (Farias et al., 2009). In addition, Wnt-5a was

shown to modulate spine morphogenesis in cultured hippocampal

neurons (Varela-Nallar et al., 2010). Time-lapse imaging revealed

that Wnt-5a induced both formation of new dendritic spines and

an increase in size of preexisting spines (Varela-Nallar et al.,

2010). Wnt-7a also increased the density and maturity of dendritic

spines through a mechanism involving calcium/calmodulin-

dependent protein kinase II (CamKII) (Ciani et al., 2011). It was

shown that Wnt-7a activates CamKII in dendritic spines, while in-

hibition of this kinase abolished the effect of Wnt-7a on spine

growth. This suggests the involvement of Wnt/Ca2+ signaling

cascade (Figure 2), which is also supported by the fact that both

Wnt-5a and Wnt-7a increase intracellular Ca2+ concentration in

neurons (Varela-Nallar et al., 2010; Ciani et al., 2011). Currently,

however, little is known regarding the postsynaptic receptors for

Wnts (Table 2).

In addition, electrophysiological recordings have demonstrated

that Wnt ligands exert modulatory effects on glutamatergic neuro-

transmission. It was observed in hippocampal slices that blockade

of Wnt signaling impairs long-term potentiation (LTP), whereas ac-

tivation of Wnt signaling facilitates LTP (Chen et al., 2006). It was

shown that Wnt-5a increases the amplitude of field excitatory post-

synaptic potentials (fEPSP) and upregulates synaptic NMDAR cur-

rents facilitating the induction of LTP (Cerpa et al., 2011).

Interestingly, Wnt-5a triggers a two-step increase in the amplitude

of NMDAR responses, which was further investigated by delivery of

specific protein kinase inhibitors via the recording pipette. Two

known downstream kinases of non-canonical pathway, PKC and

JNK (Figure 1), were studied. Inhibition of Ca2+-dependent PKC iso-

forms prevented the first step of potentiation but did not affect the

second step. On the contrary, the slower developing increase in

NMDAR currents was blocked by the JNK inhibitors. These data indi-

cated that Wnt-5a induces a fast PKC-dependent potentiation and a

slower JNK-dependent potentiation that does not require prior

Table 1 Wnt ligands that play a role in the assembly and/or function of central synapses.

Wnt ligand Synaptic function described Reference

Presynaptic

Wnt-3a Increased the number of excitatory presynaptic puncta Davis et al. (2008)

Induced the clustering of the active zone component Bassoon and induced the release of synaptic vesicles Varela-Nallar et al. (2009)

Increased the release of presynaptic vesicles and the frequency of miniature excitatory synaptic currents Avila et al. (2010)

Wnt-5a Decreased the number of presynaptic terminals Davis et al. (2008)

Wnt-7a Induced the clustering of synapsin I Hall et al. (2000)

Increased the clustering and trafficking of a7-nAChRs with the involvement of APC Farias et al. (2007)

Stimulated the clustering of presynaptic proteins and induced recycling and exocytosis of synaptic vesicles Cerpa et al. (2008)

Increased the number of excitatory presynaptic puncta Davis et al. (2008)

Induced the clustering of presynaptic proteins Sahores et al. (2010)

Wnt-7b Increased the clustering of presynaptic proteins and synaptic vesicle recycling Ahmad-Annuar et al. (2006)

Increased the clustering of VGlut1 Davis et al. (2008)

Postsynaptic

Wnt-2 Stimulated dendritic arborization Wayman et al. (2006)

Promoted cortical dendrite growth and dendritic spine formation Hiester et al. (2013)

Wnt-5a Increased the synaptic clustering of PSD-95 and the amplitude of fEPSP Farias et al. (2009)

Increased dendritic spine formation and glutamatergic transmission in cultured hippocampal neurons and hippocampal slices Varela-Nallar et al. (2010)

Reduced the depression of synaptic transmission and the reduction of PSD-95 clusters induced by Ab oligomers Cerpa et al. (2010)

Induced the recycling of functional GABAA receptor and the amplitude of GABA currents through a postsynaptic mechanism Cuitino et al. (2010)

Upregulated synaptic NMDAR currents in rat hippocampal slices and facilitated the induction of LTP Cerpa et al. (2011)

The clustering of PSD-95 preceded the increase in synapse formation Varela-Nallar et al. (2012)

Wnt-7a Increased the density and maturity of dendritic spines through a CamKII-dependent mechanism Ciani et al. (2011)

Wnt-7b Increased dendritic branching through activation of Rac and JNK Rosso et al. (2005)
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activation of PKC (Cerpa et al., 2011). Importantly, the expression

and release of Wnts are regulated by neuronal activity, supporting

a role for these ligands in neurotransmission. Wnt-2 expression

was increased by activation of NMDAR in hippocampal neurons

(Wayman et al., 2006), and an NMDAR-dependent release of

Wnt-3a was shown to be induced by tetanic stimulation (Chen

et al., 2006).

Besides, Wnt signaling also modulates inhibitory synaptic

transmission. Specifically, we found that Wnt-5a regulates GABAA

receptor-mediated inhibitory currents (Cuitino et al., 2010).

Wnt-5a induced the surface expression and maintenance of

GABAA receptor in hippocampal neurons, increased the amplitude

of GABA-currents through a postsynaptic mechanism, and

enhanced the receptor recycling. As observed in Wnt-mediated

dendritic spine growth, these were mediated by activation of

CamKII (Cuitino et al., 2010), indicating the activation and involve-

ment of non-canonical Wnt/Ca2+ signaling.

Therefore, Wnt signaling cascades may play relevant roles in syn-

aptic plasticity and brain function. The physiological relevance of

Wnts to the adult brain was demonstrated by electrophysiological

recordings in rat hippocampal slides perfused with the Wnt inhibi-

tors secreted Frizzled-related proteins (sFRPs), which showed that

endogenous Wnt ligands modulate glutamatergic neurotransmis-

sion (Cerpa et al., 2010, 2011). In addition, treatment of cultured

hippocampal neurons with the soluble CRD region of Fz2 receptor,

acting as a Wnt signaling inhibitor, decreased spine density, sup-

porting that endogenous Wnt ligands are involved in dendritic

spine morphogenesis (Varela-Nallar et al., 2010).

Figure 2 Wnt signaling modulates pre- and postsynaptic assembly and function at the glutamatergic synapse. The scheme shows a central

synapse. At the presynaptic region, the binding of a canonical Wnt ligand to Fz receptor and co-receptor LRP5/6 triggers the formation of

active zones and regulates the synaptic vesicle cycle. At the postsynaptic region, the activation of non-canonical Wnt signaling induces the cluster-

ing of PSD-95 and NMDAR, in which both Wnt/JNK and Wnt/Ca2+ play a role.
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In vivo, the relevance of Wnt signaling to synaptic connectivity

was examined by exposure to enriched environment (EE).

Concomitant with an increased number and complexity of large

mossy fibre terminals, animals exposed to EE showed increased

levels of Wnt-7a/b in CA3 pyramidal neurons (Gogolla et al.,

2009). Interestingly, local application of sFRP-1, a Wnt inhibitor,

suppressed the effects of EE on synapse number and further

reduced synapse numbers in control mice (Gogolla et al., 2009),

supporting the importance of Wnt signaling activation. Another in

vivo study showed that Wnt-7a/b levels in granule cells of the

dentate gyrus were increased after training in the Morris water

maze task, and this effect was long-lasting and still observed

after 30 days, suggesting a possible association to long-term

spatial memory (Tabatadze et al., 2012). In a very recent study

that investigated the role of canonical Wnt signaling in hippocam-

pal memory consolidation (Fortress et al., 2013), mice were trained

in a hippocampal-dependent object recognition task and immedi-

ately after training received a dorsal hippocampal infusion of the

Wnt inhibitor Dickkopf-1 (Dkk1), which prevents formation of the

Fz/LRP complex and consequent activation of canonical Wnt sig-

naling cascade (Clevers and Nusse, 2012). After 24 h, control

mice were able to remember the familiar object explored during

training, while mice that received Dkk1 infusion exhibited no

memory for the familiar object, indicating that consolidation of

object recognition memory depends on canonical Wnt signaling.

The effect of Dkk1 was related to an induction of a further increase

in Dkk1 protein levels along with a decrease in the levels of phos-

phorylated glycogen synthase kinase-3b (GSK-3b) that is a key

downstream component of the destruction complex in canonical

Wnt pathway (Figure 1), which was followed by a decrease in the

levels of b-catenin, TCF1, LEF1, Wnt-7a, and the postsynaptic scaf-

fold protein PSD-95, suggesting that the memory impairments

induced by Dkk1 is caused by alterations in canonical Wnt signaling

pathway (Fortress et al., 2013). This study demonstrated that

object learning regulates canonical Wnt signaling that is necessary

for hippocampal memory consolidation.

During the establishment of the nervous system connectivity in

early and late postnatal development, molecules such as the brain-

derived neurotrophic factor (BDNF), bone morphogenetic protein

(BMP), and Wnts act in the nervous system to help newly formed

synapses (Lu, 2003; Ciani and Salinas, 2005; Marques, 2005).

Recent studies have demonstrated that BDNF is a target gene of

the canonical Wnt signaling pathway in glial cells (Yi et al., 2012).

A Wnt activator and Wnt-3a both induced BDNF in retina ganglion

cells (Seitz et al., 2010; Fragoso et al., 2011), linking BDNF and

Wnt signaling pathways (Yi et al., 2012). Figure 3 indicates

Table 2 Wnt receptors at the central synapse.

Fz

receptor

Evidence of synaptic distribution and/or function Reference

Presynaptic

Fz1 Is present in synaptosomes and colocalizes with presynaptic proteins; regulates presynaptic differentiation including the clustering

of active zone components

Varela-Nallar et al.

(2009)

Fz3 Co-localizes with the presynaptic vesicular glutamate transporter VGlut1 Davis et al. (2008)

Co-localizes with the synaptic vesicle protein SV2 Cerpa et al. (2009)

Fz5 Is present in synaptosomes and colocalizes with pre- and postsynaptic proteins; mediates the synaptogenic effect of Wnt-7a Sahores et al. (2010)

Is localized in the axonal growth cone and regulates neuronal polarity and axon growth Slater et al. (2013)

ROR1 Ror1 knockdown decreases presynaptic protein clustering and mediates the presynaptic clustering induced by Wnt-5a Paganoni et al. (2010)

ROR2 Ror2 knockdown decreases presynaptic protein clustering and mediates the presynaptic clustering induced by Wnt-5a Paganoni et al. (2010)

Postsynaptic

Fz4 Co-localizes with PSD-95 Chen et al. (2006)

Fz5 Regulates dendritic development Slater et al. (2013)

Fz9 Co-localizes with PSD-95 Unpublished data

Figure 3 Putativeb-catenin binding regions (TCL/LEF) in the promoter and exons of the BDNF gene of human or rodents. In silico detection of TCF/

LEF responsive elements in promoter regions (2 kb) and the entire gene was analysed with the MatInspector Module of the Genomatix Software.

The predicted binding sites are indicated as red boxes. The BDNF gene contains several TCF/LEF responsive elements in exons that might be acting

as regulatory elements. Transcription starting site and numbering in bp are shown at the top.
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various TCF/LEF elements present in the promoter of BDNF genes of

rodents and human. An interesting crosstalk between neurotrophin

and Wnt signaling in the regulation of dendritic spine formation has

been recently found (Hiester et al., 2013). In cortical neurons, Wnt

signaling inhibition disrupted dendritic spine development,

reduced dendritic arbor size and complexity, and blocked dendritic

spine formation and maturation induced by BDNF. This study

showed that BDNF regulates the expression of Wnt-2 and this

ligand is sufficient to promote cortical dendrite growth and dendrit-

ic spine formation, suggesting that BDNF and Wnt signaling co-

operatively regulate dendritic spine formation (Hiester et al.,

2013).

Altogether, Wnt ligands are important regulators of the synaptic

structure and function, and the Wnt cascades are part of the signal-

ing pathways that are regulated by neuronal activity and involved in

the regulation of neurotransmission, learning, and memory in adult

organisms.

Wnt signaling in adult neurogenesis

In the adult brain, a continuous generation of new neurons, a

process known as neurogenesis, has been reported in a number

of mammalian species. This process occurs mainly in the subventri-

cular zone of the lateral ventricles and the subgranular zone

(SGZ) of the dentate gyrus of the hippocampus (Gage, 2000;

Alvarez-Buylla and Garcia-Verdugo, 2002; Zhao et al., 2008).

Adult neurogenesis is highly regulated through intrinsic and extrin-

sic factors, and many signaling pathways including Notch, Shh,

BMPs, and Wnt regulate the maintenance, activation, and fate spe-

cification of neural precursor cells (Suh et al., 2009; Ming and Song,

2011). Several studies have shown that canonical Wnt/b-catenin

signaling pathway regulates neurogenesis (Varela-Nallar and

Inestrosa, 2013). This pathway is active in the SGZ, as determined

in the BATGAL Wnt/b-catenin reporter mice (Lie et al., 2005). In that

study, it was shown that Wnt-3 was expressed in adult hippocampal

astrocytes, and importantly adult hippocampal progenitors (AHPs)

expressed key components of canonical Wnt signaling pathway. In

vitro experiments revealed that Wnts derived from astrocytes acti-

vate Wnt signaling in cultured AHPs and induce their differentiation

into neurons (Lie et al., 2005). In vivo, stereotaxic injection of len-

tiviral vectors expressing Wnt-3a or a mutant Wnt-1 that blocks the

activation of Wnt signaling cascade showed that inhibition of this

pathway decreases neurogenesis, while stimulating canonical

Wnt pathway induces a strong increase in adult hippocampal

neurogenesis (Lie et al., 2005). More recently, it was determined

that the Wnt inhibitors Dkk1 and sFRP3 negatively regulate neuro-

genesis. Inducible deletion of Dkk1 in adult central nervous system

caused an increase in neurogenesis (Seib et al., 2013), and sFRP3

knockdown in the dentate gyrus through a lentiviral approach

increased neural progenitors proliferation (Jang et al., 2013).

Interestingly, these factors are regulated under physiological con-

ditions that also regulate neurogenesis (Jang et al., 2013; Seib

et al., 2013), suggesting that suppression of Wnt signaling by

secreted factors could be a regulatory mechanism to modulate

neurogenesis under some stimuli (Varela-Nallar and Inestrosa,

2013).

In fact, Wnt signaling pathway has been involved in the regula-

tion of neurogenesis under some physiological conditions. A

progressive reduction of hippocampal neurogenesis during aging

has been observed in different species (Kuhn et al., 1996; Gould

et al., 1999; Leuner et al., 2007; Varela-Nallar et al., 2010). This

was also evidenced in humans where a reduction of cells expres-

sing the immature neuronal marker DCX was observed with increas-

ing age, suggesting an age-related decline in neurogenesis in the

human hippocampus as observed in other species (Knoth et al.,

2010). This can be associated to a decline in Wnt signaling, since

Wnt-3 level as well as the number of Wnt-3-secreting astrocytes

declines with age (Okamoto et al., 2011). More recently, it was

reported that Dkk1 was also involved, since the expression of

this inhibitor increases with age (Seib et al., 2013). This suggests

that Wnt signaling is negatively regulated during aging by secreted

factors that may be associated to the decline in neurogenesis. On

the other hand, running as a strong inductor of adult neurogenesis

in the SGZ (van Praag et al., 1999) modulates the expression of

genes involved in Wnt signaling (Stranahan et al., 2010), increases

the expression of Wnt-3 in hippocampal astrocytes (Okamoto et al.,

2011), and decreases the level of the Wnt inhibitor sFRP-3 in

dentate granule neurons (Jang et al., 2013). All these strongly

suggest that Wnt signaling pathway is involved in the running-

mediated increase in neurogenesis.

The mechanism implicated in Wnt-mediated regulation of adult

neurogenesis may involve the transcription of Wnt target genes.

It was determined that the expression of the transcription factor

NeuroD1 is controlled by Wnt/b-catenin signaling activation

(Kuwabara et al., 2009). NeuroD1 was shown to be important for

the generation of granule cell and olfactory neurons in the embry-

onic and adult brain (Gao et al., 2009). Interestingly, the promoter

of NeuroD1 gene contains overlapping DNA-binding site for Sox2

and TCF/LEF, and therefore, activation of Wnt pathway will

induce its expression by removal of Sox2-repression (Kuwabara

et al., 2009). Another gene regulated by Wnt/b-catenin pathway

that may be involved in neurogenesis is Prox1, which is required

for the differentiation and survival of newborn neurons in the

hippocampus (Karalay et al., 2011). Therefore, Wnt signaling

pathway is relevant to the development of new neurons in the

adult brain, the maintenance of the stem cell pool, as well as the

differentiation of newborn neurons.

Wnt signaling in AD

AD is the most common dementia associated with age affecting

about 35 million people worldwide. Moreover, it is estimated that

by 2050 the number of cases will rise to 100 million people.

Therefore, AD is a critical health problem worldwide (Mayeux and

Stern, 2012). AD is characterized by a progressive loss of cognitive

abilities of which memory and learning are the most affected

(Castellani et al., 2010; Ballard et al., 2011) and pathologically

by two neuropathological hallmarks: extracellular senile plaques

mainly enriched in amyloid-b peptide (Ab) and intracellular

neurofibrillary tangles (NFTs) formed by hyperphosphorylated

tau protein (Mandelkow and Mandelkow, 2012; Selkoe et al.,

2012). Synapse dysfunction appears to be an additional very im-

portant feature (Serrano-Pozo et al., 2011; Selkoe et al., 2012).

Analysis of AD patient’s brain supports the hypothesis that Ab

aggregates are responsible for synaptic failure (Palop and Mucke,

2010).
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Currently no cure exists for AD and the exact molecular mechan-

ism leading to its onset is not fully understood. In fact, genetic aber-

rancies that either cause or increase the risk of AD could be

responsible for neuronal degeneration and cognitive dysfunction.

Although the majority of AD cases are sporadic, genetic analyses

suggest that many genes likely influence the susceptibility to AD

(Lambert et al., 2009; Bertram et al., 2010; Bettens et al., 2013).

For example, the variant of Wnt signaling pathway co-receptor

LRP6 is associated with late-onset of AD and presents low level

of Wnt signaling activation (De Ferrari et al., 2007). The allele 4

of apolipoprotein E (apoE4) is considered a risk factor gene for

AD and causes inhibition of canonical Wnt signaling in PC12 cells

after stimulation with Wnt-7a (Caruso et al., 2006).

More than one decade ago, we suggested the strong relationship

between AD and Wnt signaling pathway impairments (De Ferrari

and Inestrosa, 2000; Inestrosa et al., 2000, 2002; Garrido et al.,

2002; De Ferrari et al., 2003) (Figure 4). Different Wnt signaling

components are altered in AD (Takashima et al., 1998b; Zhang

et al., 1998; Caricasole et al., 2004; Ghanevati and Miller, 2005;

De Ferrari et al., 2007), such as b-catenin that is reduced in

brains of AD patients carrying presenilin-1 (PS-1)-inherited muta-

tions (Zhang et al., 1998) and Dkk1 that is increased in AD brains

or those from transgenic mice as AD models (Caricasole et al.,

2004; Rosi et al., 2010). Dkk1 overexpression caused an

age-related tau phosphorylation and induced cognitive deficits

(Killick et al., 2014). Dkk1 also caused synaptic disassembly at

pre- and postsynaptic sites reducing synaptic proteins by a mech-

anism independent of protein degradation (Purro et al., 2012).

On the other hand, the knockdown of Dkk1 prevented the neuronal

death and tau phosphorylation induced by Ab (Caricasole et al.,

2004) (Figure 4). Also, Ab-induced synaptic loss could be blocked

by using an antibody against Dkk1 (Purro et al., 2012).

More recently, a new susceptibility factor for late-onset AD called

‘clusterin’ has been identified (Lambert et al., 2009). The knock-

down of clusterin protects against Ab neurotoxicity and prevents

the induction of Dkk1 by Ab (Killick et al., 2014). By blocking canon-

ical Wnt pathway, Dkk1 activates non-canonical Wnt/JNK signaling

cascade, as determined by the increase in c-Jun activity (Killick

et al., 2014). These studies support the idea that Ab inducing clus-

terin/Dkk1/Wnt/JNK pathway could mediate Ab neurotoxicity.

Figure 4 Wnt signaling in different stages of AD progression. In AD, Ab aggregates induce an increased Dkk1 level that blocks the activation of Wnt

signaling pathway, which results in higher activity of GSK-3b (top left). The deregulation of Wnt signaling stimulates tau phosphorylation through

GSK-3b, inducing the formation of paired helical filaments, which eventually evolves into neurofibrillary tangles (bottom left). Activated GSK-3b

also stimulates the amyloidogenic processing of amyloid precursor protein (APP) by b- and g-secretases (bottom right).
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One hallmark of AD is the abnormal tau phosphorylation to form

intraneuronal NFT (Ballard et al., 2011). Several kinases phosphor-

ylate tau in vitro, while the most relevant kinases involved in tau

phosphorylation in vivo are cyclin-dependent kinase 5, extracellu-

lar signal-related kinase 2, microtubule affinity-regulating kinase,

and GSK-3b (Churcher, 2006; Hooper et al., 2008). In cultured

neurons, increased GSK-3b activity was observed after Ab treat-

ment (Takashima et al., 1996, 1998a). Active GSK-3b has been

found in AD brains with neurofibrillary changes, with a consequent

decrease in b-catenin level and increase in tau hyperphosphoryla-

tion (Pei et al., 1999). Moreover, GSK-3b conditional transgenic

mice show neurodegeneration and spatial learning deficits

(Lucas et al., 2001; Hernandez et al., 2002). Interestingly, it was

shown that the phosphorylation of tau antagonizes apoptosis by

preventing the phosphorylation and subsequent degradation of

b-catenin. Increasing levels of phosphorylated tau were correlated

with increased levels of nuclear b-catenin, and b-catenin knock-

down antagonized the anti-apoptotic effects of tau (Li et al.,

2007), suggesting that b-catenin is a protective element in AD.

Several studies have shown that Wnt signaling pathway is neu-

roprotective against the toxicity of Ab peptide. In cultured hippo-

campal neurons, decreased level of b-catenin after exposure to

Ab aggregates and the neurotoxic effect of Ab were prevented by

an incubation with Wnt-3a (De Ferrari et al., 2003; Alvarez et al.,

2004). The protective effect of Wnt-3a is mediated by Fz1 receptor

in both PC12 cells and hippocampal neurons (Chacon et al., 2008).

When Fz1 was overexpressed, a significant increase in Wnt-3a-

induced cell survival was observed. On the contrary, knockdown

of Fz1 by antisense oligonucleotides reduced neuroprotective

effect of Wnt-3a as well as the activation of Wnt/b-catenin signal-

ing (Chacon et al., 2008). In a double transgenic APPswe/

PSEN1DE9 mouse model of AD, in vivo treatment with the

GSK-3b inhibitor lithium activated Wnt signaling in the hippocam-

pus with the increase in b-catenin level and inhibition of GSK-3b,

and consequently reduced spatial memory impairment, decreased

Ab aggregates and oligomers, and decreased astrogliosis (Toledo

and Inestrosa, 2010). Thus, impaired canonical Wnt signaling may

contribute to the neurodegeneration in AD and the activation of this

pathway may be a therapeutic strategy for the treatment of AD

(Inestrosa and Arenas, 2010; Inestrosa et al., 2012; Oliva et al.,

2013). In addition, several Wnt target genes may mediate the neu-

roprotective effects of canonical Wnt signaling (Table 3).

We have also studied whether non-canonical signaling is able to

protect neurons against Ab oligomers, mainly focused on

synaptotoxicity (Cerpa et al., 2010). At early stages of the

disease, Ab oligomers cause synaptic failure that precedes

amyloid plaque deposition and neuronal death (Selkoe et al.,

2012). Electrophysiological recordings in hippocampal slices

showed that non-canonical ligand Wnt-5a was able to prevent the

decrease in the amplitude of fEPSP and EPSCs induced by Ab oligo-

mers (Cerpa et al., 2010). Also, in cultured hippocampal neurons

Wnt-5a treatment prevented the decrease in PSD-95 puncta and

the synaptic loss induced by Ab (Cerpa et al., 2010), confirming

that Wnt-5a prevented the synaptic damage triggered by Ab.

A disturbance of cellular energy metabolism increases neuronal

dysfunction and the loss of synaptic networks (Kapogiannis and

Mattson, 2011; Burns et al., 2013). For instance, deregulation of

glucose might alter insulin metabolism and affect the brain

energy balance, thus leading to the onset of diabetes and AD

(Bosco et al., 2011; Craft et al., 2013). Several reports have sug-

gested a link among AD, insulin metabolism, and Wnt signaling

at the GSK-3b level (Cohen and Goedert, 2004). In addition, the

transcription factor 7-like 2 (TCF/L2) normally activated by canon-

ical Wnt signaling is a risk factor for the onset of diabetes type 2

(Grant et al., 2006; Cadigan and Waterman, 2012). Canonical

Wnt-3a ligand was shown to enhance insulin signaling in vitro

and drive mitochondrial biogenesis (Yoon et al., 2010). Recent

data from our laboratory indicate the role of non-canonical

Wnt-5a in affecting mitochondrial physiology by modulating its dy-

namics (fusion2fission) (Silva-Alvarez et al., 2013). All these

suggest that Wnt signaling acts as neuroprotective factor by regu-

lating the disturbance of energy balance in AD.

Concluding remarks

This review focuses on the roles of Wnt signaling in synaptic

development and function, as well as its neuroprotective effect

in AD. Wnts control presynaptic compartment by regulating the

clustering of components of the active zones and the recycling of

synaptic vesicles, and control postsynaptic compartment by

modulating the dendritic spine morphogenesis and the assembly

of the postsynaptic apparatus. Moreover, activation of Wnt signal-

ing enhances synaptic plasticity and memory consolidation. Also,

Wnt pathway is one of the signaling cascades that regulate the

generation of new neurons in the adult brain. Since 1999 when

we proposed for the first time an association of the deregulation

of Wnt pathway with AD, a number of studies have consistently

shown neuroprotective effects of Wnts. Because Wnt activators

have shown to rescue synaptic and cognitive impairments, activat-

ing Wnt pathway is a feasible therapeutic approach for the treat-

ment of AD.
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Chrna7 a7-nicotinic acetylcholine receptor

(a7-nAChR)

Inestrosa et al. (2013)
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