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Dynamic changes in the structure and function of synapses in

response to the environment, termed synaptic plasticity, are

the cellular basis of learning and memory. At excitatory

synapses, activation of NMDA receptors by glutamate leads to

calcium influx triggering intracellular pathways that promote

the trafficking of AMPA receptors to the post-synaptic

membrane and actin remodeling. New evidence shows that

Wnt secreted proteins, known for their role in synapse

development, are essential for early stages of long-term

potentiation, a form of plasticity that increases synaptic

strength. Here, we review recent progress in this area and the

significance of Wnt signaling to synaptic plasticity in health and

disease.
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Introduction
Modulation in the strength of glutamatergic synapses in

response to different inputs form the cellular basis of

learning and memory [1]. Changes in the structure of

dendritic spines, small protrusions that receive primarily

excitatory input, and in the localization and function of

ionotropic glutamate receptors (NMDA-type and AMPA-

type) to spines are crucial for the modulation of synaptic

efficacy [2–4]. Long-term potentiation (LTP) and long-

term depression (LTD) are two established paradigms of

synaptic plasticity, which are extensively studied in the

hippocampus, an area of the brain essential for in learning

and memory. LTP is defined as a long-lasting increase in

synaptic strength whereas LTD is the opposite [1]. Both

LTP and LTD last from minutes to days and research

into the molecular events involved is essential for under-

standing the underlying mechanisms of memory

formation.
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Over the past 40 years, a vast amount of research has

established the key molecular mechanisms involved in

synaptic plasticity [5]. In this review, we will focus our

attention solely on LTP. Although not exclusively, initi-

ation of LTP is primarily NMDA receptor (NMDAR)

dependent at the Shaffer collateral (SC)-CA1 cell synapse

in the hippocampus [6]. Glutamate release from the pre-

synaptic terminal binds to NMDARs and during repeti-

tive synaptic activation and coincident postsynaptic depo-

larisation leads to relief of Mg2+ block of the NMDAR

channel. Subsequently, an influx of Ca2+ and activation of

Calmodulin-dependent protein kinase II (CaMKII) and

Protein Kinase A (PKA) then occurs. Phosphorylation of

AMPA receptors (AMPARs) and associated proteins by

CaMKII results in an increase in the lateral diffusion and

exocytosis of new AMPARs, increased dendritic spine

size and elevated synaptic strength [7] (Figure 1). These

molecular and structural changes are essential for the

early stages of LTP (within 1 hour).

It is now widely accepted that LTP is directly influenced

by the secreted factor brain-derived neutrophic factor

(BDNF) [8�,9]. BDNF, which is regulated by neuronal

activity, modulates synaptic AMPAR localization and

promotes spine growth during LTP [8�,9]. The role of

other synaptic modulators is less understood. For exam-

ple, secreted proteins such as fibroblast growth factors

contribute to LTP [10,11]. Moreover, recent studies

demonstrate a role for Wnt proteins in synaptic plasticity,

memory formation and synaptic integrity in the adult

brain [12��,13��,14��]. In this review, we will discuss

the emerging new roles for Wnts as key extracellular

modulators of LTP.

Wnt proteins in synapse formation
Wnts are a large family (19 members in humans and mice)

of secreted glycolipoproteins that are evolutionarily con-

served [15]. Historically, Wnts have been extensively

studied for their critical role in embryonic patterning

[16,17]. However, Wnts are also essential for axon path-

finding, dendritic development and the formation and

function of synapses [16,18,19]. The function of Wnt

signaling at the synapse was first established back in

the late 1990s [20,21]. Subsequent studies cemented

the contribution of Wnts to synapse development in

different model systems [16,18,19,22,23]. Here, we will

focus on their role at vertebrate central synapses.

Wnts promote pre-synaptic assembly. In the cerebellum,

Wnt7a is expressed and released from granule cells to act

retrogradely onto mossy fibre axons to regulate pre-syn-

aptic assembly [20,21]. Supportive of these results,
www.sciencedirect.com
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Figure 1
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Key molecular mechanisms involved in NMDAR-mediated early LTP.

(1) Under basal conditions, calcium (Ca2+) ion influx through NMDA

receptors (NMDARs) is blocked by magnesium (Mg2+) ions in the pore.

(2) An increase in neural activity following a specific stimulus pattern

leads to enhanced glutamate release from the presynaptic terminal.

Subsequently, glutamate binds to NMDARs on the post-synaptic side

resulting in an influx of Ca2+ resulting in the activation of downstream

signaling molecules including CaMKII and PKA promoting the

exocytosis and lateral diffusion of AMPARs to the synapse. Spine size

and synaptic strength are increased, which are essential for the

expression of LTP.
knockout mice deficient in Wnt7a and Dishevelled-1

(Dvl1), a scaffold protein essential for Wnt function

[24], have defects in pre-synaptic differentiation at mossy

fibre–granule cell synapses [25]. In hippocampal neurons,

Wnt7a and its receptor Frizzled-5 (Fz5) are required for

the formation of pre-synaptic sites [26]. Other Wnt pro-

teins, such as Wnt5a, act through RAR-related orphan

(RoR) receptors to increase the number of pre-synaptic

sites on hippocampal neurons [27]. Furthermore, Wnt3a

binds to Frizzled-1 (Fz1) receptors to regulate pre-syn-

aptic protein clustering and vesicle recycling [28]. Col-

lectively, these studies demonstrate a role for several Wnt

proteins that signal through different receptors to pro-

mote pre-synaptic differentiation.

Wnts also signal to the dendrites to regulate post-synapse

formation. Wnt7a/Dvl1 deficient mice and gain of function

studies in vitro using hippocampal neurons demonstrate

that Wnt7a-Dvl1 signaling specifically promotes excit-

atory synapse formation and spine growth through CaM-

KII, without affecting inhibitory synapses [29]. Further-

more, these mice exhibit deficits in the frequency and

amplitude of miniature excitatory postsynaptic currents

(mEPSCs) [29]. As the amplitude of mEPSCs is a mea-

sure of the number of AMPARs in the postsynaptic

membrane, these results suggest that Wnts not only act

on the nerve terminal, but also signal postsynaptically to

enhance synaptic strength. In contrast to Wnt7a, Wnt5a
www.sciencedirect.com 
promotes inhibitory post-synaptic assembly by increasing

GABAA receptor clustering and enhancing the amplitude

of inhibitory postsynaptic currents [29,30]. Although the

in vivo role of Wnt5a at the synapse has not been reported,

together these results suggest that members of the Wnt

family differentially regulate excitatory and inhibitory

post-synaptic properties. Moreover, Wnts act bidirection-

ally to promote the assembly of both sides of the synapse.

Wnts in synaptic transmission
Electrophysiological recordings have demonstrated that

Wnt proteins regulate synaptic transmission [25,29,31–

33]. Pre-synaptically, Wnt7a/Dvl1 mutant mice exhibit

defects in neurotransmitter release at cerebellar mossy

fibre–granule cell synapses [25] and at SC-CA1 synapses

in the hippocampus [34]. Importantly, when the SC-CA1

synapse is activated by repetitive stimulation in Wnt7a/
Dvl1 mice, evoked transmitter release begins to fail

within a few hundred milliseconds. In contrast, gain of

function of Wnt7a promotes release in cultured neurons

[32]. These findings demonstrate a role for Wnt7a signal-

ing in neurotransmitter release. Post-synaptically, Wnt7a

enhances synaptic strength by increasing the number of

AMPA receptors at the post-synaptic membrane in hip-

pocampal neurons [13��] Another Wnt protein, Wnt5a,

potentiates postsynaptic NMDAR-mediated currents

through RoR2 receptors in hippocampal neurons

[31,33,35]. Thus, members of the Wnt family can modu-

late neurotransmission pre-synaptically and post-

synaptically.

Wnt signaling and synaptic plasticity
Activity-dependent structural and functional changes at

the synapse are essential for the formation and refinement

of neuronal networks during development and in the

adult brain [36]. Several studies demonstrate that mem-

bers of the Wnt family are regulated by neuronal activity

[12��,13��,26,31,37–40]. Studies at the Drosophila neuro-

muscular junction (NMJ) show that evoked activity

induces the release of the Wnt1 homologue, Wingless

[37]. Work using hippocampal neurons demonstrate that

Wnt2 mRNA is elevated following exposure to potassium

chloride or bicuculline; general activity-enhancing stim-

ulus paradigms [41]. Furthermore, Wnt3a protein levels

are modulated by electrical stimulation in hippocampal

slices [38] and NMDAR activation increases Wnt5a pro-

tein levels in cortical cultured neurons [40]. A recent

study shows that Wnt7a/b protein levels are increased

within 5 minutes at dendritic spines following tetanic

stimulation in hippocampal acute slices and in cultured

neurons [13��]. Consistent with this finding, the levels of

Wnt7a/b protein are elevated in the adult hippocampus

following environmental enrichment (EE) [39]. Activity

also modulates the localization of Wnt receptors. For

example, high frequency stimulation (HFS) leads to

the increased localization of Fz5 receptors at the plasma

membrane and at synapses [26]. Together, these studies
Current Opinion in Neurobiology 2018, 53:90–95
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demonstrate that neuronal activity modulates the mRNA

and protein levels of Wnts and their receptors in different

model systems.

Wnts and their receptors also play an important role in

activity-dependent processes. Blockade of Wnts during

HFS suppresses the recruitment of Fz5 to synapses [26].

Importantly, Wnt blockade completely abolishes activity-

mediated synapse formation in cultured neurons [26].

Moreover, our recent study also demonstrates that block-

ade of endogenous Wnt proteins, with secreted frizzled

related proteins (Sfrps), severely impairs LTP [13��].
Conversely, addition of Wnt proteins can facilitate

LTP [12��,13��,31,38]. Together, these studies suggest

that Wnts are key modulators of synaptic plasticity. New

research has been focused on identifying the mechanisms

by which Wnts modulate LTP.

Wnt5a has been shown to regulate NMDAR-mediated

synaptic transmission in acute hippocampal slices [31].

However, the effect of this Wnt protein is slow, taking

approximately 20 minutes to modulate NMDAR currents

[31] whereas the initial potentiation of synaptic transmis-

sion during LTP happens within a few minutes. Although

Wnt5a can influence the expression of LTP [31,42�], it

does not affect endogenous synaptic AMPAR localization

or dendritic spine size in hippocampal cultured neurons

[13��]. Collectively, these findings suggest that Wnt5a

may contribute to later stages of LTP.

A new study shows that Wnt7a/b regulate the early stages

of NMDAR-dependent LTP [13��]. We found that acute

blockade of endogenous Wnts with Sfrps reduces LTP

induced by HFS in acute hippocampal slices or glycine-

mediated chemical LTP (cLTP) in hippocampal neu-

rons. Structural changes in dendritic spines, enhanced

synaptic strength, and synaptic localization of AMPARs

are all inhibited in the presence of Sfrps during LTP.

Importantly, gain of function studies using single-particle

tracking and super-ecliptic pHluorin-tagged AMPARs in

hippocampal neurons demonstrate that Wnt7a rapidly

(within 10 minutes) increases spine growth, synaptic

AMPAR recruitment and synaptic strength, similar to

the early stages of LTP [13��]. These results indicate

that endogenous Wnt signaling is required for structural

and functional plasticity during LTP.

What is the mechanism by which Wnt7a enhances syn-

aptic AMPAR localization and strength? Wnt7a binds to

Frizzled-7 (Fz7) and Fz5 receptors, which are both pres-

ent at excitatory synapses in hippocampal neurons

[13��,26]. In contrast to Fz5, Fz7 is detected on the

post-synaptic side and regulates dendritic spine number

under basal conditions [13��]. Loss of function studies in

hippocampal neurons and acute slices demonstrate that

Fz7 receptors are required for structural plasticity,

AMPAR recruitment to spines and synaptic potentiation
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following LTP induction [13��]. Notably, Wnt7a requires

Fz7 to regulate LTP induction. These studies also dem-

onstrate that Wnt7a-Fz7 signaling promotes synaptic and

extrasynaptic AMPAR localization through CaMKII and

PKA activation, respectively [13��], which are central

features of LTP. This work identifies Wnt7a-Fz7 signal-

ing as a key pathway that regulates spine plasticity and

synaptic accumulation of AMPARs during the early stages

of LTP (Figure 2).

Recent studies using a mouse model that induces Wnt

deficiency in the adult brain demonstrate that Wnt pro-

teins are required for synapse stability and synaptic

plasticity [12��,43]. Transgenic mice that inducibly

express the specific Wnt antagonist Dickkopf-1 (Dkk1)

secreted protein in the hippocampus exhibit loss of

excitatory synapses, defects in LTP, enhanced LTD

and deficits in long-term memory [12��] (Figure 2). Inter-

estingly, acute blockade of endogenous Wnts by Sfrps

does not affect excitatory synapse number but still inhi-

bits LTP induction [13��,34]. This is not due to acute

versus long-term exposure to Wnt antagonists, as Dkk1

also rapidly induces synapse loss in mature neurons

[12��,44]. Although the mechanisms that lead to these

differences are still unknown, both antagonists have a

different mode of action. Sfrps inhibits Wnt function by

binding to Wnt proteins [45] whereas Dkk1 blocks the

Wnt co-receptor, lipoprotein receptor-related protein 6

(LRP6) [46] and therefore affects a specific Wnt signaling

pathway (the canonical cascade). A proper balance

between canonical and non-canonical Wnt signaling

might determine whether synapses are lost or only their

function is affected. Jointly, studies using these two Wnt

antagonists have uncovered distinct functions for Wnts in

synapse integrity and synaptic plasticity.

Deficient Wnt signaling and synapse
degeneration
Reduced synaptic plasticity and memory loss are key

features of neurodegenerative conditions, including

Alzheimer’s disease (AD). Synapse degeneration occurs

early in AD and is highly correlated with cognitive deficits

[47]. Several studies have demonstrated that oligomers of

Amyloid-beta (Aß), the main component of Amyloid

plaques, weaken synapses, decrease LTP and ultimately

promotes synapse loss [48]. However, the molecular

mechanisms by which Aß triggers these synaptic changes

are poorly understood.

Mounting evidence suggests that impaired Wnt signaling

contributes to AD pathology. First, expression of the

endogenous Wnt antagonist Dkk1 is increased in the

brain of AD patients [49]. Second, Aß rapidly induces

the expression of Dkk1 and blockade of Dkk1 protects

synapses against Aß [44]. Third, a variant of LRP6, a Wnt

co-receptor that is blocked by Dkk1, has been linked to

late onset AD [50] and deletion of LRP6 exacerbates
www.sciencedirect.com
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Figure 2

Synaptic plasticity Synapse degeneration

Pre-
synaptic

Post-
synaptic

Neural
activity

LRP5/6

FzGlutamate

AMPAR

NMDAR

PKA

CaMKII

Dkk1

Basal conditions Increased synaptic
strength

Reduced synaptic
stability

Wnt7a/b
Fz7

Current Opinion in Neurobiology

The role of Wnts in synaptic plasticity and synapse integrity. Synaptic plasticity: enhanced neural activity leads to increased levels of Wnt7a/b at

CA1 synapses in the hippocampus. Pre-synaptic Wnt7a signaling enhances evoked transmitter release. Postsynaptically, Wnt7a/b binds to Fz7

receptors to activate CaMKII and PKA resulting in the increase of synaptic AMPAR localization, spine size and synaptic strength. Synapse

degeneration: Wnt deficiency induced by expression of the Wnt antagonist Dkk1 or loss of function of LRP6 results in excitatory synapse

degeneration, LTP deficits and long-term memory impairment in the adult hippocampus. The effect of Wnt deficiency on surface NMDA and

AMPA receptor levels has not been determined. Dotted lines represent potential mechanisms. LRP5/6, Lipoprotein receptor-related protein 5/6.
pathology in an AD mouse model [14��]. These findings

collectively with those obtained from mice that inducibly

express Dkk1 [12��], demonstrate that deficient Wnt

signaling affects synaptic integrity in the adult brain.

In AD, decreased levels of Wnt signaling could weaken

synaptic function resulting in the subsequent degenera-

tion and loss of synapses characteristic of this condition.

An exciting and promising result is the finding that

reactivation of Wnt signaling can restore connectivity

after substantial synapse degeneration. Indeed, cessation

of Dkk1 expression in transgenic mice that inducibly

express Dkk1 fully restores the structural and functional

plasticity and hippocampal dependent memory [12��]. In

summary, these studies demonstrate the robust regener-

ative capacity of neurons in the adult hippocampus to

assemble synapses within functional circuits after

degeneration.

Conclusion and outlook
This is an exciting time for the Wnt field in synaptic

plasticity research. Although Wnts have been shown to

play a crucial role in pre-synaptic and post-synaptic

formation and synaptic transmission, new research has

now identified Wnts as key modulators of the initial

stages of LTP. Future work should focus on the mecha-

nisms that control the release of Wnts during and follow-

ing LTP induction and whether activity regulates release
www.sciencedirect.com 
of Wnts in different brain areas and by different patterns

of activity. For instance, Wnts could be stored and then

released from exosomes at the synapse as observed at the

Drosophila NMJ [51]. Whether similar mechanisms con-

trol Wnt release in vertebrates remain to be determined.

Moreover, future studies might shed light into why dif-

ferent families of synaptic modulators have similar func-

tions at the synapse. For example, Wnt and BDNF

proteins could coordinate their activity or regulate each

other during synaptic plasticity.

Deficient Wnt signaling could contribute to synaptic

weakening, enhanced LTD and LTP deficits at early

stages of AD. Boosting Wnt signaling could strengthen

synapses resulting in their protection from toxic mole-

cules such as Aß. Further research into the role of Wnts in

synaptic plasticity will shed new light into potential

mechanisms contributing to synaptic failure in neurologi-

cal disorders.
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