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Introduction

Wnt/β-catenin pathway plays a crucial role in neural 
development [1–3]: it is required for neural induction and 
anterior-posterior axis formation [4, 5], neural stem cell 
proliferation, differentiation and migration [6], axonal out-
growth, guidance and branching [1], dendritogenesis [7], 
synapse formation and connection [8], and even for remod-
eling and plasticity in the mature central nervous system 
(CNS) [9, 10]. Furthermore, the role of Wnt/β-catenin in 
myelin formation has been addressed [11–14].

Wnt/β-catenin pathway is also implicated in several psy-
chiatric, neurodegenerative [15], and demyelinating pathol-
ogies as well as in traumatic brain injuries [16]. In this 
review, we will first describe the Wnt pathways. Then, we 
will show how a dysregulated Wnt pathway could lead to 
severe pathologies of the nervous system. Finally, we will 
describe the possible relation between lithium therapy and 
modulation of Wnt pathway.

Overview of the molecular pathways modulated by Wnt 
signaling

Wnts are secreted factors that mediate paracrine signaling 
and influence cell behavior by activating several signal-
ing pathways. During development, they can act as mor-
phogens by forming a concentration gradient across a 
developing tissue [17]. Wnt proteins can be classified in 
two distinct categories, canonical Wnt proteins defined by 
their ability to transform or induce a secondary axis, and 
noncanonical, non-transforming Wnts, unable to induce 
ectopic axis [18]. They bind to a combination of cell sur-
face receptor (the low-density lipoprotein receptor-related 
proteins (LRP) 5/6), and members of the Frizzled receptor 
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family, to induce different cellular programs (reviewed in 
[19])

•	 the canonical Wnt pathway where β-catenin protein is 
stabilized and influence -Wnt-target gene expression 
[20],

•	 the Wnt/Ca2 + pathway which stimulates the intracel-
lular release of Ca2  +  to activate calcium-dependent 
mediators [21],

•	 and the noncanonical Wnt signaling or planar cell polar-
ity (PCP) pathways implicated in the establishment of 
tissue polarity of many epithelia (reviewed in [22]).

Canonical Wnt signaling pathway

It acts through the stabilization of β-catenin that forms a 
complex with the transcription factor TCF/LEF (T cell lym-
phoid enhancer factor) to activate target genes expression. 
TCF/LEF family comprises four members in vertebrates 
(TCF1, LEF1, TCF3, and TCF4), expressed in a tissue-
dependent manner. They function both as transcriptional 
activators or repressors (reviewed in [23]): TCF1 and LEF1 
are activators while TCF3 acts as a repressor, replaced by 
TCF1 after Wnt stimulation.

Destabilization of β-catenin protein: In the absence 
of Wnt ligands, β-catenin is targeted to degradation by a 
multiproteic complex composed of the scaffolding pro-
teins Axis inhibition protein-1 (Axin1) [24], adenomatous 
polyposis coli (APC), and the serine/threonine kinases, 
Casein kinase 1alpha (CK1α) and glycogen synthase 
kinase 3β (GSK3β). Axin is phosphorylated by CK1α to 
provide binding site for GSK3β [25]. GSK3β phospho-
rylates APC. Axin and APC form a scaffold for phospho-
rylation of β-catenin through CK1α and GSK3β. Those 
phosphorylations provide binding site for an E3 ubiquitin 
ligase subunit, the β-transductin-repeat-containing pro-
tein (β-TrCP) that targets the ubiquitination of β-catenin 
and its degradation in the proteasome [26] (Fig.  1a). At 
the nuclear level in the absence of β-catenin, TCFs bind to 
transcriptional corepressors, such as the C-terminal bind-
ing protein CtBP and Groucho that recruit histone dea-
cetylases (HDAC) and suppress target gene expression by 
chromatin compaction (reviewed in [27]) (Fig. 1d, upper 
panel).

Stabilization of β-catenin: Wnt ligand binding to the 
CRD of Frizzled (Fz) receptors and to LRP6 corecep-
tors, triggers the dephosphorylation of Axin and β-catenin 
by PP1 and PP2A, respectively [28]. Concomitantly, 
Disheveled (Dsh) is recruited at the level of plasma mem-
brane by Frizzled (Fz) while Axin-GSKβ complex is tar-
geted at the cytoplasmic tail of the LRP5/6 coreceptor 
phosphorylated by CK1γ [29] (Fig. 1B). Axin-GSK3ß clus-
tering at the plasma membrane triggers the dissociation of 

the destruction complex, leading to β-catenin stabilization 
and accumulation (Fig. 1C).

β-catenin nuclear translocation: β-catenin is known to 
dynamically shuttle between the cytoplasm and nucleus. 
However, the protein does not contain any nuclear locali-
zation signal (NLS) or nuclear export signal (NES) and 

Fig. 1   a Inactive Wnt pathway: Without Wnt ligands, CK1α phos-
phorylates axin for the binding of GSK3β that in turn phosphorylates 
APC. The scaffold formed by axin and APC allow the phosphoryla-
tion of β-catenin by Axin-bound CK1α and GSK3β [25, 285, 286]. 
CK1α phosphorylates β-catenin on Ser45, while Ser33, Ser37, and 
Thr41 are phosphorylated by GSK3β. Those modifications allow the 
recruitment of β-TrCP that will target ubiquitination and proteasomal 
degradation of β-catenin [26], leading to constitutive low amount of 
β-catenin. b Active Wnt pathway 1: When a canonical Wnt ligand 
binds to Fz receptors at the level of their cystein rich domains (CRD) 
and to LRP6 coreceptors, the serine/threonine protein phosphatases 
PP1 and PP2A dephosphorylate Axin and β-catenin, respectively 
[28]. Concomitantly, Fz recruits Dishevelled (Dsh) at the plasma 
membrane through its PDZ domain (post synaptic density protein 
(PSD95), Drosophila disc large tumor suppressor (Dlg1), and zonula 
occludens-1 protein (Zo-1)). Axin-GSKβ complex is then recruited by 
LRP5/6 coreceptor via the DIX domain of Dsh, responsible of Dsh 
polymerization. The plasma membrane-associated GSK3β along 
with CK1 gamma (CK1γ) phosphorylate LRP5/6 at conserved PPSP 
motifs (Pro-Pro-Ser-Pro) [29, 287]. This process also requires PFTK 
and CyclinY [288]. Dsh is also involved in the regulation of GSK3β 
and Axin internalization by inducing their sequestration in multivesic-
ular bodies [289]. c Active Wnt pathway 2: Following Axin-GSK3β 
recruitment to the plasma membrane, β-catenin is stabilized by a 
decrease in GSK3β -mediated phosphorylation through PP2A. More-
over, Dsh can recruit PtdIns 4-kinase type II (PI4KIIa) and PtdIns-
4-phosphate 5-kinase type I (PIP5KI) to stimulate the formation of 
phosphatidylinositol 4,5-bisphosphate (PtdIns(4,5)P2) [290]. Both 
PDZ and DEP (Dishevelled, Egl-10 and Pleckstrin) domains of Dsh 
interact with PI4KII, whereas its DIX (DIshevelled and aXin) domain 
binds to and activates PIP5KI. The resulting ternary complex allows 
PtdIns(4,5)P2 formation, required for clustering and phosphoryla-
tion of LRP6. Finally, the trimeric GTP-binding protein Gαo [291] 
and the βγ-subunits of G protein also participate to Dsh functioning. 
While βγ-subunits of G protein bind and relocalize Dsh to the plasma 
membrane, the α-subunit of G protein interacts with and recruits Axin 
to the plasma membrane, consequently leading to β-catenin stabiliza-
tion [292, 293]. Gβγ may also participate to the negative feed-back 
regulation of Dsh activity via the activation of the lysosomal deg-
radation of Dsh in mammalian cells. As a consequence, β-catenin 
accumulates in the cytoplasm and translocates to the nucleus to bind 
DNA-bound TCFs and induce transcriptional activation. d Genomic 
action of β-catenin: TCF are transcription factors that bind to specific 
response elements, the TCFE (TCF response elements) located at the 
level of Wnt-responsive promoters. They interact with DNA through 
their high mobility group (HMG) domain and recruit β-catenin via 
their catenin-binding domain (CBD). β-catenin bound to TCF recruits 
Bcl9 and pygopus (pygo) at the level of its N-terminal transactivation 
domain (NTD) [33, 294, 295]. In addition, Hyrax (Hyx)/Parafibromin 
binds to the C-terminal transactivation domain (CTD) of β-catenin 
for activation of target gene expression [34]. Dsh has also been found 
to participate to transcriptional activation of Wnt target genes via its 
interaction with β-catenin (and c-jun) [296]. Subsequently, chromatin 
remodeling enzymes are recruited such as histone acetyltransferases 
(HATs) CBP/p300 and SET1, and brahma-related gene 1 (BRG1) [35, 
297, 298]

▸
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its nuclear import occurs in an importin-karyopterin inde-
pendent mechanism [30]. β-catenin would directly interact 
with different nuclear pore complex components [31] to 
pass through the nuclear pores. This process requires the 
phosphorylation of the Tyr654, located in the last ARM 
repeats of β-catenin [31]. Another phosphorylation site 
has been implicated in β-catenin nuclear import, via Rac-
activated JNK2 that phosphorylates β-catenin at serine 
residues 191 and 605 to promote β-catenin nuclear locali-
zation [32].

Stimulation of Wnt-responsive genes transcription: 
The binding of β-catenin by TCF allows the recruitment 
of Bcl9 and pygopus (pygo) [33]. In addition, Hyrax 
(Hyx)/Parafibromin binds to β-catenin for activation of tar-
get gene expression [34]. Subsequently, histone acetyltrans-
ferases (HATs), such as CBP/p300, and chromatin remod-
eling enzyme brahma-related gene 1 (BRG1) are recruited 
to create a permissive environment for target gene expres-
sion [35]. β-catenin/TCF complex can also recruit the his-
tone methylase SET8 to mediate histone monomethylation 
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of some Wnt target genes and induce their expression [36] 
(Fig. 1D, right panel).

Wnt/Ca2 + pathway

Wnt/Ca2 +  signaling involves the action of Wnt proteins 
and Fz receptors to activate G proteins that activate phos-
pholipase C, generating diacylglycerol and IP3 to allow 
intracellular calcium fluxes [37]. This sudden release 
Ca2  +  activates Ca2  +  -dependent modulators, such as 
protein kinase C (PKC), calcium calmodulin mediated 
kinase II (CAMKII), and the calcium-sensitive phos-
phatase calcineurin [38]. The Wnt/Ca2  +  -pathway leads 
to cytoskeleton rearrangement and has been implicated in 
cancer via the induction of epithelial to mesenchymal tran-
sition (EMT) [39] (Fig. 2A, lower panel).

Planar cell polarity pathway

The PCP (planar cell polarity) signaling is mediated by Fz 
and Dsh independently of β-catenin [40]. It is transmitted 
locally from cell to cell to polarize cells in an epithelium. 
The initiation of PCP signaling requires two complexes 
relocated at opposing sides of each cell: the Fz–Dsh–Diver-
sin complex localized distally and the Vangl-prickle com-
plex localized proximally, leading to planar polarization 
(reviewed by [40]). Diversin promotes Dsh activation that 
in turn inhibits Prickle by competing its binding to diversin 
[41]. Prickle can no longer prevent Dsh membrane location 
to antagonize its activity [42] (Fig. 2A, right panel). More-
over, Dsh directly modulate Prickle stability by recruiting 
E3 ubiquitin ligase Smurfs to the Fz–Dsh complex with 
Par6, leading to a Smurf- and Dsh2-dependent degradation 
of Prickle [43].

Dsh at the crossroads of various Wnt signaling

The molecular hub of Wnt signaling can modulate diverse 
protein kinases activity by either direct or indirect action, 
leading to stabilization of actin fibers [44] and microtu-
bules [45] (Fig. 2B)

•	 Dsh interact with the small GTPase RhoA through 
Daam1 recruitment [46]. Following recruitment of the 
Rho guanine nucleotide exchange factor WGEF, the 
Rho-GTP complex activates ROCK kinase and remodel 
cytoskeleton [47]. Daam-1 can also recruit the actin-
binding protein Profilin1 for the control of axon growth 
[48].

•	 Dsh can activate JNK1 through another small GTPase 
of the Rho family, Rac1, for the modulation of den-
dritic growth [7]. This kinase is also regulated by Dsh-
dependant phosphorylation of MAP2 and MAP1B in a 

process that also requires GSK3β inhibition [49] for the 
regulation of microtubule dynamics [50].

•	 Dsh directly regulates atypical PKC (aPKC) activity to 
induce microtubule assembly and axon formation [51]. 
Dsh activates aPKC by increasing the amount of phos-
pho-aPKC, that subsequently impairs the kinase activity 
of Par-1 [52] or microtubule affinity regulating kinase 2 
[51].

The following section will focus on Wnt importance in 
nervous system development and functioning.

Wnt: a critical pathway in the nervous system

Wnt signaling is essential for patterning, cell fate specifi-
cation and stem cell regulation during the development of 
many tissues including the mammalian brain [1]. Many 
constituents of Wnt signaling pathways are expressed in 
the developing and mature nervous systems. Wnt signaling 
controls initial formation of the neural plate and many pat-
terning decisions in the embryonic nervous system, includ-
ing formation of the neural crest [53]. But Wnt signaling 
continues to be equally important at later embryonic and 
postnatal stages [54]. Besides, Wnts have been shown to 
regulate the neuronal cytoskeleton [55] and the differentia-
tion of synapses in the cerebellum [56]. In the adult brain, 
Wnt signaling also regulates numerous critical processes 
such as cell migration, cell polarization, neurite outgrowth, 
axon remodeling, synapse formation and plasticity, and 
neurogenesis [3, 9].

Wnt signaling during development of the nervous system

During development of the vertebrate central nervous sys-
tem, Wnt signaling regulates several crucial processes such 
as patterning and cell fate specification, proliferation and 
neuronal morphology.

Patterning: In the early vertebrate embryo, Wnt signal-
ing promotes posterior development and suppresses ante-
rior development of the neural tube. At later stages, Wnt 
signaling is also essential for dorsal/ventral patterning 
of the neural tube and for the specification of the neural  
crest [1].

Proliferation: Wnt signaling also regulates proliferation 
of neural precursor cells throughout CNS development. 
Wnt/β-catenin signaling promotes progenitor proliferation 
in the developing neural tube as well as the midbrain and 
hippocampus.

Axon growth, guidance and remodeling: In addi-
tion to regulating patterning and cell proliferation, Wnts 
are involved in axon guidance and remodeling. GSK3β 
inhibitors promote neurite outgrowth and axon formation, 
and increase axon size and branching in many cell types, 
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including cerebellar granular cells, dorsal root ganglion 
neurons and hippocampal neurons [57]. The stabilization of 
β-catenin may play a role by indirectly affecting cadherin-
mediated adhesion [58]. Furthermore, Wnts and Dsh influ-
ence microtubule stability, hence changing the dynamic 

of cytoskeleton. As this occurs via the canonical pathway 
through inhibition of GSK3β, it indicates a potential role 
for the canonical pathway in axon remodeling [1].

Wnt induces a loss of the directionality of microtubule 
growth resulting in the formation of looped microtubules. 

Fig. 2   a Wnt/Ca2 + pathway: binding of Wnt proteins on Fz recep-
tors that signal through G proteins to activate phospholipase C lead-
ing to diacylglycerol and Inositol-triphosphate (IP3) generation. The 
resulting transient release of calcium from intracellular stores acti-
vates Ca2 + -dependent modulators, such as protein kinase C (PKC), 
calcium calmodulin mediated kinase II (CAMKII) and calcineurin 
to remodel the cytoskeleton. Wnt/PCP pathway: Fz–Dsh complex 
localized distally and Vangl-prickle localized proximally compete for 
Diversin recruitment. Upon Wnt stimulation, Diversin is recruited by 
Dsh to promote its activation to inhibit Prickle activity. b alternative 
pathways: Daam-1 (Dsh associated activator of morphogenesis 1) is a 
cytoplasmic protein that exists at an autoinhibited state [299]. Daam-1 

is used by Dsh to interact with the small GTPase RhoA. Wnt stimula-
tion leads to the disruption of the intramolecular inhibition of Daam1 
[46]. The resulting activation of Daam-1 leads to the recruitment of 
the RhoA to activate ROCK kinase for cytoskeleton remodeling [47]. 
Daam-1 can also act through the actin-binding protein Profilin1 to 
modulate actin stability for axon growth [48]. Dsh can also activate 
Rac1 to stimulate c-JunN-terminal kinase (JNK) implicated in den-
dritic growth [7]. Alternatively, Dsh activates JNK1 through the phos-
phorylation of MAP2 and MAP1B for the modulation of microtubule 
dynamics. Dsh regulates atypical PKC (aPKC) activity [51] to inhibit 
Par-1 [52] or microtubule affinity regulating kinase 2 [51], inducing 
microtubule assembly and axon formation
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These changes in microtubule behavior are also associated 
with decreased growth cone translocation but increased 
growth cone size and branching [56]. These effects are 
the signals that regulate the terminal remodeling of axons 
before synapse formation.

Wnts can function as both chemoattractive and chem-
orepulsive cues in axon guidance, depending on the recep-
tors. Wnts act as attractants to regulate commissural axon 
guidance after crossing the midline in the developing spinal 
cord in a PI3 K and APC-dependent manner but indepen-
dently of LRP6 [59].

Synapse formation: Wnts and β-catenin also promote 
dendritic growth and branching, and synaptic formation 
[9]. There is evidence of a role for Wnt ligands in synaptic 
transmission and plasticity as well.

Wnts promote the assembly of central synapses by 
stimulating the recruitment of pre and postsynaptic com-
ponents. Different responses could be triggered by the 
presence of distinct Wnt receptors in dendrites and axons. 
Moreover, several studies provide evidence for a link 
between neuronal activity and Wnt signaling. A role for 
Wnt signaling in synaptic plasticity has recently emerged 
[9]. Several studies now indicate that Wnts mediate 
changes in synaptic number and plasticity elicited by neu-
ronal activity.

The canonical pathway has been involved in a variety of 
genetic regulation driving specific effects within the neural 
tissue:

•	 Repression of Nkx2.2 expression in the ventral part 
of the neural tube is mediated by Wnt pathway in a 
TCF4 dependant manner leading to dorsalization of the 
embryo [60].

•	 Expression of the homeobox gene Gbx2 is directly acti-
vated by Wnt/β-catenin pathway to induce neural crest 
specification [61].

•	 Expression of lrx3/six3 and Gbx2 are modulated by 
Wnt pathway to sharpen forebrain architecture. Wnt 
first induces the expression of lrx3 and represses the 
expression of Six3 to delineate anterior and posterior 
forebrain. In later stages, continuous Wnt activity will 
drive Gbx2 expression to maintain posteriorization of 
the frorebrain [62].

•	 Otx2 expression is directly regulated by Wnt1 together 
with lmx1 to orchestrate the morphogenesis of the mid-
brain [63].

•	 expression of the transcriptional repressor sp5 is 
induced by Wnt/β-catenin pathway in the telencephalon 
leading to repression of sp1 target genes in this tissue 
[64].

•	 neurogenin expression is induced in cortical neurons by 
Wnt/β-catenin pathway to drive the differentiation of 
adult neuronal population [65].

•	 BDNF production is induced by β-catenin stabiliza-
tion within spinal cord-derived neural progenitor cells 
(NPC) leading to enhanced neuronal differentiation 
[66].

•	 the expression of the pro-neurogenic factor NeuroD1 is 
positively regulated by Wnt in adult hippocampal NPC 
to mediate neurogenesis [67].

•	 Cav3.1 calcium channel gene expression is induced by 
LEF1/β-catenin complex to modulate thalamic neuronal 
activity [68].

•	 Myelin protein zero (MPZ) and proteolipid protein 
22kD (PMP22) expression are directly regulated by 
Wnt/β-catenin pathway within Schwann cells. By mod-
ulating myelin genes expression, our team demonstrated 
that Wnt/β-catenin pathway is a direct driver of periph-
eral re/myelination processes [12].

Wnt signaling in adult neurogenesis

Although significant progress has already been made in 
deciphering the roles of Wnt signaling during neural devel-
opment, little is known about the roles of Wnts in the adult 
nervous system. Nevertheless, the persistent expression of 
Wnt ligands and Wnt signaling components in the mature 
mammalian CNS suggests that this pathway might also play 
a part in synaptic maintenance and function and protecting 
neuronal connections throughout the entire lifespan. Wnt 
have a crucial role in synaptic physiology, as they modulate 
the synaptic vesicle cycle, the trafficking of neurotransmitter 
receptors with scaffold proteins in postsynaptic regions [10].

It is now establish that Wnt pathways modulate funda-
mental aspects of the adult CNS, such as adult neurogene-
sis and synaptic stability and plasticity in some brain region 
(reviewed in [10]). Recent studies also provide evidence 
that Wnt signaling enhances proliferation of neural stem 
cells derived from the adult CNS and promotes prolifera-
tion of neural progenitor cells and hippocampal neurogen-
esis in vivo. These emerging roles of Wnt pathways in adult 
suggest that targeting Wnt could offer therapeutic benefits. 
Moreover, the ability of Wnt to dialogue with other signal-
ing pathways highlights the possibility to subtly modulate 
pathological tissular/cellular processes. Drugs capable of 
modulating Wnt signaling thus appear as potential tools for 
regenerative or neuroprotective medicine.

Interplay between Wnt and nuclear receptor pathways 
in the nervous system

Glucocorticoid receptor and Wnt

Glucocorticoids (GCs) play a major role in the nervous sys-
tem. They regulate energy metabolism, cell proliferation, 
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as well as immune responses, and they also promote tran-
scription of genes expressed in neurons and glial cells. 
GCs enhance myelin formation in both the central and 
peripheral nervous system, and they also stimulate the pro-
liferation of Schwann cells. GCs are implicated in stress. 
High levels of glucocorticoids have devastating impact on 
neurogenesis.

In most cases, GCs actions are mediated by their cog-
nate nuclear receptor, the GCs receptor (GR). Binding of 
GCs to GR provokes the interaction with glucocorticoid 
response elements (GREs) in the promoter region of target 
genes and the recruitment of specific coactivators, such as 
p160 family members. The GR–p160 complex recruits sec-
ondary coactivators, cAMP-response element binding pro-
tein (CREB)- binding protein (CBP) or its close homologue 
p300.

We have shown that in Schwann cells neither CBP nor 
p300 were involved in GR transcriptional activation. Unex-
pectedly, p300, considered as a coactivator of the GR, acted 
as a corepressor. In Schwann cells, β-catenin replaced CBP 
in the GR transcriptional complex. Furthermore activation 
of the GR enhanced the amount of β-catenin in Schwann 
cells, which is recruited by both TCF/LEF transcription 
factors and GR. This observation shows a positive interplay 
between Wnt/β-catenin pathway and GR [69].

But this synergistic cross-talk cannot be generalized to 
other tissues. It is well known that stress inhibits neurogen-
esis. This deleterious effect is mediated by high levels of 
glucocorticoid hormones secreted during stressful condi-
tions. In the hippocampus, GCs stimulate the expression of 
Wnt inhibitor Dickkopt-1 (Dkk1) to induce stress damages. 
In this case, GCs have an inhibitory effect on canonical 
Wnt pathway involved in neurogenesis [70]. Furthermore, 
GCs decreases the levels of β-catenin in the hippocampus 
by increasing its phosphorylation by GSK3β. To the oppo-
site, Leptin, an adipocyte-derived hormone with antidepres-
sant-like properties, promotes baseline neurogenesis in the 
adult hippocampus by increasing total level and nuclear 
translocation of β-catenin [71].

Thyroid hormone receptor and Wnt

Thyroid hormones (THs) [thyroxine (T4) and 3,5,3′-tri-
iodothyronine (T3)] play a critical role in development and 
function of the nervous system [72, 73]. Severe hypothy-
roidism during the rat neonatal period leads to structural 
alterations of the CNS, which include hypomyelination 
and defects of cell migration and differentiation, with long-
lasting, irreversible effects on behavior and performance. 
THs are also essential in fetal brain development [74]. In 
adult humans, THs deficiency or excess, causes reversible 
neurologic and psychiatric symptoms [75]. THs seem also 
to be essential for peripheral nerve repair [76] beyond their 

role in correct development and maturation of the PNS. 
T3 allows remyelination in adult mouse brain following 
chronic demyelination and appears to be an inducer of oli-
godendrogenesis in vivo through the expression of Sonic 
Hedgehog and Oligo2 transcription factors [77]. Liganded 
thyroid hormone receptor alpha (TRα) is critical for neuro-
genesis in the adult mouse brain [78]. THs signaling acts as 
a neurogenic switch by transcriptional repression of Sox2 
in the adult stem cell niche [79].

T3, which is the predominant ligand for nuclear Thyroid 
Hormone Receptors (TRs), is considered to be the active 
form of TH. Fractional TR occupancy in the brain is deter-
mined by intracellular T3 concentration regulated by multi-
ple factors including THs production and secretion by thy-
roid gland, the activity of membrane transporters and local 
TH metabolism catalyzed by D2 and D3 [75, 80]. In the 
nervous system, D2, which activates T4 into T3, and D3, 
which degrades T4, and T3, are regulated by multiple path-
ways [81, 82].

THs and their receptors TRs, which control cell prolif-
eration or cell differentiation depending on tissue context, 
have been described in different systems to function in syn-
ergy and/or antagonism with Wnt signaling [83, 84]. TH-
TRα1 contributes to the process of intestinal maturation 
and its homeostatic control via the complex modulation 
of signaling pathways including direct transcriptional con-
trol of β-catenin and sFRP2 [83, 84]. Activation of TRβ1 
by T3 suppresses the β-catenin/TCF1-mediated induction 
of cyclin D1 expression in human embryonic kidney and 
colon carcinoma cell lines [85]. Moreover, both TRα1 and 
TRβ1 can interact with β-catenin to form a complex and 
the Wnt pathway is then activated by TRα1 and blocked by 
TRβ1 in the intestinal epithelium and in thyrocytes, respec-
tively [86, 87]. TH-mediated growth and differentiation 
of chondrocytes involves IGF-1 modulation of β-catenin 
signaling [88]. Although Wnt signaling is inhibited by T3 
in osteoblastic cells, Wnt signaling is activated in vitro and 
in vivo in osteoblastic cells from mice with a dominant-
negative mutation in TRβ gene demonstrating the interac-
tion between TH and canonical Wnt signaling pathways 
during bone development [89]. TH-TR induces a secreted 
antagonist of Wnt/β-catenin pathway, Dkk-4, which sup-
presses cell invasion in human hepatoma cells [90]. Finally, 
β-catenin down-regulates D2 expression and induces D3 
expression in colon cancer cells and subsequently down-
regulates intracellular T3 concentration, thus favoring the 
proliferation of these cells [91].

Up to date, few data indicate a possible dialog between 
TH-TRs and Wnt pathway in nervous system. Rat pitui-
tary cells that express TRα1, TRβ1 and TRβ2 and are 
induced to proliferate by T3, respond to T3 by a decreased 
β-catenin expression and stability, and a decreased TCF 
mediated transactivation [92]. In hippocampus, postnatal 



1130 D. Meffre et al.

1 3

TH deficiency produces a decrease in neurogenesis and 
Wnt3a expression [93]. T3 which blocks the proliferation 
of oligodendrocyte progenitor cells and induces their dif-
ferentiation into oligodendrocytes [94], has been recently 
shown to accelerate, in presence of the mitogen PDGF, 
the expression of SFRP1 and Sox17, which antagonize the 
Wnt/β-catenin [95].

Liver X receptor and Wnt

Oxysterols are natural compounds originating from the 
enzymatic oxidation of cholesterol. There are different 
oxysterols, in particular 24(S)–OH, 25–OH and 27–OH, 
which are, respectively synthesized by means of the choles-
terol hydroxylase CYP46A1, CH25H and CYP27A1α [96]. 
They are implicated in cholesterol turnover, inflammation 
and in neurodegenerative diseases such as alzheimer’s dis-
ease [97] and multiple sclerosis [98, 99]. Glial cells are 
also targets for the oxysterol action: they inhibit astrocyte 
proliferation after brain injury [100] and cause oligoden-
drocyte apoptosis [101]. Oxysterols are natural ligands for 
LXR [102], which has two isoforms: LXRα and LXRβ. 
LXRs regulate gene expression by binding to responsive 
elements (LXRE). In the absence of ligands, LXRs bind to 
corepressors [103]. In response to oxysterols binding, they 
interact with coactivators to transactivate [104].

Studies with transgenic mice revealed important 
roles of LXRs within the nervous system [105]. LXRβ-
/- or LXRα/β-/- transgenic mice show several defects 
like axonal atrophy, neuronal loss, astrogliosis and lipid 
accumulation in specific brain regions. We have demon-
strated that the knockout of LXR in mice results in thin-
ner myelin sheaths surrounding the axons of sciatic nerves 
[106]. Furthermore, oxysterols, via LXR, inhibit periph-
eral myelin genes expression (MPZ, PMP22) in Schwann 
cells. Oxysterols repress myelin genes via two mecha-
nisms: by binding of LXRs to myelin gene promoters and 
by inhibiting the Wnt/β-catenin pathway. The Wnt signal-
ing components (Dsh, TCF/LEF, β-catenin) are strongly 
repressed by oxysterols. Furthermore, the recruitment of 
β-catenin at the levels of the MPZ and PMP22 promot-
ers is decreased. Interestingly, we observed a differential 
regulation of Wnt/β-catenin signaling by LXR in Schwann 
cells and oligodendrocytes [107]. Indeed, the transcripts 
of Wnt components (Dsh, TCF3, β-catenin) are activated 
in oligodendrocytes. Furthermore, after incubation with 
natural oxysterol, β-catenin is re-localized on the level of 
the Golgi apparatus of Schwann cells, but not of oligoden-
drocytes. Our findings reveal a complex cross-talk between 
LXR and Wnt/beta-catenin pathway in myelinating glial 
cells. LXR and Wnt pathways have been already shown to 
interfere in other tissues. LXR agonist suppresses the onco-
genic activity of β-catenin to decrease the proliferation in 

human colon cancer cells [108]. The reduction of β-catenin 
was explained by direct interaction between LXRs and 
β-catenin, through its Armadillo repeats [109].

While natural Wnt ligands exhibit pleiotropic roles in 
cellular and tissular physiology, the possibility to modulate 
GSK3β activity through a single ion (lithium) allows envis-
aging GSK3β-inhibition based therapies that at least in part 
involve Wnt signaling modulation.

Mechanisms of action of lithium

Lithium salts have been extensively used as first-line drugs 
to treat psychiatric diseases, bipolar disorder in particular. 
Although the beneficial effects of lithium therapy have 
been known for decades, the mechanism of Li  +  action 
remains poorly understood. Several hypotheses have been 
put forward which, taken together, imply that lithium may 
exert its therapeutic effect via diverse and multifaceted 
pathways.

Li + ‑ Na + competition in the cytosol

Clinical studies on patients with mental disorders have 
detected elevated levels of intracellular Na +  in neurons. 
This has been attributed to abnormalities of Na,K-ATPase 
expression which decreases its activity and leads to 
Na +  retention [110]. The hypothesis postulates that lith-
ium enters the cell via sodium channels or transporters and 
accumulates in the cytosol thus competing with sodium. 
Increased levels of lithium decrease the intracellular lev-
els of sodium, which in turn reduce the levels of cytosolic 
calcium. Indeed, prolonged lithium treatment of bipolar 
patients has been observed to increase the cellular concen-
tration of Li +  and increase the activity of Na,K-ATPase 
with simultaneous decrease of sodium and calcium levels 
in the cell [111]. Lowering the concentrations of intracel-
lular sodium and calcium decreases the cell excitability 
and eventually normalizes the neuron activity in bipolar 
patients [110, 111].

Li + affects neurotransmitter signaling

Lithium may interact with specific sites/receptors that reg-
ulate the synthesis, release, turnover and reuptake of neu-
rotransmitters such as dopamine and serotonin. For exam-
ple, it has been demonstrated (by both in vitro and in vivo 
experiments) that lithium can bind to different synaptic 
serotonin receptors and stimulate an increased serotonin 
release [112]. Thus, it is possible that the curative effect of 
lithium is related, at least partly, to its ability to regulate/
modify neurotransmitter signaling in the central nervous 
system [113].
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Li+ −Mg2+ competition for protein binding sites

It has been hypothesized that the “alien” Li+  competes 
with the native Mg2+  for protein binding sites and, by 
replacing the native co-factor, inhibits key enzymes 
involved in specific neurotransmission pathways in the 
brain. These metalloproteins, expressed at elevated levels 
in bipolar patients, include G-proteins, GSK3β, inositol 
monophosphatase, inositol polyphosphate 1-phosphatase, 
fructose 1,6-biphosphatase, bisphosphate nucleotidase 
and phosphoglucomutase. Thus, Mg2+  →  Li+  exchange 
in these systems affects a variety of processes in the CNS 
such as neuronal division, apoptosis, neuronal excitabil-
ity and responsiveness, gene expression, cellular structure 
and resilience, synaptic plasticity, and circadian cycle 
[114].(see below). Particularly, lithium can mimic Wnt 
activation by inhibiting GSK3β to stabilize β-catenin. It 
acts directly via competition with magnesium and indi-
rectly by increasing inhibitory serine-phosphorylation of 
GSK3β.

Note that lithium exhibits strong selectivity toward 
those particular proteins implicated in mental disorders, 
while other magnesium proteins, essential for the cell nor-
mal functioning and survival (e.g. ATPases and nucleases), 
remain functional and unaffected by lithium treatment.

Several experimental and theoretical studies lend sup-
port to this hypothesis. In vitro experiments have dem-
onstrated that Li+  can displace Mg2+  and act as a potent 
inhibitor for G-proteins [115], GSK3β [116, 117] and ino-
sitol monophosphatase [118, 119]. Computational studies 
(DFT calculations and molecular dynamics simulations) 
provide further insights into the mechanism and factors 
that govern the Mg2+ → Li+ substitution in these systems 
[120, 121]. The calculations shed light on the fascinating 
question of why the Mg2+ → Li+ replacement takes place 
only in certain enzymes related to bipolar disorder, but not 
in other magnesium enzymes essential for cells. Enzymes 
where Li+ can replace Mg2+, such as GSK3β (Fig. 3) and 
inositol monophosphatase, possess magnesium binding 
sites that are solvent exposed and characterized with high 
positive charge density. On the other hand, essential mag-
nesium enzymes are known to have functional magnesium 
binding sites that are deeply/partially buried and possess 
high negative charge density.

Neuroprotection by Wnt pathway and lithium

Many CNS disorders can be correlated with dysregulation 
of Wnt/β-catenin pathways. Furthermore, numerous studies 
report neuroprotective effects for lithium and involvement 
of Wnt/β-catenin signaling in the prevention of neurode-
generative diseases.

Mechanisms of Wnt and Lithium’s neuroprotective action

Role in neural developement and adult brain functioning

Wnt/β-catenin signaling mediates critical neuronal devel-
opmental processes. It provides early cues within the 
embryo to guide anterio-posterior axis specification of the 
neural plate, and it is involved in neural progenitor prolif-
eration and differenciation during mammalian brain devel-
opment, axon and dendritic growth, and synapse forma-
tion. Wnt/β-catenin also regulates adult brain functions 
(reviewed in [2, 3]), and induce remodeling and plasticity 
in the mature CNS [9]. Given the multiple actions of this 
pathway in the CNS, the neuroprotective effects of lithium 
can be easily considered.

Role in cytoskeleton modulation 

One of the neuroprotective hypotheses involves β-catenin, 
able to regulate gene transcription, as well as anchorage of 
the actin cytoskeleton via cadherins and α-catenin interac-
tions. Consequently, β-catenin is able to induce cytoskel-
eton modulation and precise changes in cellular morphol-
ogy. Indeed, it has been shown that β-catenin regulates 
dendritic arborization, neuritogenesis and synaptic plastic-
ity [122, 123], providing an explanation for lithium neuro-
protective effects.

Disruption of the dopamine receptor complex

Lithium has been shown to inhibit GSK3β in a direct man-
ner, by acting as a competitive inhibitor of Mg2+  ,a cofac-
tor for GSK3β [117]; but it also can interfere indirectly 
with the regulation of GSK3β by activating Akt. Indeed, 
lithium can inhibit the behavioral action of monoamine such 

Fig. 3   Protein data bank (PDB) structure of metal binding site (PDB 
code 1PYX) and free energies of Mg2+ → Li+ exchange in GSK3β. 
Asn asparagine, Asp aspartic acid, Wat water
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as dopamine, by dissociating the interaction of Akt with 
β-arrestin2 and PP2A, a dopamine D2 receptor-mediated 
complex that inactivates Akt. Furthermore, the Akt/GSK3 
signaling is potently regulated by changes in monoamine 
homeostasis in vivo, and deregulation in this pathway are 
frequent in various CNS disease (reviewed in [124]). Down-
stream targets of Akt and GSK3 need to be identified.

Role in glutamatergic regulation 

Surprisingly, a recent study suggested a β-catenin inde-
pendent pathway to support some beneficial behavio-
ral effect of lithium. Therefore, genetic stabilization of 
β-catenin in dopaminergic D2 neurons did not mimic 
antipsychotic action of lithium in behavioral tests [125]. 
The authors proposed other downstream targets of D2R-
mediated GSK3 signaling, such as regulation of glutamate 
receptors [126]. Indeed, glutamate related excitotoxicity 
is involved in several neurodegenerative mechanisms, and 
numerous studies described the role of GSK3β inhibition 
in protecting neurons from glutamate excitotoxicity. This 
protective mechanism by lithium involves the regulation 
of NMDA receptors expression and the modulation of their 
activity [127]. Glutamatergic regulation mediated by lith-
ium is associated with LTP preservation [128], enhanced 
BDNF expression [129] and MAP kinase pathway regula-
tion via CREB phosphorylation [130].

Role in cholinergic regulation 

Other possible mechanisms of action could involve cho-
linergic receptors, shown crucial in multiple anatomical, 
electrophysiological, biochemical, and behavioral stud-
ies. The cholinergic system appears essential for cortical 
development, synapse formation as well as complex brain 
functions including sleep and memory [131]. Further-
more, many studies describe the role of cholinergic recep-
tor in depressive disorders [132, 133] and their activation 
has been shown to improve symptoms in schizophrenic 
patient [134]. Interestingly, Wnt-7a, by dissociating APC 
from β-catenin complex, is able to induce the interaction of 
APC with a7-nAChRs in hippocampal neurons, leading to 
cholinergic receptors expression and relocalization to pre-
synaptic sites [135]. Finally, recent studies highlighted the 
involvement of Wnt/β-catenin in synapses organization and 
control of the localization of nicotinic receptor synapses, 
reinforcing the idea of Wnt/β-catenin importance in cholin-
ergic synaptic plasticity [136].

Anti‑apoptotic and pro‑survival effects

The control of apoptosis by Wnt/β-catenin signal-
ing and lithium is a key event in the regulation of 

pathophysiological mechanisms that can also be consid-
ered. Indeed, inhibition of GSK3β reduces proapoptotic 
mediator expression and induces anti-apoptotic protein 
expression [137, 138]. It also stimulates association of p53 
with Bcl2 and Bax oligomerization [139]. Survival signal-
ing pathways such as PI3 K/Akt and MEK/ERK pathways 
can also be modulated by Lithium [140].

Lithium effects: an endocrine disruptor?

Some effects of lithium in nervous system might be relevant 
of its modulation of TH secretion, metabolism and signal-
ing pathways. In about 20 % of patients treated with lithium 
for mood disorders, lithium is able to promote hypothy-
roidism principally by blocking TH secretion [141]. This 
hypothyroidism is currently treated with T4 without to stop 
lithium therapy. Lithium therapy also affects hypothalamic-
pituitary axis with exaggerated TSH response to TRH in 
at least 50 % of patients [141]. Lithium effects changes in 
T3 content and T4 metabolism in rat anterior pituitary tis-
sue [142]. D2 activity inhibition by lithium is noted in the 
anterior pituitary gland of thyroidectomized rats injected 
3-24 h earlier with lithium as also in cultured GH3 pitui-
tary cells and neuroblastoma cells [142]. Rats treatment for 
14 days with lithium at dosages used in affective disorders, 
has been described to increase T4 and T3 serum concentra-
tions and to affect TH metabolism by decreasing D2 and 
D3 activities in the frontal cortex and other brain regions 
[143]. Higher dosages of lithium decrease T4 and T3 serum 
concentrations and affect TH metabolism by increasing 
D2 activity and decreasing D3 activity in different brain 
regions [143]. Tissue or nuclear T3 concentration in any 
explored brain area are not affected [144, 145]. Adminis-
tration of lithium for 14  days increases T3 levels in syn-
aptosomes of the rat amygdala [145]. Finally, lithium also 
affects gene expression of TR in rat brain and rat pituitary 
cells [146, 147].

Involvement of Wnt and lithium in psychiatric, 
neurodegenerative and demyelinating diseases

In the next section we will summarize the implication of 
Wnt and Lithium in some psychiatric, neurodegenerative 
and demyelinating diseases (Table 1).

Wnt/β‑catenin signaling and lithium in neuropsychiatric 
disorders

Bipolar disease 

Bipolar disorder, one of the major causes of disability in 
the world, is characterized by extreme states of mania and 
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Table 1   Role of lithium and Wnt signaling in neurodegenerative and demyelinating diseases as well as CNS injuries

CNS disease Studied molecule Molecular function Effects in the nervous sytem References

Mood disorder GSK3β gene variant or copy 
number

Inhibition of β catenin Increases the risk of bipolar 
disorder

[148, 149]

GSK3β activation Inhibition of β catenin Mania [155, 156]

GSK3β inhibition Activation of β catenin Antidepressant. anti-maniac [124, 152, 
153]

Lithtum Dissociates the interaction of 
βamecstin2 and PP2A

Inhibits the behavioral action of 
dopamine

[124]

FZD3, GSK-3IV and DKK4 Involved m Wnt pathway Correlated with risk of schizo-
phrenia

[163–165]

APC Negative regulator of Wnt 
signaling

Associated with schizophrenia [106–168]

Lithium Inhibition of GSK36 Clinical effect in patients [169]

DJSC1 and Dixdc1 Involved neuronal progenitor 
proliferation and regulate Wnt 
pathway

Associated with schizophrenia 
and bipolar disorder symptoms

[172, 
176–179]

Wn12 Involved miR16 expression Anti-apoptotic [181, 182]

Alzheimer’s GSK3β activity Reduces βcatenin level Increased in AD patients [183, 184]

Disease Wni3A and Lithium Inhibition of GSK3β Decreases Aβ production and in 
vitro toxicity

[185–189]

Lithium Inhibition of GSK3β Regulates tau degradation [190–195, 
198–200]

Lithium Inhibition of GSK3β Improves behavioral deficit in 
mouse model for AD

[186, 196, 
197]

FZD1 Receptor for Wnt Binds t0 Aβ; reduces Aβ neuro-
toxicity

[202, 203]

Dkk1 Wnt antagonist Participates in Aβ toxicity. 
increased in AD patients

[204–206]

M1 mAChR Muscarinic receptor able to 
inhibits GSK3β

Activates Wnt pathway. and 
reverses Aβ toxixity

[209]

IBU-PO, IL1β blocking Inhibit inflammatory effects of 
GSK3 < i

Protects against Aβ in vitro and 
ameliorates AD mouse  
symptoms

[211, 212]

Lithium Inhibition of GSK3β Clinical use in AD [214–219]

Huntington disease Lithium Inhibition of GSK3β Reduces apoptosis and huntingtin 
degradationcaipain  
inhibitioninduction of  
autophagy

[222–225]
[226][227]

βcatenin Transducer of the Wnt pathway Stabilized by huntingtinimproves 
motor and behavioral perfor-
mance and exerts neuroprotec-
tive effects in animal models 
of HO

[228]
[229–233]

Parkinson’s disease Lithium Inhibition of GSK3β Neuroprotective effects in 
vitroneuroprotective effects in 
animal model of PDprotection 
against oxidative stress activates 
autophagic pathway

[235–237]
[238–241]
[242, 243]
[244, 245]

Dkk 1 Wnt antagonist Induces neurotoxicity [247]

Traumatic brain 
injury

Lithium Inhibition of GSK3β Prevent depression behavioranti-
inflammatory. anti-edematous 
effects, memory improvement-
neuroprotection, anti-inflam-
matory motor recuperation, 
reduced anxiety

[256][257]
[258–261]
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depression. Alterations in Wnt/β-catenin signaling are asso-
ciated with a variety of mood disorders and since more 
than fifty years, lithium is clinically used in the treatment 
of bipolar patients. Interestingly, GSK3β genetic variants 
are associated with the risk of bipolar disorder [148], and 
GSK3β gene copy number is increased in bipolar patients 
[149]. Greater gray matter density and reduced loss of 
N-acetyl aspartate, a marker for neuronal integrity and 
viability, were found in chronically lithium-treated patients 
[150, 151]. Genetic inactivation of GSK3β or pharmaco-
logical inhibition by lithium induced antidepressant and 
anti-maniac effects [124, 152, 153] that are similar to those 
observed after β-catenin overexpression [154]. Conversely, 
overexpression of GSK3β, or blocking of GSK3β phospho-
rylation induces mania-like behaviour and vulnerability to 
mood disturbance [155, 156].

Altogether these data support the idea that the molecu-
lar target of lithium in the treatment of psychotic disor-
der requires the inhibition of GSK3β. However, GSK3β 
has multiple downstream targets and its involvement in 
the psychotropic action of lithium needs to be clarified. 
We already mentioned that lithium can inhibit the behav-
ioural action of monoamine such as dopamine, a key ele-
ment in psychiatric disorder, by dissociating the interaction 
of Akt with β-arrestin2 and PP2A, a complex that inacti-
vates Akt [124]. Other downstream effect could be attrib-
uted to KCNQ2 K + , a voltage-gated channel involved in 
repolarization by counteracting the Na  +  influx. Indeed, 
this channel, which is associated with psychiatric disorder 
[157], can be phosphorylated and activated by GSK3β, and 
inhibited by lithium [158]. In addition, since a correlation 
between circadian phases and depression has been postu-
lated, and since lithium and GSK3β can modulate expres-
sion of genes and proteins required in circadian clock 
[159], regulation of the circadian rhythm could be another 

hypothesis to account for effect of lithium on mood disor-
der [160]. Indeed, recently, a second generation of GSK3β 
inhibitor was identified, and this compound was able to 
attenuate locomotor hyperactivity in Clock mutant mice 
[161]. Finally, in 2009, some predicted effectors of several 
microRNA were found to be both genetic risk candidates 
for bipolar disorder and involved in Wnt/β-catenin signal-
ing [162], suggesting that they are targets for the action 
of psychotherapeutic drugs like lithium. Involvement of 
miRNA regulation is promising, and further investigations 
on this growing research area are needed.

Schizophrenia 

Schizophrenia is another psychiatric disease, and emerg-
ing evidences suggest a neurodevelopmental origin with an 
alteration in synaptic connectivity. Those processes are, at 
least in part, controlled by Wnt/β-catenin signaling. Sev-
eral genes in the Wnt pathway, such as FZD3, GSK3β, and 
DKK4 have been correlated with schizophrenia [163–165]. 
Interestingly, the level of APC mRNA, a key negative reg-
ulator of the Wnt signaling, is significantly increased in 
peripheral blood leukocytes of patients with schizophrenia. 
Single nucleus polymorphisms in the APC gene were iden-
tified to be associated with schizophrenia [166, 167]. How-
ever, in patients and in animal model of this mental dis-
order, expression of protein and transcripts of GSK3β are 
reduced [168]. In addition, even if lithium combined with 
neuroleptics was clinically used as medication for schizo-
phrenia and showed beneficial effects [169], more recent 
data were not conclusive [170].

Many studies investigated the role of Wnt/β-catenin in 
mood disorder. DISC1 (Disrupted in Schizophrenia 1), 
a protein involved in neuronal progenitor proliferation 
and synaptic integration [171], has emerged as a potential 

CNS disease Studied molecule Molecular function Effects in the nervous sytem References

Demyelinating 
diseases

Lithium Inhibition of GSK3D Reduces demyeimation inflam-
mation and progression of the 
disease in models of multipte 
sclerosis

[263, 264]

Axin2 Negative regulator ol Wnt 
signaling

Associated with multiple sclerosis 
lesions, promotes remyelination

[265]

ARA-014418. lithium indiru-
bin, and 1803-mt

GSK3β inhibitors Stimulate oligodendrocyte regen-
eration and promote remyelina-
tion

[266]

GSK3β variant Inhibition of GSK3β Associates with multiple sclerosis [267]

Lithium Inhibition of GSK3β Stimulates peripheral myelin gene 
expression and promotes nerve 
remyelination

[14]

Lithium chloride and citrate Decrease N-acetyl aspartate Counteracts neurodegeneration 
and dysmyelination in Canavan 
disease

[269–272]

Table 1   contiuned
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link. It has been shown that a translocation in DISC1 gene 
cosegregates with schizophrenia and bipolar disorder [172]. 
Furthermore, a crosstalk between the GABAergic system, 
which seems involved in psychiatric disorder [173], and 
DISC1 has recently been described [174, 175]. Interest-
ingly, DISC1 has been shown to interact with GSK3β to 
regulate its activity. DISC1 hippocampal overexpression 
induces Wnt/β-catenin-dependant neural progenitor prolif-
eration, by inhibiting β-catenin degradation and promot-
ing TCF/LEF activation [176]. Furthermore, it has been 
observed that the DIX domain-containing protein Dixdc1, 
functionally interacts with DISC1 to regulate neural pro-
genitor proliferation by co-modulating Wnt-GSK3β/β-
catenin signaling [177]. Kivimäe et  al. recently described 
schizophrenia-like symptoms in mutant mice for Dixdc1 
[178]. Furthermore, Ccd1, the human homologue of 
Dixdc1, stimulates Wnt signaling by interacting with Dsh 
[179]. Lately, a study showed that DISC1 regulates synap-
tic vesicle transport via a lithium-sensitive pathway [180].

Depression 

Wnt2 and Wnt3a have an antidepressant activity. Serotonin 
reuptake inhibitor (SRI) antidepressants such as fluoxetine, 
promote hippocampal neurogenesis. They also increase the 
levels of the bcl-2 protein, whose overexpression in trans-
genic mice enhances adult hippocampal neurogenesis. 
However, the mechanisms underlying SRI-mediated neuro-
genesis are unclear. Recently, the microRNA miR-16 was 
identified as an important effector of SRI antidepressant 
action in serotonergic raphe and noradrenergic locus coer-
uleus (LC) [181]. Fluoxetine-exposed serotonergic neu-
rons secrete brain-derived neurotrophic factor, Wnt2 and 
15-Deoxy-delta12,14-prostaglandin J2 that act synergisti-
cally to regulate miR-16 at the hippocampus [182]. These 
signaling molecules are increased in the cerebrospinal fluid 
of depressed patients upon fluoxetine treatment.

Wnt/β‑catenin signaling and lithium in neurodegenerative 
diseases

Alzheimer’s disease (AD) 

AD is the most common cause of dementia, and is char-
acterized by progressive personality changes with disorien-
tation, memory loss and aphasia. Abnormal accumulation 
of Aβ peptide and tau hyper-phosphorylation are the hall-
marks of the disease.

Clinical evidences described increased GSK3β activ-
ity in AD brains [183], and reduced β-catenin levels in 
patients with Presenilin mutation [184]. Experimental stud-
ies showed that, Wnt3a and lithium are able to decrease 
Aβ neurotoxicity [185, 186], and Aβ production in vitro 

[187–189]. Lithium treatment also demonstrated neu-
roprotective effects in in vivo model of AD, by inhibit-
ing GSK3β-mediated tau phosphorylation [190, 191] and 
aggregation, [192], by promoting tau ubiquitination [193], 
by down-regulating tau transcription [194] and by reduc-
ing the development of the neurofibrillary pathology [195]. 
Lithium treatment can also improve memory and spatial 
learning deficits in transgenic mice model for AD, corre-
lated with increased β-catenin and reduced GSK3β activity 
[186, 196, 197].

How Wnt signaling and lithium could lead to neuropro-
tective effects in AD ? Some studies suggest that lithium 
and other GSK3β inhibitors modulate tau phosphorylation 
and antagonize neuronal apoptosis by stabilizing β-catenin 
[198, 199]. Other data show the role of PP2A, a phosphatase 
involved in tau dephosphorylation, in lithium’s action [200, 
201]. Frizzled-1 is also involved in the neuroprotective 
effect against Aβ neurotoxicity [202, 203], and the secreted 
Wnt antagonist Dkk1 participates in the pathological mech-
anism triggers by Aβ and phosphorylated tau [204–206]. 
M1 muscarinic receptor (mAChR) has also been shown to 
be involved in AD [207], and a cross talk between the mus-
carinic signaling and Wnt components was proposed [208, 
209]. Indeed, M1 mAChR stimulation inhibits GSK-3β, 
stabilizes β-catenin, and therefore reverses the switch-off of 
the Wnt pathway caused by Aβ-toxicity. Inflammation plays 
a key role in AD, and microglia and inflammatory media-
tors are upregulated in the disease. The inhibition of the pro-
inflammatory properties of GSK3β shows beneficial effects 
in AD [210, 211], and more recently, the blocking of the 
inflammatory cytokine IL1β, was able to rescue cognition, 
attenuated tau pathology, and restored neuronal β-catenin 
pathway function in an AD mouse model [212]. Lastly, it 
has been reported that miR-34a, a microRNA up-regulated 
in a double transgenic mouse model of AD, can inhibit bcl2 
translation [213]. Interestingly, this same miRNA has also 
emerged as target for lithium [162]. Recently, genome-wide 
analysis of a Wnt1-regulated transcriptional network dem-
onstrated that Wnt effectors were tightly clustered with 
Presenilin 1 that causes dominantly inherited forms of Alz-
heimer’s disease [15]. These recent findings provide new 
insights about the mechanisms of action of Wnt and lithium 
in AD neuroprotection.

It should be noted that clinical use of lithium for AD 
therapy remains controversial. Indeed, even if lithium treat-
ment of bipolar patients improves memory score [214], and 
reduces prevalence of dementia [215–217], others studies 
showed no beneficial effect on AD symptoms [218, 219]. 
Larger trials, with different dosages and duration of lithium 
treatment should be tested, to examine whether lithium 
could be effective for the prevention of AD. In addition, tri-
als on subjects with high AD risk may be more appropriate 
than patients with fully manifest dementia [220].
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All these findings provide a therapeutic potential for the 
activation of Wnt/β-catenin signaling and the use of lithium 
in the treatment of AD. Inhibitors of GSK3β would also 
provide a novel avenue for therapeutic approaches in this 
devastating disorder [221].

Huntington disease (HD)

HD is a progressive neurodegenerative disorder caused by 
a CAG trinucleotide expansion in the gene encoding hun-
tingtin. Numerous data suggest that lithium is also effec-
tive in Huntington disease via GSK3β inhibition. Protective 
effects are associated with anti-apoptotic properties (Bcl2 
up-regulation and caspase-3 inhibition), decreased hunting-
tin aggregation [222–225], striatal cell proliferation [224], 
calpain inhibition [226], and induction of autophagy [227]. 
An original pathological mechanism by which mutant 
huntingtin specifically interferes with the degradation of 
β-catenin leading to its toxic stabilization, was also reported 
in a Drosophila model of Huntington disease [228]. Motor 
performance improvement by lithium administration in 
a mouse model of the disease was already demonstrated 
with rotarod test [229]; and recently, independent studies 
also showed neuroprotective and neurotrophic effects of 
lithium. Lithium combined with valproate, another GSK3 
inhibitor, produces multiple beneficial effects in vitro and 
in vivo, including better motor functions, reduced anxiety 
behavior, and increased striatal and cortical BDNF level 
[230, 231]. A low-dose lithium formulation is able to ame-
liorate the motor and neuropathological phenotypes in a 
mouse model of Huntington disease, and is accompanied 
by improvements in multiple biochemical endpoints associ-
ated with the pathogenesis [232]. Also, the transplant effi-
ciency of adult neural progenitor in a rat model of Hunting-
ton disease is improved when the cells are in vitro primed 
with lithium. Beneficial effects include induction of neural 
projections and acceleration of sensorimotor function out-
come [233]. Since 1970, multiple clinical studies describ-
ing lithium administration, alone or combined with neu-
roleptics in Huntington patients, report better outcomes, 
including reduced chorea and amelioration in motor func-
tion [140]. Despite these plentiful positive data, others trial 
showed no beneficial effect or even worsened motor and 
cognitive performances.

Parkinson’s disease (PD) 

PD is a progressive, complex disorder characterised by 
motor symptoms (bradykinesia, tremor, rigidity) associated 
with personality disorder. Many studies report deregula-
tion of Wnt signaling in Parkinson’s disease pathogenesis 
and also the importance of this pathway in neuroprotec-
tion [234]. By using neurotoxins to induce neurochemical 

changes similar to those observed in Parkinson’s disease, 
multiple evidences showed beneficial effects of lithium 
administration both in vitro [235–237] and in vivo [238–
241]. Several data suggested that lithium mechanism of 
action involves regulation of apoptosis mediated by GSK3β 
inhibition, while other data support evidence for lithium 
protection against oxidative stress [242, 243]. Recent stud-
ies also show that lithium activates autophagic pathway, 
suggesting an improvement in the mutant protein alpha 
synuclein degradation [244, 245]. It should be note that a 
recent study showed that lithium fails to protect dopamin-
ergic neurons in a mouse model of Parkinson’s disease, but 
this discrepancy with other report can be due to the dif-
ferent mode of administration [246]. Very recently, it was 
described that Dkk1 is induced in neurotoxin treated-cells. 
It aggravates apoptosis and contributes to the cellular neu-
rotoxicity by inhibition of Wnt signaling [247]. In human, 
therapeutic use of lithium demonstrated contradictory 
effects on involuntary movements [248].

Wnt/β‑catenin signaling and lithium in traumatic brain 
injury

Traumatic brain injury (TBI) is a prevalent debilitating 
health issue that mainly affects young adults in industrial-
ized countries with a substantial social and economic bur-
den. The TBI causes direct damage to the brain by mechan-
ical forces of shearing, tearing or stretching, and it results in 
cerebral edema, hemorrhage, contusions, focal and diffuse 
axonal injury, as well as psychological, neurobehavioral, 
locomotor, sensory and memory impairments. In response 
to the primary lesion due to the impact, secondary patho-
physiological cascades are triggered, such as neuroinflam-
mation, which is believed to worsen the brain injury from 
hours to days following the insult. Although the data from 
the preclinical studies have shown that the secondary patho-
physiological cascades provide a large therapeutic window 
for pharmacological intervention, clinical trials have failed 
to approve the preclinical neuroprotective treatments [249]. 
Given the multifactorial consequences of brain injury, it is 
likely that simultaneous targeting of several targets with 
multipotential drugs may be the most promising therapeu-
tic approach to improve outcome following TBI [249–255]. 
One of these potential drugs is lithium.

Several preclinical studies have addressed the potential 
therapeutic benefits of GSK3β inhibitors on histopathologi-
cal, biochemical and functional/neurobehavioral outcomes 
in rodent models of TBI. Initially, Shapira and collabora-
tors [256] have reported that pre-treatment with GSK3β 
inhibitors prevented a depression behavior in a model of 
mild TBI (mTBI). At the cellular level, mTBI resulted in 
increased level of phosphorylated form of GSK3β as well 
as in accumulation of its downstream target β-catenin in 
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the hippocampus. TBI-induced inhibition of GSK3β, as 
expressed as an increase of its phosphorylated form, may 
therefore be part of a rehabilitation scheme, but not nec-
essary sufficient per se, in response to the brain injury 
induced by mTBI. Therefore, the use of selective GSK3β 
inhibitors may have therapeutic benefits in the context of 
TBI-induced brain injury. Additionally, a chronic pre-
treatment with lithium resulted in robust neuroprotection 
accompanied by anti-inflammatory and anti-edematous 
effects. In fact, the authors described a significant decrease 
of cerebral edema, interleukin-1β levels, lesion volume, 
neurodegeneration and spatial learning and memory impair-
ment after TBI [257]. However, since this study is based on 
a pre-treatment protocol, its clinical relevance is questiona-
ble. The report of Yu and collaborators [258] was the first to 
attempt a post-insult treatment protocol with lithium after 
TBI. Lithium therapy resulted in reduction of lesion vol-
ume with a therapeutic window of at least 3 h post-injury. 
Besides, TBI-induced neuronal death, microglial activa-
tion and cyclooxygenase-2 induction were all attenuated by 
lithium. In terms of functional recovery, the same treatment 
preserved the motor coordination and reduced the anxiety-
like behavior after TBI. Furthermore, lithium increased the 
phosphorylation of GSK3β, therefore resulting in its inhibi-
tion after injury, suggesting the underlying mechanism of 
lithium-induced neuroprotection following TBI.

It has also been described the benefits of post-insult lith-
ium therapy in decreasing Aβ load and improvement of spa-
tial learning and memory after TBI [259, 260]. Treatment 
with SB-216763 (selective inhibitor of GSK3) improved 
motor function, but offered only a partial improvement in 
terms of memory function with no overt neuroprotection 
following TBI. Treatment with lithium, as a broad spectrum 
inhibitor of GSK3, offers neuroprotection and robust cog-
nitive improvement, supporting its clinical testing for the 
head-injured patients. However, the caution should be taken 
since the data from clinical studies highlighted the fact that 
lithium therapy for the management of neurobehavioral 
consequences (such as agitation, aggression,) of TBI has 
not been found necessary beneficial. In some cases, lithium 
therapy had adverse side effects in some of head-injured 
patients (reviewed in [261]). Therefore, appropriate investi-
gations should be carried out for the clinical use of lithium 
for head-injured patients.

Wnt/β‑catenin signaling and lithium in demyelinating 
diseases

Involvement of Wnt/β‑catenin pathway in myelination 
process

Wnt/β-catenin is tightly implicated in myelination process. 
It was shown that the blockade of some components of 

Wnt pathway jeopardizes the maturation of oligodendro-
cyte progenitor cells into oligodendrocytes. Studies have 
addressed the potential role of Wnt signaling in oligoden-
drocyte development. Constitutive activation of β-catenin 
or inhibition of APC expression, resulting in the stabili-
zation of β-catenin, delayed oligodendrocyte differentia-
tion [11, 262]. Likewise, the constitutive stabilization and 
nuclear translocation of β-catenin in cells of the oligo-
dendrocyte lineage had a negative influence on oligoden-
drocyte maturation. However, the targeted disruption of 
TCF7L2 in mice led to severe defects in oligodendrocyte 
differentiation but not specification [13]. Based on these 
findings, the consensus has emerged that canonical Wnt 
signaling may exert a repressive effect on oligodendrocyte 
differentiation and on myelination.

Conversely we have demonstrated that the ultimate 
step of myelination process, that is myelin gene expres-
sion, is stimulated by Wnt pathway [106]. In fact the selec-
tive inhibition of Wnt components by siRNA or dominant 
negative forms blocks the expression of myelin protein 
zero (MPZ) and peripheral myelin protein 22 (PMP22) 
in mouse Schwann cells and proteolipid protein (PLP) in 
mouse oligodendrocytes. Moreover, the activation of Wnt 
signaling by recombinant ligands increases by three-fold 
the transcription of myelin genes and enhances the bind-
ing of β-catenin to TCF/LEF transcription factors present 
in the vicinity of the MPZ and PMP22 promoters. Most 
importantly, loss-of-function analyses in zebrafish embryos 
show, in vivo, a key role for Wnt/β-catenin signaling in the 
expression of myelin genes and in myelin sheath compac-
tion, both in the peripheral and central nervous systems. 
Inhibition of Wnt/β-catenin signaling resulted in hypomy-
elination, without affecting Schwann cells and oligodendro-
cytes generation or axonal integrity. Therefore, to achieve 
remyelination, Wnt pathway must be inhibited during the 
differentiation and maturation of progenitors cells into oli-
godendrocytes and activated during myelin gene expression 
by oligodendrocytes or Schwann cells. This therapeutic 
strategy is difficult to achieve when we are not able to pre-
cisely identify during the pathology the chronology of pro-
liferation, differentiation and maturation of glial cells.

Given the pleiotropic, and sometimes opposite, effects 
of Wnt signaling on myelination process progression, it 
appears fundamental to seek for either detrimental or ben-
eficial influence of Wnt modulation on demyelinating dis-
eases treatment.

We will present the therapeutic attempts to modulate 
Wnt pathway in several demyelinating pathologies.

Multiple sclerosis 

GSK3β exerts pro-inflammatory properties and, as we 
have described, Wnt/β-catenin signaling is involved in 
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myelination process. Therefore, the effect of lithium in 
multiple sclerosis, an inflammatory demyelinating disease 
of the CNS, was investigated. Twenty years ago, it was 
shown that intraperitoneal injections of lithium in a rat 
model of multiple sclerosis were able to inhibit the devel-
opment of the disease. However, high doses of lithium were 
used and the authors supported a toxic effect to explain 
the immunosuppressive action of lithium [263]. Unfortu-
nately, this conclusion leaded to discourage further stud-
ies. In 2008, the work of De Sarno et al. [264] reported that 
pretreatment of a mouse model of multiple sclerosis with 
lithium is able to reduce clinical symptoms, demyelination, 
microglia activation and leukocyte infiltration. Treating the 
mouse after the disease onset also ameliorates recovery. 
More recently, it was shown that Axin2, a negative regu-
lator of Wnt signaling that induces β-catenin degradation, 
was found in active multiple sclerosis lesions in adults and 
could promote remyelination [265].

In addition, Azim and Butt [266] showed that a range 
of GSK3β inhibitors, including lithium, regulates oligo-
dendrocyte differentiation and promote remyelination fol-
lowing in vivo chemically induced demyelination. These 
effects are mediated by canonical Wnt pathway by stimu-
lating nuclear translocation of β-catenin. Moreover, recent 
genetic analysis described an increased frequency of a 
GSK3β variant in patients with multiple sclerosis, suggest-
ing that this GSK3β genetic variability could be a suscepti-
bility factor for this disease [267].

Nerve injury

Recently, our group investigated for the first time the effect 
of lithium on remyelination process in the PNS [14]. We 
showed that the treatment of adult mice with lithium after 
facial nerve crush injury stimulated the expression of mye-
lin genes, restored the myelin structure, and accelerated 
the motor recovery of whisker movements. Lithium treat-
ment also promoted remyelination of the sciatic nerve after 
injury. We also demonstrated that peripheral myelin gene 
is stimulated by GSK3β inhibitors. LiCl exerts its action in 
Schwann cells by increasing the amount of β-catenin, pro-
voking its nuclear localization, and driving it to TCF/LEF 
identified in myelin genes. Taken together, our findings 
open perspectives in the treatment of nerve demyelination 
by administering GSK3β inhibitors such as lithium.

Canavan disease

Canavan disease is another fatal brain dysmyelinating dis-
order, characterized by mental retardation, hypotonia pro-
gressing to hypertonia, macrocephaly and blindness [268]. 
Mutations in aspartoacylase gene, by inducing accumula-
tion of N-acetyl aspartic acid (NAA) in the brain, lead to 

progressive neurodegeneration and dysmyelination. A 
study using a rat model for this disease, reported that in 
vivo lithium injection reduced N-acetyl aspartate brain 
level [269]. After a first promising clinical administration 
of lithium in a child with canavan disease [270]; other stud-
ies with more patients, demonstrated decreased NAA brain 
level and a mild improvement in myelination in the frontal 
white matter [271, 272]. It should be mentioned however 
that these treatments used lithium citrate and not lithium 
chloride.

Bipolar disorder and Myelin

Interestingly, several studies reported white matter abnor-
mality in bipolar disorder and the protective effect of lith-
ium on myelin structure on these patients [273]. It has also 
been recently reported that lithium and GSK3β promoter 
gene variants could counteract the detrimental influences of 
bipolar disorder on white matter microstructure [274]. Par-
ticularly, authors described that a less active GSK3β gene-
promoter variant and a long-term administration of lithium 
are associated with increases of DTI measures of axial dif-
fusivity in several white matter fiber tracts of brain bipolar 
patients, reflecting a better integrity of axons and myelin 
sheaths.

This multiple line of evidence supports the finding that 
lithium and Wnt/β-catenin can modulate myelination pro-
cesses and promote myelin repair after demyelination. 
Paradoxically, but also comforting the link between lithium 
and myelination process in human, clinical data on lithium 
administration reported persistent sequelae in the CNS, 
named Syndrome of irreversible lithium-effectuated neuro-
toxicity (SILENT) [275]. The most commonly sequelae is 
a persistent cerebellar dysfunction, and the authors hypoth-
esized that the putative cause of SILENT is demyelination 
caused by lithium at multiple sites in the nervous system, 
including the cerebellum. This hypothesis needs to be elu-
cidated. Whatever, the potential use of these compounds as 
novel therapeutic agents for CNS disorders by modulating 
myelination requires further investigations to gain better 
insight into disease pathophysiological mechanisms and 
treatment.

Conclusions

Wnt/β-catenin signaling promotes CNS development and 
also adult neurogenesis. It could also account for a large 
part in lithium’s neuroprotective and beneficial effects in 
psychiatric, neurodegenerative, and demyelinating diseases. 
Lithium administration is able to induce neural progeni-
tor proliferation in vitro [71, 276, 277] and in vivo in nor-
mal and pathological brain [278–281]. Finally, innovative 
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mechanisms of action arose recently. First, as we already 
mentioned, emerging data support the finding that specific 
microRNA are both targets of lithium and involved in the 
pathophysiological processes of brain diseases [213, 282]. 
A better understanding of this novel regulatory mechanism 
for lithium’s beneficial effect may provide new knowledge 
of disease etiology and would lead to more efficient therapy 
[93, 283]. Second, in view of the multiple beneficial effects 
induced by lithium and Wnt/β-catenin pathway modulators 
in a wide spectrum of neurologic diseases, a new concept 
allowing the explanation of such various shared mecha-
nisms could be proposed [284]. As evoked above, lithium 
and Wnt/β-catenin signaling can be considered as regula-
tors of myelination. Therefore, a myelin-centered model 
can help to explain and integrate the set of pleiotropic neu-
roprotective effects observed in the nervous system. Non-
invasive technologies, via imaging and genetic approaches, 
would permit to clinically test this hypothesis.
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