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Developmental signalling pathways such as Wnt/β-catenin, Notch and
Sonic hedgehog play a central role in nearly all the stages of neuronal devel-
opment. The term ‘embryonic’ might appear to be a misnomer to several
people because these pathways are functional during the early stages of
embryonic development and adulthood, albeit to a certain degree. Therefore,
any aberration in these pathways or their associated components may
contribute towards a detrimental outcome in the form of neurological dis-
orders such as Alzheimer’s disease, Parkinson’s disease, amyotrophic
lateral sclerosis and stroke. In the last decade, researchers have extensively
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studied these pathways to decipher disease-related inter-
actions, which can be used as therapeutic targets to
improve outcomes in patients with neurological abnorm-
alities. However, a lot remains to be understood in this
domain. Nevertheless, there is strong evidence supporting
the fact that embryonic signalling is indeed a crucial mech-
anism as is manifested by its role in driving memory
loss, motor impairments and many other processes after
brain trauma. In this review, we explore the key roles of
three embryonic pathways in modulating a range of
homeostatic processes such as maintaining blood–brain
barrier integrity, mitochondrial dynamics and neuroin-
flammation. In addition, we extensively investigated the
effect of these pathways in driving the pathophysiology
of a range of disorders such as Alzheimer’s, Parkinson’s
and diabetic neuropathy. The concluding section of the
review is dedicated to neurotherapeutics, wherein we
identify and list a range of biological molecules and com-
pounds that have shown enormous potential in improving
prognosis in patients with these disorders.
1. Introduction
Neurological disorders are characterized by a gradual and pro-
gressive loss of neurons, which ultimately affects the steady-
state homeostasis of the human nervous system and thereby
functions such as abstract thinking, movement, emotions,
cognition and memory [1]. Available data suggest that nearly
2% of the global population may be affected by such detrimen-
tal outcomes [2]. Some of the common neurological disorders
include Alzheimer’s disease (AD), Parkinson’s disease (PD),
amyotrophic lateral sclerosis (ALS), multiple sclerosis (MS),
stroke and diabetic neuropathy. Studies have identified several
risk factors such as genetic polymorphisms, ageing, endocrine
conditions, oxidative stress, inflammation, hypertension,
diabetes, depression, infection, vitamin deficiencies, metabolic
conditions, chemical exposure and dietary supplements,
among others, that can drive the pathogenesis of these
disorders [3–5]. In addition to these risk factors, a panel of
signalling pathways that are crucial during normal brain func-
tioning can also drive the pathophysiology of brain-related
disorders. It is a well-known fact that signalling is indeed a
key biological activity that ultimately decides the fate, pheno-
type and response of all cells in the human body. This is no
different in the case of brain cells, and therefore signalling path-
ways, especially in neurological disorders, has been a subject of
extensive research in the last decade. Although tremendous
progress has been made on that front, a lot remains to be
deciphered.

Embryonic signalling pathways or developmental path-
ways (figure 1) are highly conserved cellular activities in
vertebrates. As the name suggests, these pathways are
mostly active during embryonic development, especially
within the neural tube and skeleton, and are mostly dormant
or have low activity in adult tissues. During embryogenesis,
they take centre stage within the central nervous system
(CNS) and define the fate of neural progenitor cells (NPCs)
and their neuronal and glial progenies, thereby facilitating
normal brain development and operation. Emerging reports
suggest that embryonic signalling plays a key role in the for-
mation and plasticity of neuronal circuits in the hippocampal
region of the brain, which is fundamental to learning and
memory. In addition, these pathways can act as pleiotropic
factors and facilitate several other developmental processes
such as embryonic patterning, brain development, prolifer-
ation, specification and axonal targeting in the forebrain,
hindbrain and spinal cord. As mentioned, these pathways
remain operational in adults, albeit to a certain degree, and
modulate normal brain homeostasis and adult neurogenesis
[6,7] Thus, any aberration or deregulation in these pathways
or their associated components may lead to detrimental out-
comes that can drive the pathogenesis of several neurological
disorders. Nevertheless, despite the criticality of these path-
ways, concrete and clear information pertaining to their
activity and/or interactions in neurological disorders is lar-
gely elusive, and hence a subject of continued research.
Therefore, detailed insight into the individual pathways is
essential to identify the disease-critical interactions of these
pathways, which in turn may lay a platform for future thera-
peutics. Essentially, there are three embryonic signalling
pathways, namely Notch, Sonic hedgehog (Shh) and Wnt/
β-catenin. In this review, we explore the functional
significance and disease critical interactions of these path-
ways in a range of neurological disorders. In addition, we
investigated the possibility of using biomolecules and/or
molecular compounds that have shown tremendous promise
in targeting these abnormal interactions, which could lay a
platform for novel neurotherapeutics.
2. Developmental signalling pathways:
a general overview

2.1. Notch signalling pathway
The Notch pathway is widely studied as a key developmental
pathway; however, it is highly active and operational in the
adult brain. Notch signalling modulates several key aspects
of neurogenesis such as morphology, migration, synaptic plas-
ticity, maintenance of mature and immature neurons, radial
glia maintenance, neurogenesis and dendrite development.
Most importantly, Notch drives the activity of neural stem
cells (NSCs) by mediating the epigenetic remodelling of glial
fibrillary acidic protein that in turn maintains the competence
of NSC [8–10]. Studies have suggested that the Notch pathway
may be crucial in long-term memory formation, as well as
memory loss following severe neurodegeneration [11]. Similar
to other embryonic pathways, the juxtracrine Notch signalling
pathway is highly sustained across vertebrates. Notch has four
homologues (Notch 1, 2, 3 and 4) and two sets of ligands
belonging to the Jagged (Jag-1 and Jag-2) and Delta (Delta-
like-1, 3 and 4) families. All Notch receptors are non-covalently
bound heterodimeric, single-pass transmembrane proteins.
The Notch pathway is activated by a ligand–receptor inter-
action-induced conformational change in the Notch receptor
architecture, which exposes the cleavage sites in the extracellu-
lar domain of the receptor. Thereafter, a disintegrin and
metalloprotease 10/17 (ADAM 10/17) mediates the first clea-
vage (S1 cleavage), resulting in the release of the residual
Notch C-terminal (NEXT) fragment. The NEXT fragment is
then subjected to a second cleavage (S2 cleavage) mediated
by the enzyme γ-secretase (gamma-secretase). The S2 cleavage
is extremely crucial because it releases the nucleus-bound
fragment, the Notch intracellular domain (NICD). Thereafter,



Figure 1. Developmental signalling pathways and associated activation process.
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the NICD translocates into the nucleus and forms a transcrip-
tionally active complex along with co-activators belonging
to the CBF-1/Su(H)/Lag-1 (CSL) and mastermind-like
(MAML) family of proteins. This complex regulates the tran-
scription of an array of Notch downstream target genes,
namely Hes family bHLH transcription factor 1 (Hes-1) and
Hes-related family bHLH transcription factor with YRPW
motif (Hey). Both Hes-1 and Hey are the negative regulators
of transcription [12–18].

2.2. Shh signalling pathway
The Shh pathway is strongly associated with the develop-
ment of the neural tube, patterning of the ventral structures
and ventral forebrain, neuronal differentiation, proliferation
and survival of ventral progenitors, specification of ventral
neurons, midbrain dopaminergic differentiation, cerebellar
neuronal precursor proliferation and patterning of the devel-
oping thalamus. In humans, the subventricular zone (SVZ) of
the brain is one of the two sites where neurogenesis occurs in
adults and Shh signals set the tone for the same [19–22]. Simi-
lar to Notch, Shh along with the epidermal growth factor
(EGF) regulates the activity of NSCs during embryogenesis
and in adult brains. Several studies have reported that Shh
transactivates the EGF receptor (EGFR), resulting in ERK1/2
signalling in NSCs, suggesting a collaborative activity mostly
during the later stages of NSC proliferation [23]. The Shh sig-
nalling pathway primarily involves a 12-transmembrane
protein, protein patched homologue 1 (Ptch-1) and an array
of ligands, namely Shh, Desert Hedgehog and Indian Hedge-
hog. In organisms such as zebrafish, Shh has three additional
ligand homologues, namely Qiqihar Hedgehog, Echidna
Hedgehog and Tiggy-winkle Hedgehog [24–26]. Shh is the
most broadly expressed and widely investigated homologue
in mammalian systems. The interaction of Shh with Ptch-1,
which is expressed on the membrane of receptive cells, acti-
vates the Shh signalling pathway. Incidentally, in the absence
of Shh activation, PTCH1 behaves as a constitutive repressor
of another Hh transmembrane receptor, smoothened (Smo).
Smo is a member of the G-protein coupled receptor (GPCR)
family. Ptch-1 and Smo act as transducers of Shh signals.
Shh-induced Smo activation drives several cell fate decisions
through the activation of an array of zinc finger transcription
factors such as cubitus interruptus (Ci) in Drosophila and GLI
family zinc finger (Gli) in mammals. Ci can be phosphorylated
by a panel of kinases such as protein kinase A (PKA), glycogen
synthase kinase-3β (GSK-3β) and casein kinase 1α (CK1α).
Further, three Gli proteins, namely Gli-1, Gli-2 and Gli-3, oper-
ate as downstream effectors of the Shh pathway in mammals.
Gli-1 acts only as a transcription activator, whereas Gli-2 and
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Gli-3 act as an activator or a repressor in a context-dependent
manner. The activation of the Shh signalling pathway in a cell
perturbs the ratio of the Gli activator and Gli repressor, result-
ing in diverse cellular responses proportional to the strength
and nature of the Hh signal. In addition to Ci and Gli, other
components such as microtubule-associated kinesin-like
protein Costal 2 (Cos2), serine–threonine kinase fused (FU)
and the suppressor of fused (SUFU) form an integral part of
the Shh cascade in vertebrates [24,27–29].
/journal/rsob
Open

Biol.12:210289
2.3. Wnt/β-catenin signalling pathway
The Wnt/β-catenin pathway is highly conserved across the
metazoans and drives key cellular functions such as cell
specialization, migration, adhesion and development [30].
Recent studies have highlighted the role of the Wnt/β-catenin
pathway in normal brain development, especially in regulat-
ing the functions of mature neurons in the adult CNS [31,32].
In addition, the Wnt/β-catenin pathway is associated with a
myriad of other processes such as neuronal maturation, axon
remodelling, neuronal connectivity, migration and synaptic
formation in the embryonic brain. In the adult brain, the
Wnt/β-catenin pathway drives synaptic activity and behav-
ioural plasticity [33–35]. In mammals, Wnt proteins are
coded by 19 Wnt genes and are essentially lipid-modified
glycosylated cysteine-rich proteins with molecular sizes
ranging from 39 to 46 kDa [31,36]. The canonical Wnt signal-
ling pathway is activated by interaction between Wnt and
transmembrane pass receptor, Frizzled (Fz). The non-canonical
Wnt signalling pathway is activated by proteins such as LRP5/
6 that serve as one of the many co-activators of theWnt signal-
ling pathway. After the ligand–receptor interaction, the
pathway is triggered by the localization of the protein called
Dishevelled (Dvl). Thereafter, Dvl interacts with and recruits
the destruction complex comprising Axin, adenomatous poly-
posis coli (APC), serine–threonine kinases (glycogen synthase
kinase-3 (GSK-3) and casein kinase 1α (CK1α)) and protein
phosphatase 2A (PP2A). The recruitment of destruction com-
plex allows the accumulation of the Wnt downstream effector
β-catenin, resulting in increased cytosolic accumulation of
β-catenin. Eventually, β-catenin is translocated into the nucleus.
The interaction of β-catenin with the TCF/LEF family of tran-
scription factors in the nucleus leads to the activation of a
panel of Wnt downstream target genes [37–40].
3. Developmental signalling pathways and
ageing brain

Brain shrinkage and changes in the brain at all levels from
molecules to morphology are associated with increasing age.
The major cellular and molecular mechanisms responsible
for brain ageing are mitochondrial dysfunctions, impaired
molecular disposal, impaired DNA repair, aberrant neuronal
network activity, oxidative damage, deregulated neuronal
calcium homeostasis, impaired adaptive stress response
signalling, stem cell exhaustion, glial cell activation and
inflammation. In addition to other signalling pathways, the
embryonic signalling pathways are crucial for the development
and proper functioning of the brain. The embryonic signalling
pathway crosstalk is complex and highly required for the mol-
ecular regulation of homeostasis and adaptation of neuronal
cells. The alterations in these pathways render the ageing
brain vulnerable to various neurological disorders.

The Wnt signalling pathway is an important pathway
at the synapse and is required for synaptic plasticity and
maintenance in the adult brain. Increasing studies have
recommended that synaptic signalling is compromised in
the ageing brain, leading to synaptic failure. The synaptic
strength and functions normally reduce with age, making
these synapses susceptible to different toxic molecules includ-
ing amyloid beta (Aß). Hence, we observe changes in the Wnt
signalling pathway and other signalling pathways that are
important for synapse integrity in an ageing brain [41–43].

Several studies have suggested that Wnt signalling is
reduced in the aged human brain. Studies have further
revealed that Wnt ligands (Wnt-2b, Wnt-6 and Wnt-7a), as
well as frizzled receptors (Fzd-2 and Fzd-3), are downregu-
lated in the aged human brain [44]. A study conducted by
Inestrosa et al. [45] revealed that soluble endogenous inhibitors
of the Wnt signalling pathway increase in an age-dependent
manner in both the hippocampus and cortex of Octodon
degus. In addition, they reported that age-related Wnt signal-
ling defects were recovered by andrographolide treatment in
O. degus [45].

A recent study proposed that defective Notch signalling
may play a critical role in the pathophysiology of neurode-
generative diseases. Furthermore, studies have revealed that
Notch signalling in neurons, glia and NSCs may be intricate
in pathological alterations that occur in age-related disorders.
Interestingly, animal model-based studies have highlighted the
therapeutical potential of different agents targeting the Notch
signalling, in the case of age-related central nervous system
(CNS) disorders. Also, the Notch signalling pathway is evolu-
tionarily conserved and found to be important for vascular
development and function. Age-related alterations in Notch
signalling may elicit neurovascular dysfunction, leading to
the progression of neurodegenerative diseases [46].

The Notch and Wnt pathways are known to interact
with each other. The communication and equilibrium between
these pathways may be interrupted in ageing individuals
and ageing-related diseases. For instance, stable interaction
between these pathways is necessary for the renewal of adult
skeletal muscles and angiogenesis; however, progressing age
may disrupt such connections and limit regenerative capacity.

In addition to defective Wnt and Notch signalling, defec-
tive Shh signalling may play a role in the pathogenesis of
age-related neurological disorders. In the recent past, the
Shh signalling pathway was reported to play a role in neuro-
genesis, anti-inflammatory and antioxidant pathways, and
autophagy [47]. Hence, the Shh signalling pathway may be
a significant modulator in age-related neurological diseases.
4. Developmental signalling pathways
involved in maintaining blood–brain
barrier integrity

The blood–brain barrier (BBB) is a highly selective and per-
meable barrier that separates the circulating blood from the
extracellular fluid of the brain to regulate the CNS micro-
environment [48]. The BBB is made up of endothelial cells
(ECs), astroglia, pericytes, perivascular macrophages and
basal membrane. The ECs, through tight junctions (TJs) and



Figure 2. Disease–critical interactions in response to brain trauma, injury or disorder.
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basal lamina, maintain BBB integrity under normal physio-
logical conditions. The structural and functional integrity of
the BBB is severely altered during events such as neoplasia,
ischaemia, trauma, inflammation, and bacterial and viral
infections. Brain traumas such as permanent ischaemia lead
to the redistribution of claudin decomposition fragments,
zona occludens-1 (ZO-1) and occludin from the membrane
to the cytoplasm in BBB. The Notch signalling pathway is
involved in maintaining blood vessel integrity and BBB stab-
ility. Several studies have reported a strong correlation
between endothelial dysfunction and deregulated Notch
expression [49]. For instance, the Notch-4-based activation
of the Notch signalling pathway helps in maintaining the
stability and growth of the mature BBB endothelium
(figure 2) [49]. Studies have suggested that gamma-secretase
inhibitors (GSIs) such as N-[N-(3,5-difluorophenacetyl)-1-
alany1-S-phenyglycine t-butyl ester (DAPT) confer protection
to the brain against permanent ischaemia-induced BBB
damage by altering the Notch-4/Calpastatin homeostasis
pathway in vascular ECs (VECs). In addition to VECs,
brain pericytes play a role in regulating brain vascular integ-
rity, permeability and blood flow, and therefore brain
pericytes are an important component of the BBB. The
deficiency of brain pericytes has been attributed to neonatal
intracranial haemorrhage in human fetuses and stroke and
neurodegeneration in adults. In in vitro studies, Notch signal-
ling inhibition, either by GSIs or by genetic ablation of
endothelial Notch, has been found to contribute to BBB
impairment, as substantiated by altered localization
and loss of endothelial junction molecules, decelerated
transendothelial electrical resistance and augmented macro-
molecular permeability. Further, inflamed brain ECs (BECs)
had altered activity of Notch components, as indicated by
decreased expression of the downstream target genes (Hes-
1 and Hes-5). Notably, barrier function was further deceler-
ated when the Notch signalling pathway was hampered
under the inflammatory state, signifying the additive out-
come of the defective Notch signalling and inflammation in
BECs. Conversely, the enhanced activity of inducible NICD-
1 rescued the negative effect of inflammation. Interestingly,
inflammation curtailed the expression of the glycosyltransfer-
ase Lunatic Fringe, a well-known positive controller of Notch
glycosylation and associated signalling, and thereby contrib-
uted to the disruption of the barrier function of BECs [50].
Recent experiments conducted using zebrafish model sys-
tems have revealed that Notch-3 is expressed on the surface
of pericytes and a deficiency in Notch-3 expression results
in the deficiency of pericytes in the zebrafish brain. Therefore,
aberrant Notch-3 expression can contribute to the improper
functioning of the BBB through defective pericyte function.
Moreover, conditional loss- and gain-of-function experiments
have provided strong evidence that Notch-3 signalling
positively regulates brain pericyte proliferation and differen-
tiation [51]. Incidentally, Notch signalling is not restricted to
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VECs and brain pericytes but is fundamental for the survival
of vascular smooth muscle cells (VSMCs). VSMCs maintain
BBB homeostasis through Notch-3 activation-induced
processes such as contraction, blood flow distribution and
regulation of blood vessel diameter. Notch-3 is expressed
on the surface of VSMCs in the mammalian CNS [52]. The
leaky BBB in the stem cell niches of the intact and ischaemic
stroke brains responds to circulating vascular endothelial
growth factor (VEGF) to drive the induction of the Notch
ligand (DLL4) in pericytes and ECs, and further induce sig-
nificant proliferation of stem cells and neurogenesis. Notch
ligand DLL4 is one of the most imperative cues in angiogen-
esis [53]. Overall, these studies suggest that the Notch
signalling pathway plays a vital role in maintaining normal
BBB homeostasis both in embryonic and adult brains.

Similar to the Notch signalling pathway, the canonical Wnt
signalling pathway regulates the vascularization of the CNS
and maintains BBB properties unique to the CNS vasculature
in ECs. Results obtained from cell culture assays and genetic
loss- and gain-of-function experiments in mice have revealed
that the Gpr124 protein acts as a coactivator of the Wnt-7a-
and Wnt-7b-stimulated canonical Wnt signalling pathway
through the Fz receptor and Lrp coreceptor. Moreover, the
Gpr124-stimulated Wnt signalling pathway operates in
cooperation with the Norrin/Fz-4 signalling pathway to con-
trol CNS vascular development. This indicates that Gpr124 is
a ligand-specific coactivator of the canonical Wnt signalling
pathway [54]. In addition, Wnt signalling suppresses the
sphingosine-1-phosphate receptor (S1pr) signalling during
angiogenesis, which drives the dynamic junction formation
during anastomosis. Moreover, S1pr signalling mediates BBB
maturation and VE-cadherin stabilization. However, the pre-
mature activation of S1pr in the absence of Wnt signalling
reduces VE-cadherin and Esama at cell–cell junctions. Interest-
ingly, these findings reveal a crucial link between brain
angiogenesis and BBB formation, and emphasize that Wnt
signalling is the chief coordinator of anastomosis [55]. In neuro-
logical traumas (such as haemorrhagic stroke, seizure andCNS
inflammation) defective β-catenin transcription activity results
in BBB dysfunction [56]. Studies have indicated that Wnt mor-
phogens released by neural precursor cells control BBB
formation during embryogenesis. The activation of the Wnt/
β-catenin pathway in mouse BECs modulates the stabilization
of the endothelial TJs through transcriptional modulation of
the TJ proteins. Further, the Wnt5a-mediated activation of the
pathway possibly through a Par/aPKC PCP-dependant mech-
anismhas been reported in brainmicrovascular endothelial cell
lines (hCMEC/D3). Importantly, the activation of Wnt-5a in
hCMEC/D3 cell line is completely independent of the classical
Wnt/β-catenin activation, although Wnt-5a contributes signifi-
cantly towards maintaining TJ integrity and endothelial
apicobasal polarity. Overall, these studies suggest that the
Wnt-5a/Par/aPKC PCP pathway and classical Wnt/β-catenin
mediators act as key regulators of normal BBB homeostasis [57].

Few studies have investigated the effect of Shh pathway
activation on BBB homeostasis and maintenance; therefore,
this continues to remain a grey area. Nevertheless, reports
have suggested that Shh signalling may be crucial in the
maintenance of BBB integrity [58]. The astrocytes localized
in the BBB secrete a variety of Shh ligands and the ECs
express Shh receptors such as Ptch-1; hence, astrocytes and
ECs may be involved in BBB formation and maintenance
during embryonic development and adulthood, respectively.
Moreover, the activation of Hh signalling renders a barrier-
promoting effect and maintains an endogenous anti-
inflammatory balance against CNS-directed immune attacks,
as observed in several cases ofmultiple sclerosis (MS) [59]. Inci-
dentally, the effect of the Shh signalling pathway is not
restricted to MS. A study conducted in a cerebral ischaemia
model reported that the Shh signalling pathway regulates
permeability across the BBB [60]. Shh triggers angiopoietin
(Ang-1) production predominantly in the astrocytes under
the conditions of severe ischaemic insults. Ang-1 acts on
brain microvascular ECs and upregulates the expression of
proteins, ZO-1 and occludin. The upregulation of ZO-1 and
occludin expression drives the repair of TJ, thereby ameliorat-
ing the symptoms of brain oedema and BBB leakage [60].
5. Glial cells: the platform for
developmental signalling-based
neuronal homeostasis

In the CNS, the neurons and glial cells are equally important;
the neurons play a key role in neurotransmission and glial
cells provide neuronal support and maintain the steady-
state brain homeostasis. Glial cells have been attributed in a
range of processes across the CNS, such as the release and
uptake of neurotransmitters, pyruvate and glutathione
metabolism, ion buffering, organization of BBB, production
of myelin and cerebrospinal fluid (CSF). In addition, the
activity of glial cells is regulated by subtle interactions
between neurons and glia, wherein the embryonic pathways
play the central role. The Shh signalling pathway is mostly
active in the glial cells during embryogenesis and in the
neural precursors during adulthood. Nevertheless, in the
adult brain, Shh may be expressed by neurons and astrocytes.
Several studies have suggested that the activation of the Shh
signalling pathway drives several neuro-glial interactions
and crosstalk. Brain trauma due to chemical reactive
oxygen species (ROS and other compounds), biological
(microorganism infection) and physical injuries (ischaemia
and hypoxia) causes reactivation of the Shh signalling path-
way in the glial cells, particularly astrocytes, of the adult
brain, leading to tissue regeneration [61]. In addition, these
injuries elicit contact between astrocytes and neurons through
the activation of the Shh signalling pathway and associated
components (figure 2). Further, the Shh signalling pathway-
mediated astrocyte response to brain insults facilitates coordi-
nated cell reaction in the brain tissue. Astrocytes participate
in the brain repair processes and act as key mediators of
the brain injury-specific responses. Moreover, brain insults
cause astrocytes to become reactive and activate the Shh sig-
nalling pathway, which causes an enhanced expression of
genes such as Ptch and Gli. Additionally, it enhances the
expression of genes such as cyclin D1 protein (CCND) (cell-
cycle), Nestin (NES) (cytoskeleton), SRY (sex-determining
region Y)-box 2 (SOX2), Prominin 1 (PROM1) and protein
kinase B (PKB) also known as AKT. On the contrary, Shh
overexpression in astrocytes is correlated with decreased
levels of GFAP and S100, and reduced scar formation. Most
importantly, after brain insults, Shh signalling enhances the
proliferation of oligodendrocytes, microglia and NG2-posi-
tive cells, and helps in neuronal survival and BBB integrity
through enhanced expression of ZO-1 and occludin in
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microvessel ECs, thereby advocating a coordinated tissue
response for brain repair [61]. Emerging evidence suggests
that these post-traumatic responses are partly mediated by
the activation of the Shh cascade that drives an array of cellu-
lar responses in the brain to build a neuroprotective
environment primarily by reinforcing the damaged BBB
[62,63].

Cerebellar development in mammals progresses under
the precise spatio-temporal control of key developmental
pathways such as the Wnt/β-catenin signalling pathway.
Wnt/β-catenin activity is observed in the perinatal cerebellar
ventricular zone (VZ), a germinal centre in the developing
cerebellum that gives rise to GABAergic and glial cells. The
regulation of Wnt/β-catenin signal levels is essential for the
normal development of the cells arising from the cerebellar
VZ during the late embryogenesis stage [64]. Several risk fac-
tors, such as genetic and hormonal background (i.e. gender
and oestrogens) and endogenous and exogenous activators
of Wnt/β-catenin signalling components (i.e. GSK-3β-antag-
onists), can stimulate astrocyte-mediated beneficial effects
on brain injury or trauma. Astrocyte activation can occur
through the expression of growth or neurotrophic factors,
particularly Wnt-1. Astrocytes located in the ventral midbrain
can facilitate neurogenesis and DAergic neurogenesis from
the adult neural stem or progenitor cells by activating the
Wnt/β-catenin signalling pathway. For instance, studies
have shown that Wnt-1 can mediate the survival, repair
and rescue of DA neurons by directing neuronal effects and
by inhibiting the microglia-M1-activated phenotype. Interest-
ingly, astrocyte-derived Wnts and the activation of the Wnt/
β-catenin signalling pathway play a key role in the regulation
of adult neurogenesis [65,66]. In the aged brain, the neural
progenitors localized in the neurogenic areas such as the
SVZ and subgranular zone (SGZ) of the hippocampus are
in close contact with the astrocytes, thereby facilitating
in building a directive ‘niche’ that regulates neurogenesis
[67,68]. During embryonic development, Wnt-1/β-catenin
signals control DAergic neurogenesis chiefly by maintaining
the integrity of the generated neurogenic niche and oversee-
ing the progression from nuclear receptor-related 1 protein-
positive (Nurr1+)/TH− post-mitotic DAergic neuroprogeni-
tors to Nurr1+/TH+ neurons [69,70]. Although the
connection between glial cells and Notch signalling has not
been explored, few studies have reported that Notch ligands
and receptors are constitutively expressed on microglial cell
surfaces in the developing brain. The Notch signalling path-
way is crucial for the maintenance of the microglial
population during early development, as is the case of
other glial cells during normal development. In postnatal
and adult rat models, the Notch signalling pathway has
been attributed to microglial activation and inflammation
process during neuroinflammatory diseases [49,71].
6. Developmental signalling and brain-
derived neurotrophic factor crosstalk in
the central nervous system

Brain-derived neurotrophic factor (BDNF) is a well-character-
ized neurotrophin that controls numerous activities in the
CNS, such as neuronal differentiation, neuroprotection and
synaptic plasticity. The Wnt signalling pathway plays a
crucial role in maintaining BDNF expression in the brain. The
activation of the Wnt/β-catenin signalling pathway upregu-
lates BDNF expression. For instance, Wnt-3a-based signalling
activation induces the expression of BDNF and several other
components of the BDNF signalling pathway in neurons and
glial cells [72]. Moreover, neuron activity-induced Wnt signal-
ling can also upregulate the expression of BDNF, especially in
the pain neural circuit. In principle, neuronal activity-induced
BDNF gene expression is mainly regulated by the Ca2+/cAMP
response element-binding protein (CREB) pathway; however,
some studies have reported the involvement of other regulat-
ory factors in the regulation of BDNF expression levels
through interaction with the Wnt signalling pathway. In pri-
mary cortical cultures, blocking the activation of the Wnt/
β-catenin signalling pathway prevents the expression of
BDNF in response to the activation of the N-methyl-D-aspartic
acid (NMDA) receptor. Wnt/β-catenin-induced BDNF
expression is essential for peripheral pain-inducedupregulation
of BDNFexpression in themouse spine.Hence, conditional del-
etion of one copy of either Wntless or β-catenin is sufficient to
repress the pain-induced upregulation of BDNF expression in
the mouse spine [73]. Evidence suggests that BDNF can modu-
late the growth of human neurons possibly through crosstalk
involving Wnt/β-catenin and GSK-3β. In an in vitro study,
BDNFoverexpression in human embryonic spinal cord neurons
resulted in the upregulation of Wnt pathway components/fac-
tors such as TrkB, PI3K, AKT, PLC-γ, Wnt, Fz, Dsh and β-
catenin and downregulation of GSK-3β (figure 2) [74]. In
addition to neurons, BDNF promotes the growth of human
NSCs and the Wnt/β-catenin signalling pathway is actively
involved in the process. Cell culture assays have shown that
transfection with pIRES2-ZsGreen1-BDNF results in increased
growth of human embryonic spinal cord (hESC)-NSCs, signifi-
cant upregulation of Wnt, Frizzled and Dsh expression, and
reduction in the GSK-3β level. On the contrary, treatment of cul-
tured hESC-NSCs with BDNF-siRNA reverses the phenotype.
Overall, these observations suggest that BDNF signalling can
affect the growth of neurons and hESC-NSCs in vitro, possibly
through crosstalk with the Wnt signalling pathway, and
GSK-3β appears to be the key link connecting these two
pathways [75].

The effect of Shh cascade activation on BDNF expression
has not been studied in great detail. Nevertheless, the limited
evidence available suggests that Shh signals in the spinal cord
drive morphine-induced hyperalgesia (MIH) and tolerance
primarily through the upregulation of BDNF, thereby
suggesting that Shh may be a mediator of MIH regulation
and tolerance. Moreover, the inhibition of Shh signalling,
mainly during early phase development, delays or sometimes
completely suppresses MIH and its tolerance [76]. The
Shh signalling pathway can modulate BDNF expression in
normal and regenerating cavernous nerves (CN), which are
frequently injured during prostatectomy. The manipulation
of the nerve microenvironment is extremely critical to
hasten the regeneration of CN post-trauma, and therefore
should be studied further to identify novel therapies for erec-
tile dysfunction. Shh treatment can improve CN regeneration
in association with BDNF, which may drive the return of erec-
tile function after CN trauma, suggesting that BDNF may be
a target of Shh not only in CN but also in cortical neurons
and the sciatic nerve [77]. Further, the connection between
Notch and BDNF expression is unexplored and should
be investigated.



Figure 3. Interplay between mitochondrial biogenesis and developmental signalling pathways in the CNS. (A) Wnt signalling pathway and mitochondrial dynamics,
(B) Hedgehog signalling pathway and mitochondrial dynamics, and (C) Notch signalling pathway and mitochondrial dynamics.
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7. Developmental signalling and its role in
modulating mitochondrial dynamics

Mitochondria are the lifeline of all eukaryotic cells. In
addition to their primary role in generating cellular energy
in the form of adenosine triphosphate (ATP), mitochondria
are highly involved in several other cellular processes such
as calcium buffering and apoptosis. In neurons specifically,
mitochondria are involved in the development of nascent
neurons and in defining the synaptic plasticity of mature
neurons [78,79]. Aberration of mitochondrial functions in
neurons has been linked to the pathogenesis and prognosis
of neurological disorders such as ischaemic stroke and AD
[80]. Several studies have suggested that the mitochondrial
functions are subtly controlled and driven by an array of
growth factors and signalling cascades such as the develop-
mental pathways (figure 3). In hippocampal neurons, the
activation of the Shh signalling cascade has been shown to
affect key aspects of mitochondrial dynamics such as the
mitochondrial mass, which is significantly greater in neurons
treated with the Shh stimulus. The enhancement of mitochon-
drial functions by the Shh signalling pathway is critical
towards Shh-stimulated axon outgrowth [81]. Further, some
articles suggest that Shh-activity limits mitochondrial fission
and augments mitochondrial elongation, primarily by sup-
pressing the expression of mitochondrial fission protein
dynamin-like GTPase, Drp1. Moreover, compared with mito-
chondria in Shh-untreated neurons, those in Shh-treated
neurons are more electron-dense with higher membrane
potential and respiratory activity, indicating the key involve-
ment of the Shh signalling pathway in driving mitochondrial
dynamics in the CNS. In addition, studies have reported that
Shh signalling offers some type of neuroprotection to the
neurons against the mitochondrial poison rotenone, Aβ-
peptide, hydrogen peroxide and high levels of glutamate;
thus, further strengthening the hypothesis [47]. Although
few studies have studied this topic, the available data empha-
size a strong connection between the Shh pathway and the
physiological properties of mitochondria in the CNS [82].

Notch-mediated mitochondrial biogenesis and functional
improvement have been recently studied in the oxygen-
glucose deprivation (OGD) model of ischaemic injury. It
was found that the treatment of OGD cortical neurons with
rosuvastatin (RSV) restricted the generation of ROS and
significantly upregulated the mitochondrial activity (as
measured through the ATP levels) in damaged cortical neur-
ons. Further, RSV treatment augmented the mitochondrial
DNA content and enhanced the mRNA and protein level of
mitochondrial transcription factor A and nuclear respiratory
factor 1. However, silencing of Notch1 activity in primary
cortical neurons completely reversed RSV-induced
mitochondrial biogenesis under OGD conditions. Nonethe-
less, these observations suggest that RSV can restore neurite
outgrowth in cortical neurons damaged by OGD in vitro,
partly by improving mitochondrial biogenesis through a
Notch-1-mediated mechanism [83]. In other neurodegenera-
tive conditions such as AD, the Notch downstream effector
Hey-2 has been shown to interact with miR-98, reduce Aβ
production and oxidative stress, and improve the mitochon-
drial function in AD models [84]. Finally, the Wnt
signalling pathway has a strong connection with mitochon-
drial dynamics, especially within the CNS. For instance,
Wnt-3a-mediated activation of the canonical Wnt signalling
pathway limits the permeabilization across the mitochondrial
membranes by limiting the transport across the mitochon-
drial permeability transition pore (mPTP) induced by toxic
Aβ oligomers in an AD mouse model [85]. Further, Wnt-5a-
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mediated activation of the non-canonical Wnt signalling
pathway confers some type of protection to the mitochondria
against fission–fusion alterations in AD. Wnt signalling regu-
lates mPTP permeability possibly through the following two
mechanisms: first, by downregulating the expression of
mitochondrial GSK-3β, and second, by regulating the mito-
chondrial hexokinase II mRNA and protein expression
levels and activity. Overall, these findings suggest that the
Wnt signalling pathway regulates the Aβos-induced cascade
of mitochondrial events such as mPTP opening, mitochon-
drial swelling, mitochondrial membrane potential loss and
cytochrome c release. Hence, any deregulation in the Wnt sig-
nalling pathway can have detrimental effects such as
neuronal death [86]. These data emphasize the fact that the
engagement of developmental signals in memory develop-
ment and memory loss through the modulation of
mitochondrial dynamics is extremely crucial for maintaining
normal neuron and brain homeostasis, and hence should be
explored in detail to identify disease–critical interactions.
 289
8. Developmental pathways and
neuroinflammatory responses in the
central nervous system

Neuroinflammation is a typical immune activity that is trig-
gered in response to any type of brain trauma, injury and
disorder. It helps in protecting the CNS from severe damages
and in restoring normal brain homeostasis post-trauma.
In addition to modulating diverse cellular processes, devel-
opmental pathways drive a panel of neuroinflammatory
activities in the brain. The Wnt signalling pathway plays a
major role in modulating the post-trauma neuroinflammatory
processes in the CNS [87–89]. Several studies have reported
that the canonical Wnt signalling pathway has anti-
inflammatory effects, whereas the non-canonical Wnt
signalling pathway has pro-inflammatory effects [87,88].
The anti-inflammatory processes driven by the activation of
the canonical Wnt pathway are the result of its direct inter-
action with the key members of the NF-κB transcription
factor family, such as RelA [87,90,91]. The non-canonical
pathway also interacts and induces the NF-κB transcription
factor. In addition, there is evidence regarding the involve-
ment of several other signalling components such as PI3 K/
AKT, Ras-related C3 botulinum toxin substrate 1 (Rac1) and
mitogen-activated protein kinase (MAPK) in the process [92].
Moreover, the activation of the non-canonical Wnt pathway
in response to Aβ exposure helps build a pro-inflammatory
environment within the microglia and amplifies the neuroin-
flammatory state [88,91,93]. Evidence shows that despite
being pro-inflammatory, the non-canonical Wnt-5a ligands
may sometimes exert anti-inflammatory effects, especially in
bone tissue challenged with lipopolysaccharide (LPS). Simi-
larly, canonical Wnt ligands can trigger a pro-inflammatory
state, especially within previously activated microglia
[94–96]. Overall, these contradictory findings point towards
the fact that the physiological and cellular context of the Wnt
signalling pathway is extremely crucial when deciphering the
role of theWnt signalling pathway during neuroinflammation.

The Wnt and Toll-like receptor (TLR) signalling pathways
together can downregulate the canonical Wnt signals and
help to drive the neuroinflammatory processes in the CNS
[87]. TLR4 activation prevents low-density lipoprotein recep-
tor-related protein 6 (LRP6) phosphorylation required for
Fz-LRP5/6 activity that results in the inhibition of the cano-
nical Wnt signalling at a very early stage of the pathway
[97]. In macrophages, the activation of the non-canonical
Wnt signalling pathway (Wnt/Ca2+) by the ligand Wnt-5a
triggers the expression of the suppressor of cytokine signal-
ling 1 and protein inhibitors of activated STAT-1 in a TGF-β
activated kinase-1 (TAK1)-dependent manner. This ulti-
mately results in a decrease in the expression matrix of a
panel of signal transducers of the TLRs cascade, such as
IRAK members and MyD88 [98]. Further, GSK-3β, the key
member of the Wnt signalling pathway, is extremely critical
towards TLR-mediated cytokine production, and the silen-
cing of GSK-3β impairs the ability of NF-κB to bind to the
CREB-binding protein [87,90,99]. This impairment may be a
result of Wnt hyperactivation and possible nuclear β-catenin
localization, which is enhanced in response to some type of
trauma or disorder. Further evidence on the involvement of
GSK-3β node was provided by Li et al. [100] while studying
the effects of lithium, a well-known canonical Wnt signalling
agonist that inhibits GSK-3β activity. The study further
reported that lithium not only diminishes the expression of
pro-inflammatory effectors such as interleukin (IL)-6 but also
reduces the expression of TLR4, especially in astrocytes [100].
Finally, toxic substances such as fluoride can drive neuroin-
flammation in the CNS by altering the Wnt signalling
pathway in some form in BV2 microglial cells. This provides
a strong basis for the fluorine-induced neuroinflammation
injury theory [101]. A convergence around the idea that GSK-
3β supports the crosstalk between the TLR, NF-κB and Wnt
signalling pathways exists, irrespective of whether these effects
are regulated directly or indirectly through themediators of the
Wnt signalling pathway. These interactions may altogether be
part of a higher-order immune or inflammatory response
driven by the Wnt signalling pathway in the CNS.

In the CNS, the Notch signalling pathway is central to pro-
cesses known to regulate the normal development of NPCs,
neurons, oligodendrocytes and astrocytes [102–106]. However,
recent evidence suggests that Notch may be involved in driv-
ing the immune cell response against any type of stimulation,
infection, trauma or disorder [107–110]. In addition, Notch-1
is upregulated in the postnatal rat brain microglia when chal-
lenged with the bacterial toxin LPS. Moreover, the inhibition
of Notch-1 concomitantly downregulates the mRNA and
protein expression of IL-6, IL-1 and inducible nitric oxide
synthase and upregulates the mRNA expression of TNF-α
in the microglia [111]. In the CNS, microglial cells are one of
the most important immune cells that perform diverse roles,
especially during neuroinflammatory diseases. The behaviour
of Notch1 in microglial cells suggests that the signalling plays
a putative role in regulating microglial maturation and acti-
vation under neuroinflammatory stress [110–113]. In hypoxic
brain injury, the canonical Notch signalling pathway drives
microglia activation, which can be linked to multiple
immuno-pathological events in the brain. The expression
levels of Notch-1 and Delta-1 are reportedly higher, and a sig-
nificant thrust in the expression of NICD, RBP-Jκ and Hes-1 is
observed in primary microglia and BV-2 microglial cells in the
post-hypoxic stress condition compared with the normal con-
dition. Chemical inhibition of the Notch signalling pathway
with GSIs such as DAPT reverses the hypoxia-mediated effects
of a range of the Notch mediators. Furthermore, GSI-mediated
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Notch inhibition limits the expression and translocation of NF-
κB/p65 and suppresses the activation of the TLR4/MyD88/
TRAF6 pathway. These observations emphasize the close inter-
relationship between the Notch and NF-κB signalling
pathways and the strong possibility of the TLR4/MyD88/
TRAF6/NF-κB signalling axis being operational during
neuroinflammation [114].

The Notch signalling pathway can steer an immune
response through the expression of several cytokines and
effector proteins by immune cells like macrophages. In haema-
topoietic progenitor cells, the Notch signalling pathway is
activated by a range of pro-inflammatory stimuli such as
TNF-α and LPS [115–118]. Recent studies have suggested that
Notch and NF-κB signalling pathways together regulate the
response to injury and cytokines in the CNS, where NF-κB
stabilizes the hypoxia-inducible factor (HIF)1-CSL-NICD com-
plex to facilitate the transcription of bHLH genes such as Hes.
NF-κB can modulate and integrate with the Notch signalling
pathway through both extrinsic (through Notch ligands) and
intrinsic (through intracellularNotchmodulators)mechanisms
[119]. A study reported that pre-treatment with GSIs or silen-
cing of Notch-1 prevents the translocation of NF-κB p50 into
the nucleus upon LPS/IFN-γ induction [117,119]. Therefore,
complex interactions between the Notch and NF-κB signalling
pathways may be involved in attenuating or augmenting key
inflammatory responses in preterm brain post-intrauterine
infection or a neuroinflammatory event.

Insufficient data are available to comprehensively evaluate
the role of the Shh signalling pathway during neuroinflamma-
tion. However, one study deciphered the potential interaction
between a major pro-inflammatory cytokine (IL-1β) and the
Shh signalling pathway. IL-1β is released from activated micro-
glia. It increases the permeability of BBB. IL-1β reduces the
protective effect of astrocytes on BBB integrity, primarily by
suppressing the astrocytic Shh activation. Astrocyte con-
ditioned media, Shh or Shh signal agonists reverse the effect
and strengthen the BBB integrity by upregulating the TJ pro-
teins, whereas Shh signal inhibitors completely abrogate these
effects. Moreover, IL-1β and the Shh signalling pathway pro-
mote astrocytic production of pro-inflammatory chemokines
such as monocyte chemoattractant protein-1, MCP-1 (CCL2),
chemokine (C-Cmotif) ligand 20 (CCL20) andC-X-Cmotif che-
mokine ligand 2 (CXCL2), which induce immune cell migration
and exacerbate BBB disruption and neuroinflammation [40].
Although these observations are engaging, further research is
required to understand mechanisms by which the Shh signal-
ling pathway drives neuroinflammatory processes in the CNS.
9. Alzheimer’s disease: a grand alliance of
developmental signalling pathways

AD is an age-associated neurodegenerative disorder (NDD)
characterized by the progressive loss of cognitive function
and memory, and other associated neurobehavioural pro-
blems [120,121]. AD has two common biological markers:
first, neurofibrillary tangles in the intracellular space of neur-
ons. These structures are a result of the sequential
aggregation of the tau protein after hyperphosphorylation,
a process that progresses through the assembly of oligomeric
structures called paired helical filaments (PHFs) [122–126].
Second, senile plaques are formed by the deposition of Aβ
peptides (39–42 amino acid residues) in the extracellular
environment. These peptides are derived from the amyloid
precursor protein (AβPP) as a result of proteolytic excision
by the enzymes β and γ secretases. These two markers pro-
mote loss of synaptic processes and, finally, neuronal death
[127,128]. Furthermore, there is evidence that the onset of
AD is in part due to ‘damage signals’ or tau oligomers gen-
erated through microglial cells. These signals trigger a
neuroinflammatory response, promoting the misfolding of
the cytoskeletal structure and generating a positive feedback
loop that subsequentially promotes neuronal damage
[124,129,130]. Mutations in AβPP, presenilin-1 (PS-1) and pre-
senilin-2 (PS-2) genes are well-known drivers of disease
prognosis in AD. Moreover, emerging studies suggest that
there exists a strong interplay between the embryonic signal-
ling pathways and other associated components that define
the pathological outcomes of memory impairment in patients
with AD (figure 4) [131,132]. In this section, we explore
the major interactions that might be fundamental from a
therapeutic viewpoint in AD.

9.1. Notch-based interactions in Alzheimer’s disease
Notch, the key substrate of c-secretase/presenilin, plays a role
in learning andmemory-related processes, thereby providing a
foundation to explore the potential link between the Notch sig-
nalling pathway and the pathogenesis of AD. Mutation in
genes encoding AβPP, PS-1 and PS-2 is associated with the
early onset of AD. In addition to PSs, Notch has been found
to interact with AβPP while driving memory deficits linked
with AD in post-mitotic neurons. Moreover, loss-of-function
of the Notch gene has been reported to result in neuronal dys-
function and long-term spatial memory deficits, as observed in
theNotchmutantmousemodel having normal acquisition and
short-term spatial memory [133]. A chronic decrease in Notch
signalling was found to drive specific learning and memory
deficits, which indicates that Notch-dependent transcriptional
regulation is critical for spatial learning and memory. Interest-
ingly, Notch expression has been found to be elevated up to
two folds in the brains of patients with AD compared with
age-matched control subjects. Moreover, the Notch signalling
pathway and its associated components such as Delta-like 1
(Dll1) and Hes-1 have been reported to be hyperactivated in
the cortex of patients with Down syndrome, as observed in
AD. However, Down syndrome fibroblasts and AD cortex
show similar overexpression patterns with respect to Notch-1
and Dll1, thereby suggesting that augmented Aβ production
and neurodegeneration [134]. Although the prognostic
mechanisms of NDDs vary greatly, it is now becoming increas-
ingly clear that the Notch signalling pathway may be involved
to a large extent in the neuronal dysfunction observed in most
of these diseases [133]. However, a lot remains to be studied for
the molecular mechanisms of perturbations of the Notch sig-
nalling pathway in the AD brain to answer whether aberrant
Notch signalling in AD can be pathophysiologically significant
for neurotherapeutic intervention. Although downregulation
of Notch1 expression affects synaptic plasticity, memory and
olfaction, its upregulation after brain trauma can be extremely
harmful to neuronal survival. Studies have suggested that
familial AD mutations in the PS affect Notch-1 expression
and processing; however, some studies have suggested that
Notch-1may be overexpressed in sporadic AD because of simi-
lar mutational events. For instance, immunohistochemical
analysis of Notch-1 in post-mortem cortical and hippocampal



Figure 4. Developmental signalling pathway crosstalk during brain impairment. Numerous studies have shown an aberration in the Notch signalling pathway and its
associated components in the case of AD. Mutations in the genes encoding for AβPP, PS-1 and PS-2 have been held accountable for early onset of the disease.
Besides, in post-mitotic neurons, in addition to PSs, Notch has also been found to interact with AβPP while driving memory deficits linked with AD. There is a
potential association between apoptosis and Notch signalling following stroke and AD. Notch signalling may contribute to the pathogenesis of oxidative stress in
cerebrovascular diseases and synaptic loss. Additionally, impaired Notch can lead to microtubule dysfunction and Tau phosphorylation. Further, reports suggest that
Aβ peptides can disturb the normal activation and operation of the Wnt/β-catenin pathway in the AD brain. Among all the Wnt-associated components that are
affected, β-catenin has emerged as the one repeatedly downregulated in neurons displaying PS-1-inherited mutations. Toxic Aβ causes downregulation of Wnt,
which leads to an increase in GSK-3β and Tau phosphorylation and subsequently memory loss. In addition, it also contributes to an increase in GSK-3β and Tau
levels following impairment in the Wnt-Fz complex induced by Dkk1 and LRP complex. Dkk1 can also reversibly lower the number of synaptic proteins and the
number of active pre-synaptic sites, thereby triggering synaptic disassembly at pre- and post-synaptic neuron sites. Apolipoprotein E (apoEε4), a potential risk factor
in AD, also blocks canonical Wnt activation. Higher expression of Aβ-AchE complex and Frzb-1 can also downregulate Wnt activation. Further, dysfunctional Wnt/β-
catenin signalling causes BBB breakdown in AD. Toxic Aβ can impair cilia structure and associated impairment in Shh signaling, leading to cognitive loss and
ciliopathies. Similarly, IL-1β abolishes the protective effect of astrocytes on BBB integrity by suppressing astrocytic Shh production and ultimately leads to CNS
dysfunction. Lastly, ischaemia can also decrease the neurogenesis process via downregulation of Ptch, Gli and SOD1 components of Shh signalling.
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samples revealed an accumulation of Notch-1 in plaque-like
structures in the brain parenchyma of patients with sporadic
AD. Inmany cases of AD,Notch-1 has been found to be associ-
ated with fibrillary tangles or plaques. Nevertheless, it is
essential to understand that Notch deregulation may be con-
sidered a novel hallmark of AD prognosis [133,135].

9.2. Shh-based interactions in Alzheimer’s disease
Studies have suggested that Aβ peptides can disturb the
normal activation and operation of the canonical Shh signal-
ling pathway in the AD brain [136]. Self-aggregation of the
Aβ peptide is a characteristic feature in the hippocampus of
patients with AD and the Shh signalling pathway may be
involved in the process. Cell culture and animal studies
have indicated that the Shh signalling pathway impairs
hippocampal neurogenesis and synaptic plasticity that in
turn triggers excitotoxic neuronal Ca2+ overload [137–141].
Recently, studies have started extensively investigating the
possible involvement of Shh in the pathogenesis of AD.
Brain tissue samples extracted from patients with AD and
AβPP mutant mice have extremely low levels of Ptch and
Gli-1, suggesting subtle deregulation of the Shh signalling
pathway and its components [142]. Further, the ability of
Shh to mediate nerve growth factor (NGF) effects on cultured
basal forebrain cholinergic neurons supports the role of the
Shh signalling pathway in AD progression. These effects
not only depend on an increase in the proliferation of cholin-
ergic precursors but also post-mitotic phenomenons such as
enhanced survival of differentiated neurons or recruitment
of neuronal cells to the cholinergic lineage from a post-mitotic
pool [143]. Reduction of neurogenesis in the brain is one
of the chief drivers of dementia in AD; on the contrary,
modifying and/or improving the course of hippocampal
neurogenesis has beneficial effects in patients with AD symp-
toms. Although the expression levels of Ptch-1 and Gli-1 are
substantially higher at early ages, a significant decrease in the
Ptch-1 and Gli-1 levels have been observed in the hippo-
campus of aged AD transgenic mice; this can compromise
the ability of genesis in both NSCs and glial precursor cells.
Overall, these observations suggest that the deregulation of
the Ptch-1–Gli-1/Shh signalling pathway may result in detri-
mental loss of NSCs and glial precursor cells, thereby
contributing to serious cognitive decline in AD brains [142,144].

9.3. Wnt-based interactions in Alzheimer’s disease
Similar to the Notch and Shh signalling pathways, the Wnt
pathway has been attributed to play a role in AD biology.
Numerous studies have reported an aberration in the Wnt
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signalling pathway and its associated components in AD.
Among all the Wnt-associated components that are affected
in AD, β-catenin is repeatedly downregulated in neurons dis-
playing PS-1-inherited mutations [145]. PS-1 regulates GSK-3
activity and tau microfibrillar phosphorylation through a
Wnt-dependant mechanism and PS-1 mutations have been
shown to enhance both GSK-3 activity and tau phosphoryl-
ation in the absence of Wnt signals [146–148]. As
mentioned above, tau hyperphosphorylation allows the
formation of oligomers and thereafter, PHFs and neuro-
filament light chain (NFL), the ‘damage signals’, trigger a
neuroinflammatory response by activating microglial cells.
These events promote an abnormal signalling cascade, invol-
ving the release of NF-κB, increase in cyto- and chemokines
levels and subsequent activation of receptors in the neuron,
triggering an overexpression of the cyclin-dependent kinase
5 (CDK5)/p35 complex, GSK-3β and tau hyperphosphoryla-
tion. The new hyperphosphorylated tau self-aggregates
and results in neuronal cell damage. Several studies have
suggested that after neuronal apoptosis, the release of tau oli-
gomers and polymers promote the reactivation of microglial
cells, generating a positive feedback loop of this altered
molecular signalling responsible for neuron degeneration in
tauopathies and AD [123]. Furthermore, exposure of cultured
hippocampal neurons to toxic Aβ peptides results in the
inhibition of the canonical Wnt signalling pathway, and sub-
sequent accumulation of Aβ leads to the activation
of Dickkoff-1 (Dkk1), a potent Wnt protein antagonist
[149–151]. In line with these observations, increased Dkk1
levels have been reported in post-mortem brain samples
derived from patients with AD and transgenic AD animal
models [152,153]. In addition, Dkk1 can reversibly lower
the number of synaptic proteins and the number of active
pre-synaptic sites, thereby triggering synaptic disassembly
at pre- and postsynaptic neuron sites [154,155]. In addition,
clustering, a susceptibility factor that is known to drive the
late onset of AD, regulates Aβ toxicity through Dkk1-driven
initiation of the non-canonical Wnt/PCP–JNK signalling
pathway, resulting in tau phosphorylation and cognitive
impairment [156]. Another protein called Dkk3, which is clo-
sely related to Dkk1, has been reported to be upregulated in
the plasma and cerebrospinal fluid (CSF) of patients with AD
[157]. Overall, these observations suggest a potential role of
the Dkk protein in regulating the Wnt activity in the AD
brain. Many more critical Wnt-based interactions are being
deciphered, which demands further investigation. For
instance, apolipoprotein E (apoEε4), a potential risk factor
of AD, blocks the activation of the canonical Wnt signalling
pathway. It was reported that genetic variations within the
LRP6 enhance the apolipoprotein E-mediated inhibition of
the Wnt signalling pathway during AD progression [158–
160]. A recent study by Tapia-Rojas et al. [161] found that
Wnt signalling promotes AβPP processing by controlling
the expression of the enzyme β-secretase (BACE1) through
several downstream effector molecules. Moreover, the
siRNA-mediated inhibition of BACE1 decreases the Aβ
accumulation, as observed in plasma and CSF samples
from AD brains [161,162]. Therefore, it can be said that
Wnt/β-catenin signalling inhibition increases amyloidogenic
AβPP processing, that is, Aβ peptide (1–42) formation and
their aggregation in AD brains. Hence, amyloid deposition
in the AD brain is because of a compromised BBB, and there-
fore there exists an imbalance between Aβ deposition and its
clearance. Microglial cells play a fundamental role in main-
taining normal brain homeostasis and in Aβ clearance
through several phagocytic and digestive processes. There
is strong evidence that the regulation of phagocytosis and
survival of microglia during Aβ clearance may be controlled
in part by an innate immune receptor called triggering recep-
tor expressed on myeloid cells 2 (TREM2) and TREM2
activates the Wnt/β-catenin signalling pathway, thereby
suggesting strong participation of the Wnt/β-catenin signal-
ling pathway in Aβ clearance [163].

Finally, emerging reports have highlighted the possible
role of Wnt deregulation in the aetiology of both types of
AD. A dysfunctional Wnt/β-catenin signalling pathway
causes BBB breakdown in AD. However, in-depth studies
are warranted to establish such Wnt-associated mechanisms,
which significantly define the neurodegenerative properties
of AD [164]. For instance, a methionine-enriched diet can
trigger memory impairment complemented by the loss-
of-function of the Wnt signalling pathway. Methionine
decreases the level of active β-catenin in neurons, resulting
in a substantial increase in the activity of GSK-3β along
with a reduction in the expression levels of the Wnt target
genes such as cyclin D1 and c-Jun. These results essentially
indicate a hiatus in the activity of the entire Wnt signalling
pathway. In addition, these results suggest that similar to sev-
eral other proteins and factors, L-methionine can induce a loss
of Wnt signalling, as observed in AD [165].
10. The role of developmental signalling
pathways in other neurological
abnormalities and disorders

10.1. Parkinson’s disease
PD is the second most prevalent NDD and is currently incur-
able. PD is characterized by the progressive loss of a subset of
midbrain dopaminergic (DA) neurons in the substantia nigra
region, which leads to the loss of motor ability [166]. Disease-
causing biology of PD is poorly understood and can be
associated in part with the rising number of genetic defects
that define an array of pathological outcomes in PD. Parkin
(PARK) and Wnt interactions are extremely critical during
PD pathogenesis, and hence any aberration in the Wnt signal-
ling pathway can disturb the expression levels of PARK in
neurons, driving PD progression [167,168]. Further, proteins
encoded by PARK genes have been shown to alter the Wnt
signalling pathway in some form. Therefore, any subtle aber-
ration in the expression PARK genes and/or associated
impairment in the Wnt signalling mutational events can con-
tribute towards PD progression [128]. In a rotenone-induced
Drosophila model of PD, impaired Wnt signalling was found
in dopamine-containing neurons and was found to be associ-
ated with PD pathogenesis. Further, transcriptome analysis
revealed that the genes associated with regulation of cell
death and neuronal functions were significantly upregulated
along with pathways such as the MAPK/EGFR- and TGF-β
signalling pathways. The Wnt signalling pathway was
found to be significantly downregulated; however, upregula-
tion of the Wnt signalling pathway by ectopic overexpression
of armadillo/β-catenin led to a complete reversal of the rote-
none-induced movement impairments in the PD model [169].
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Another biologically important protein, the leucine-rich
repeat kinase 2 (LRRK2), has been found to be associated
with the Wnt signalling pathway, especially in autosomal
dominant familial and sporadic PD. LRRK2 is a large
GTPase and kinase domain-containing protein; mutations in
LRRK2 have been detected in a large proportion of PD
cases in certain populations. MAPK1 and MAPK3 (also
known as ERK1/2) and Wnt could be potential downstream
mediators of mutant LRRK2 effects. Strong evidence suggests
that the effect of LRRK2 mutations is diverse and includes
microtubule dynamics, protein synthesis, autophagy and sig-
nalling crosstalk involving the ERK1/2 and Wnt signalling
cascades [170,171]. Finally, epigenetic mechanisms play a
key role in deregulating the Wnt activity and the same has
been observed during PD progression. In a study by Zhang
et al. [172], genes from the Wnt signalling pathway respon-
sible for neurogenesis were hypermethylated in PD brains
compared with their matched controls. Moreover, consistent
with these DNA methylation changes, a significant reduction
in the mRNA and protein levels were observed for four Wnt
and neurogenesis-related genes, namely Forkhead box C1
(FOXC1), Neurogenin 2 (NEURG2), Sprouty RTK signalling
antagonist 1 (SPRY1) and catenin beta 1 (CTNNB1), in themid-
brain dopaminergic neurons of PD brains. Further, treatment of
DA neurons with a low concentration of 1-methyl-4-phenyl-
pyridinium (MPP+) results in the downregulation of Wnt-
associated factors. Overall, this study revealed a key link
between epigenetic mechanisms and Wnt signalling and its
connection to pathogenesis and progression of PD [172].

LRRK2 protein not only interacts with Wnt but also acti-
vates the Notch signalling pathway, primarily through the
endosomal pathway. Studies have suggested that two novel
LRRK2-associated proteins, a HECT-type ubiquitin ligase
(HERC2) and an adaptor-like proteinwith neuralized domains
(NEURL4) may be principally involved in the modulation of
the Notch signalling pathway. LRRK2 can bind to NEURL4
and HERC2 through the LRRK2 Ras of complex proteins
(ROCs) domain and NEURL4 domain, respectively. It has
been suggested that HERC2 and NEURL4 potentially link
LRRK2 to the cellular vesicle transport pathway andNotch sig-
nalling pathway, through which the LRRK2 complex facilitates
the recycling of the Notch ligand Dll1 bymodulating the endo-
somal trafficking pathway. This mechanism negatively
modulates the Notch signalling pathway mainly through cis-
inhibition by stabilizing Dll1, which in turn augments NSCs
differentiation and regulates the functioning and survival of
differentiated DA neurons. LRRK2 mutations such as the
R1441G ROC domain-mutations intensify the activation of
theNotch signalling pathway through the endosomal pathway,
thereby emphasizing that the deregulation of Notch activity in
mature neurons is a characteristic of PD aetiology and is linked
to LRRK2 [173].

Insufficient data are available to establish the role of the Shh
signalling pathway in PD. Nevertheless, the disruption of a
non-cellular autonomous mode of Shh signalling originating
from DA neurons has been shown to drive progressive,
adult-onset degeneration of dopaminergic, cholinergic and
GABAergic neurons in the mesostriatal circuit. In addition,
the imbalance of cholinergic and dopaminergic neurotrans-
mission and motor deficits are observed in PD. Further,
variable Shh signalling can result in stepwise inhibition of
muscarinic auto-receptor and glial cell line-derived neuro-
trophic factor (GDNF) expression mainly in the striatum. In
addition, graded signals that originate from striatal cholinergic
neurons and interact with the canonical GDNF receptor (Ret)
can completely block Shh expression and activity in DA neur-
ons. These results provide integrative insights into non-cell-
autonomous processes involving the Shh signalling pathway,
which is likely during neurodegenerative conditions such as
PD [174].

10.2. Amyotrophic lateral sclerosis
ALS is a neurodegenerative trauma characterized by the death
of upper and lower motor neurons (MNs) [175]. Although the
cause of death of MNs is not clearly understood, some studies
have confirmed that the defective embryonic signalling path-
ways directly or indirectly participate in ALS pathogenesis.
To begin with, the Wnt/β-catenin signalling pathway has
been shown to modulate the degeneration of MNs, and there-
fore, it is actively researched using in vitroALSmodels. Several
studies have reported that the activity of the canonical Wnt/
β-catenin pathway and its associated members such as Wnt-
2, Wnt-3a, Wnt-7a, Wnt-5a, Fzd1, Fzd2, β-catenin, Cyclin D1
and GSK-3β is largely deregulated in the astrocytes and MNs
extracted from the spinal cord of G93A superoxide dismu-
tase-1 (SOD1) transgenic mouse model of ALS [176–179].
Both Wnt2 and Wnt7a mRNA and protein expression have
been found to be upregulated in the spinal cord of ALS mice
compared with wild type. Moreover, the immune-reactivity
of Wnt-2 and Wnt-7a has been found to be strong in an adult
transgenic mouse model of ALS and weak in wild-type mice.
The degeneration of MNs results in an upregulation of the
expression of Wnt-2 and Wnt-7a in the spinal cord of ALS
mice, which in turn augments Wnt activity and blocks GSK-
3β activity as seen in an adult transgenic mouse model of
ALS [177–179]. In particular, the aberrant cellular distribution
of Fz5 can be considered a good prognostic marker for ALS
progression, whichmight be indicative of a pathophysiological
role of the Wnt signalling pathway in neurons with increased
levels of Wnt and/or Fzd expression [180]. Finally, cytosolic
accumulation of β-catenin has been reported in an in vitro
model of ALS with a G93A mutated form of human Cu/Zn
SOD1. Further, β-catenin has been found to be activated in
myofibres in extraocular muscles and limb muscles in patients
with ALS. These observations collectively suggest that the
Wnt/β-catenin signalling axis plays a fundamental role in
the neurodegeneration of MNs in ALS [181,182].

Studies have indicated that the Shh signalling pathway
may be compromised in patients with ALS. To ratify the
hypothesis, a group of researchers measured the protein
and biological activity levels of Shh in the fluid surrounding
the brain and spinal cord (CSF) of patients with ALS and
healthy subjects (people without ALS). Additionally, they
tested whether these levels correlated with the severity and
progression of ALS. In total, they measured the Shh level in
9 patients with ALS, 12 patients with another neurological
condition and 13 healthy subjects who were undergoing
spinal anaesthesia for hip or knee replacement. Initially,
they found no difference in the expression levels of the Shh
protein between patients with ALS and healthy subjects.
However, in the CSF from patients with ALS and control sub-
jects (after induction of Shh activity), the activity of Shh in the
CSF was increased in healthy control subjects (as expected),
but not in patients with ALS. The study concluded that the
CSF of patients with ALS should contain an inhibitor that
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blocks Shh signalling. Nevertheless, the inhibitory effect in
the CSF of patients with ALS might not correlate with ALS
disease severity. However, the increasing levels of cell signal-
ling proteins, IL-1β and TNF-α, may correlate. In line with
this, IL-1β and TNF-α levels were found to be elevated in
the CSF of patients with ALS and the higher the levels, the
quicker the disease progressed. Remarkably, TNF-α substan-
tially inhibited the Shh activity in vitro, thereby suggesting a
novel role of TNF-α and Shh in the development and
progression of ALS [183].

Finally, the deregulation of the Notch signalling pathway
has been seen as a key driving factor behind reduced neuro-
genic response in the hippocampus of patients with ALS
[184]. Further, such deregulation has been observed in the
spinal cord of SOD1G93A mice and in the spinal cord of
infirm with sporadic ALS (sALS). The increased activation
of Notch can be seen within the population of reactive
GFAP-positive astrocytes. In fact, one of the key Notch
ligands (Jagged-1) was found to be ectopically expressed in
reactive astrocytes in the spinal cord from mice and patients
with ALS but was unexpressed in resting astrocytes. The
astrocyte-limited inactivation of Jagged-1 in presymptomatic
SOD1G93A mice can exacerbate the activation of the Notch
signalling pathway and worsen the course of the disease in
these models without affecting disease onset. This suggests
that aberrant activation of the Notch signalling pathway con-
tributes significantly to the pathogenesis of ALS, both in
patients with sALS and SOD1G93A mice, and is driven
in part by the upregulation of astrocytic Jagged-1 [185].

10.3. Diabetic neuropathy
Several studies are now investigating the involvement of
embryonic signalling pathways in diabetic neuropathy, one of
the long-term complications of diabetes [186]. For instance,
Wnt signalling affects a range of cell types, namely embryonic
stem cells, neural cells and mammary cells, and deregulated
Wnt-1 activity has been reported in patients with diabetes
[186,187]. GSK-3 is awell-known participant in theWnt signal-
ling pathway. Studies have indicated a connection between
GSK-3 and an increase in insulin receptor phosphorylation in
patients with diabetic neuropathy and experimental models
of diabetic neuropathy [188–195]. Therefore, GSK-3 can be
explored as a promising target in many complex diseases
such as peripheral diabetic neuropathy, and for neural protec-
tion and neuropathic pain reduction [192,194,196]. Another
possible link can be established between hypertension,
the insulin signalling pathway and the canonical Wnt signal-
ling pathway in diabetic nephropathy. This has been
validated in a study that reported that the downregulation of
the canonical Wnt signalling pathway in the nucleus tractus
solitarii results in an increase in phosphorylation of insulin sig-
nalling proteins [197]. One of the key characteristics of diabetic
nephropathy is excessive deposition of extracellular matrix
proteins in the mesangium, tubulointerstitium of the glomeru-
lus and basement membrane, leading to mesangial expansion
and renal fibrosis [198]. TheWnt/β-catenin signalling pathway
plays a key role in the progression of diabetic neuropathy; how-
ever, downregulation of the Wnt/β-catenin pathway can have
adverse effects on kidneys, such as increased apoptosis of
mesangial cells, enhanced deposition of fibrous tissue in the
mesangium, epithelial-mesenchymal transition (EMT), podo-
cyte and renal injury and fibrosis [199–204]. Overall, these
observations indicate the importance of the Wnt signalling
pathway in determining the pathophysiology of diabetes and
support the possibility of exploring the role of Wnt signalling
as a potential therapeutic target.

Similarly, impaired Shh signalling-mediated endothelial
dysfunction (microangiopathy) may be a key factor in driving
diabetic neuropathy. Studies have suggested that downregu-
lated Dhh expression, as seen in diabetic nerve, can at least
partly contribute to the development of neuropathy through
its action on vasa nervorum, where Dhh is critically involved
in maintaining blood–nerve barrier integrity. This highlights
for the first time that endothelial dysfunction driven by altered
Dhh expression may be sufficient to induce and drive neuropa-
thy [205]. Further, the Notch signalling pathway has been
studied in diabetic retinopathy, and crosstalk between the
Notch-1 and TLR4 signalling pathways has been reported to
be one of the key mechanisms in the development and/or pro-
gression of diabetic neuropathy. A study investigating the
interactions between Notch-1 and TLR4 using dorsal root
ganglion (DRG) from diabetic neuropathic pain rats and cul-
tured DRG neurons (induced by high glucose challenge)
reported that high glucose concentration not only increased
mRNA levels of Notch-1, Hes-1 and TLR4, but also increased
protein expression of NICD-1 and TLR4 in rat DRG neurons.
Incidentally, the percentage of NICD1-immunoreactive (IR)
and TLR4-IR neurons in DRG cultures were found to be
increased after high glucose trauma. However, the aforemen-
tioned changes were partially reversed by inhibiting either the
Notch1 or TLR4 signalling pathway. Further, the inhibition of
the Notch-1 or TLR4 signalling pathway decreased TNF-α
levels inDRGneurons fromdiabetic neuropathic rats; therefore,
it can be said that inhibition of either the Notch-1 signalling
pathway or the TLR4 signalling pathway may improve mech-
anical allodynia and thermal hyperalgesia thresholds in
diabetic neuropathy [206].
11. Developmental signalling pathways
in other miscellaneous neurological
abnormalities

The role of embryonic signalling pathways inAD, PD,ALS and
diabetic neuropathy has been well documented. In addition,
these signalling pathways play a major role in the progression
of other miscellaneous brain disorders (table 1). In this section,
we present the role of the embryonic signalling pathways and
associated components in such disorders. In focal cerebral
ischaemia, the Notch downstream target gene Hes-5 is transi-
ently downregulated [134,218]. Strong evidence suggests that
Hes-5 gene regulation can either differ between global and
focal ischaemia or may be independent of Notch activation in
ischaemia. Further, it is known that hypoxic stress upregulates
Notch signalling primarily through the binding of HIF-1α to
NICD [219]. Interestingly, NICD helps HIF-1α localize and
bind to Notch-responsive promoters. Subsequently, the com-
plex enhances the transcription of a range of genes in cerebral
ischaemia. Although the fundamental mechanism driving
this process is not well studied in cerebral ischaemia, it has
been observed that blocking the Notch signalling pathway
with GSIs confers neuroprotection and generate an anti-
inflammatory ambience in focal cerebral ischaemia, thereby
suggesting a potential role of the Notch signalling pathway
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in ischaemic damage [134] Moreover, delayed activation of the
Notch cascade (through infusion of the ligand Dll4) in the lat-
eral ventricle of adult rats has no significant effect on the infarct
size, although it improves the motor skills over 45 days [220].
One possible explanation for these observations may be that
Notch signalling contributes to ischaemic cell death in the
acute phase of cerebral ischaemia, but facilitates neurogenesis
in the later phase.

During CNS myelination, axonally expressed Jagged1 pre-
vents the differentiation of oligodendrocyte precursor cells
particularly through Notch-1 and Hes-5, and thereby plays
a key role in regulating the timing of differentiation and
myelination of oligodendrocyte precursor cells [221–223]. This
mechanism accounts for the failure of differentiation of
oligodendrocyte precursor cells in chronic MS [224]. In fact, oli-
godendrocyte precursors fail tomature in presence of inhibitory
signals within the inflammatory milieu in the CNS of patients
with MS [224]. Further, GSI-mediated inhibition of the Notch
signalling pathway in oligodendrocytes of mice with exper-
imental autoimmune encephalomyelitis drastically speeds up
clinical recovery, promotes remyelination and limits axonal
damage [225]. A recent study by Seifert et al. [226] in a T-cell
and antibody-driven model of inflammatory demyelination
reported that Notch-1 is most abundant in oligodendrocytes,
especially within the lesions in shadow plaques. In addition,
the group reported widespread high levels of Notch-1 and
Jagged1 expression in demyelinating and remyelinating lesions
in astrocytes, macrophages and axons. Moreover, ethanol
exposure during embryogenesis can disturb the proliferation
of radial glial cells, and thereby reduce the radial glial progeni-
tor pool, leading to a decrease in the number of astrocytes and
neurons. In addition, prenatal ethanol exposure can limit the
number of progenitor cells derived from neurospheres and
underregulate the expression levels of activated Notch-1
protein, suggesting that aberrations in the Notch-1 cascade
may drive the neurodegenerative damage in the brain after pre-
natal ethanol exposure. Overall, these observations signify that
the Notch protein may be expressed during both CNS remyeli-
nation and demyelination events. Therefore, the Notch-1
signalling pathway and its components hold therapeutic
promise in NDDs, which is characterized by abnormalities
affecting neuronal survival, impaired plasticity and reduced
arborization [227,228].

Alagille syndrome, an NDD characterized by mental retar-
dation, is caused bymutations in the Jagged1 protein that leads
to impaired activation of the Notch signalling pathway [216].
In addition, mutations in the gene encoding the Notch-3 recep-
tor are associated with disorders such as cerebral autosomal
dominant arteriopathy and leukoencephalopathy,which results
in recurrent strokes, progressive vascular dementia, migraines,
psychiatric disturbances and pseudobulbar palsy [217]. A
recent study byDing et al. [229] reported that postnatal dysfunc-
tion of Notch signalling disturbs dendrite development of
adult-born neurons in the hippocampus and contributes to
memory loss and brain impairment. Moreover, PS-1-deficient
mice exhibit strong features reminiscent of global cortical dyspla-
sia, which is characterized by the migration of cortical plate
neurons. This can be linked to irregularities in the distribution
of Notch1, especially in the Cajal–Retzius neurons and cortical
plate neurons, which are responsible for facilitating radial neur-
onal migration [217]. Finally, the activation of the Notch
signalling pathway has been attributed to the development of
neuropathic pain [230], which is caused by dysfunction or
damage of nerve fibres present in the peripheral nervous
system (PNS) or CNS. Nevertheless, the precise mechanism
behind neuropathic pain is extremely complicated and hence,
remains a matter of further study [230].

Several studies have reported a possible link between the
Wnt signalling pathway and autism.Mousemodels expressing
mutant Dvl1 and Dvl3 show reduced expression of β-catenin,
which facilitates premature deep layer neurogenesis of neural
progenitors in specific regions of the brain during embryogen-
esis. This ultimately exerts a harmful effect on the formation of
neural connections in the prefrontal cortex in the future, as rep-
resented by severe deficiencies in the brain size and social
behaviour of full-grown adults [231]. However, this deficit
can be overturned by administering a GSK-3 inhibitor that
helps in reactivating the canonical Wnt signalling pathway
in utero. Fragile-X-linked mental retardation protein (FMRP)
plays a role in driving autism-like behaviour. In the brain of
Fmr1 (FMRP gene) knockout mice, FMRP was found to be a
negative regulator of Wnt-2 mRNA expression. Incidentally,
patients with Fragile-X syndrome have reduced expression
levels of Wnt-7, and hence limited activation of the Wnt/
β-catenin signalling pathway [172,232–240]. Studies have
shown that patients with schizophrenia display altered GSK-
3 activity, as well as amplified expression levels of Wnt-1 that
lead to synaptic rearrangement and plasticity [240,241]. In
addition, an array of single nucleotide polymorphisms in
Fzd3 has been reported to be associated with vulnerability to
schizophrenia [242,243]. Moreover, the relevance of the Wnt
signalling pathway in depression, bipolar disorder, epilepsy
and seizures has been studied by various research groups
[244,245]. Overall, these studies indicate the significance of
the Wnt signalling pathway and its associated components in
the pathogenesis of neuronal diseases and brain trauma and
can serve as potential targets for therapeutic intervention in
the near future.
12. Developmental signalling pathways as
therapeutic drivers in neurological
abnormalities

Several studies have reported the direct therapeutic implication
of embryonic signalling pathways in neurological disorders.
For instance, a study indicated that Wnt-5a activation prevents
synaptic loss triggered by toxic Aβ peptides and helps in moni-
toring the decrease in the amplitude of excitatory postsynaptic
currents triggered by the same peptides. Strong evidence
suggests that Wnt-5a modulates or rather balances the synaptic
strength through the Wnt/PCP–JNK signalling axis primarily
by limiting the reduction of PSD-95 postsynaptic clusters [246].
Moreover, Wnt-5a assists in the trafficking and localization of
γ-aminobutyric acid (GABAA) and NMDA receptors to the
neuronal surface, which eventually helps in the growth of
dendritic spines. Moreover, Wnt-5a protects the neuronal mito-
chondria from toxic Aβ oligomers by triggering the Wnt/Ca2+

axis [247–250]. Similar studies have found that the Shh pathway
is crucial inmediating cerebral angiogenesis that increases blood
flow and leads to favourable outcomes in stroke and chronic
NDDs such as AD [251]. Moreover, specific AD-related studies
reported that the activation of the Shh signalling pathway con-
ferred protection to the hippocampal neurons against the toxic
effects of Aβ by inducing the BDNF expression and promoting
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autophagy [252–257]. Additionally, Shh signalling can play
neuroprotective roles in cerebral ischaemia by inhibiting excito-
toxicity, oxidative stress, neuroinflammation and apoptosis of
neurons. The Shh/PI3K/AKT pathway may be one of the poss-
ible underlying mechanisms as reported by Liu et al. [258]. The
activation of the Shh signalling pathway exerts protective effects
by enhancing the expression of antioxidant enzymes such as
SOD and glutathione peroxidase (GSH-Px), reducing apoptotic
genes such as P53 and caspase-3, and enhancing the anti-
apoptotic genes such as Bcl-2 and BDNF. In addition, Shh is
engaged in protecting neurons against NMDAR-dependent
excitotoxicity [259]. Finally, Notch has been found to be
extremely crucial in intrastriatal transplantation therapy for
ischaemic stroke. Studies have reported that the activation of
the Notch signalling pathway helps in hastening endogenous
regenerationof thehippocampalneurons. Further, theNotch sig-
nalling activity facilitates increased arteriogenesis in a rat model
of middle cerebral artery occlusion (MCAO) stroke [259–263].
Nevertheless, in addition to the few interactions described in
this section, there are many more mechanisms through which
embryonic signalling pathways exert therapeutic effects
(table 2), and thus warrant more in-depth study.
13. Therapeutic application of
neuroprotectants and their effects on
developmental signalling pathways

In the preceding sections, we have extensively discussed the
role of embryonic signalling pathways both in maintaining
normal cellular homeostasis and in driving the prognosis of
several human neurological disorders. Incidentally, the
deregulations have not only been observed with respect to
the core signalling components but also with other accessory
components and pathways. Therefore, there exists a strong
incentive to explore the therapeutic potential of these
components in disorders such as AD, PD, ALS, stroke, trau-
matic brain injury (TBI) and ischaemic strokes. Recently,
studies have evaluated several compounds with the ability
to target the interactome of the embryonic signalling cascade
in the nervous system and the process alleviates or blocks the
physiological deregulations that can be associated with neur-
onal damage. This includes compounds such as antioxidants,
biomolecules and non-steroidal anti-inflammatory drugs
(NSAIDs), all of which have specific targets (tables 3 and
4). Nevertheless, few compounds have reached the stage of
clinical trials, thereby warranting further research to establish
the precise mechanism of action of the compounds. In the
brain, the normal functioning of embryonic signalling path-
ways is imperative for neuronal survival because they play
an important role in the formation and definition of the
plasticity of neuronal circuits in the CNS. Recently, the dereg-
ulations associated with developmental cues in neurological
disorders are gaining increased recognition, thereby making
them an interesting area of research in neurosciences. The
results can be well seen in cases of severe neurological trau-
mas such as those involving thought, memory, language,
behaviour and planning. Therefore, it is crucial to minimize
the deregulation of the signalling components with the help
of inhibitors or activators to revert to normal neuronal
homeostasis behaviour post-trauma.
Several biological compounds are currently under consider-
ation because of their unique ability to address cell toxicity-
related effects by targeting the embryonic signalling pathways
and their associated components in neurological disorders
(figure 5). For instance, fluoxetine treatment has been shown
to confer neuroprotection against AD, primarily by increasing
the activity of protein phosphatases of type 2A (PP2A).
Increased PP2A levels downregulate the GSK-3β activity in
the hippocampal tissue, which helps in augmenting the level
of active β-catenin. Both these changes lead to the activation
of the Wnt/β-catenin signalling pathway that in turn limits
AβPP cleavage and Aβ peptide generation. Further, fluoxetine
treatment prevents apoptosis, as observed in 3×Tg-AD primary
neuronal cell model, in addition to promoting neuroprotective
ambience in the neuron synapse [280]. Nicotine, an unselective
7-nicotinic acetylcholine receptor (α7-nAChR) agonist, inhibits
memory deficits and synaptic impairment in AD. Evidence
shows potential crosstalk between the α7-nAChR and Wnt/
β-catenin signalling pathways because nicotine stabilizes β-cate-
nin and prevents the Aβ-induced loss-of-β-catenin through the
activity of α7-nAChR [312]. Further, studies have highlighted
the neuroprotective effects of NSAIDs, which target α7-
nAChRs, the inhibitor of acetylcholinesterase and peroxisome
proliferator-activated receptors (PPARs), primarily by activat-
ing the Wnt signalling pathway and thereby, conferring
protection against Aβ-induced toxicity in AD brains [283]. Like-
wise, troglitazone, the PPARγ agonist, prevents changes in the
Wnt signalling cascade, triggered byAβ peptide. The activation
of neuronal PPARγ prevents β-catenin destabilization triggered
by Aβ and facilitates the translocation of cytoplasmic β-catenin
to the nucleus, thus protecting the hippocampal neuron
morphology in cells exposed to Aβ stress [286].

A study by Tiwari et al. [281] examined the potential of
curcumin nanoparticles in reversing learning and memory
impairments caused by Aβ peptides. The group studied the
effects of curcumin nanoparticles in an Aβ-induced rat
model and observed that curcumin nanoparticles induced
neuronal differentiation by triggering a self-repair mechan-
ism involving the Wnt/β-catenin signalling pathway.
Further, these nanoparticles promoted the nuclear transloca-
tion of β-catenin, decreased the GSK-3β levels and enhanced
the promoter activity of the TCF/LEF transcription factor.
In silico molecular docking studies have revealed the possi-
bility of interaction between curcumin and Wif-1, Dkk and
GSK-3β in AD models [281]. Curcumin can increase the via-
bility, survival and adhesion while limiting the apoptosis of
deutocerebrum primary cells primarily by activating the
Wnt/β-catenin signalling pathway. Further, curcumin admin-
istration increases mRNA and protein expression of Wnt-3a,
β-catenin, c-Myc and cyclin D1. In addition, curcumin admin-
istration in 6-OHDA rat model of PD results in increases the
levels of SOD and GSH-Px and decreases malondialdehyde
and heightens mitochondrial membrane potential (Δψm)
[293]. Interestingly, curcumin treatment protects neuroblas-
toma cell line (SK-N-MC cells) from peroxide-induced cell
death by modulating the Notch signalling pathway [294],
thereby suggesting the role of curcumin in modulating both
the Wnt and Notch signalling pathways for neuroprotection.
Studies have suggested that the canonical Wnt/β-catenin
signalling pathway is mainly downregulated in AD and
this downregulation is responsible for the augmentation of
oxidative stress, neuroinflammation and dysregulation of
the glutamatergic pathway in AD. The use of riluzole can
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be an interesting therapeutic strategy in AD because it specifi-
cally targets and activates the Wnt/β-catenin signalling
pathway. Nevertheless, future clinical trials may reveal
whether riluzole can confer beneficial effects in AD [313].

Salvianolic acid is a known antioxidant and free radical sca-
venger that has currently been reported to invoke neurogenesis
in the CNS by activating the Shh signalling pathway after
stroke. Salvianolic acid boosts the proliferation of NPCs and
promotes the long-term survival of nascent neurons in the
SVZ. Further, the compound upregulates both the mRNA
and protein levels of Shh and Ptch and facilitates the nuclear
translocation of Gli1 in the peri-infarct region, thereby resulting
in the increased production of growth factors such as BDNF
and NGF, which altogether helps to build a neuroprotective
environment [297]. Recently, another molecule called resvera-
trol has exhibited neuroprotective properties, especially
against ischaemic stroke through a range of processes such as
anti-oxidation, anti-inflammation and anti-apoptosis. It has
been argued that resveratrol substantially increases the RNA
expression of the Shh signalling pathway components such
as Shh, Ptch-1, Smo and Gli-1. In addition, resveratrol pro-
motes the nuclear translocation of Gli-1, which can improve
the neural condition after cerebral ischaemic injury by upregu-
lating the Shh signalling activity [298]. The therapeutic
potential of smoothened agonist (SAG) is being studied in
ischaemic brains. SAG being a chlorobenzothiophene-contain-
ing Shh pathway agonist, binds to the Smo heptahelical bundle
in a fashion similar to the Smo inhibitor cyclopamine and
enhances the survival of nascent NSCs extracted from both
the SVZ and SGZ of the ischaemic brains. In addition, SAG
administration improves cognitive function and locomotor
activity in ischaemic brains [299]. Finally, another compound
called irisin can reduce the morphological damage and mend
the neurological activities after global cerebral ischaemia–
reperfusion (I/R) injury in a mouse model. Irisin has
anti-apoptotic properties in the brain; it downregulates the
expression levels of neuroinflammatory mediators, IL-1β and
TNF-α and upregulates the expression of NICD, Notch-1 and
Hes-1 both in vitro and in vivo. Hence, treatment of cells with
GSI inhibitor (DAPT) leads to a complete reversal of all the
morphological, neurological and biochemical changes. The
results indicate that irisin potentially regulates the Notch
signalling pathway that ultimately leads to the mitigation of
transient global cerebral I/R injury effects in mouse models
[305]. In addition to the few compounds discussed in this sec-
tion, there are many molecules (table 4) that have exhibited
potential or need further investigation to concretely establish
their neurotherapeutic potential in a range of neural disorders.
14. Novel therapeutic strategies for
modulating the developmental
signalling pathway components

In the preceding sections, we discussed the role of neuropro-
tectants and their mechanism of action and disease–critical
interactions for improving prognosis in patients. However,
methods other than drug-mediated targeting are available to
exploit embryonic signalling pathway components to curtail
the disease burden. The Wnt-mediated activation of glucose
metabolism has been reported to arbitrate the in vivo neuro-
protective effects of the Wnt signalling pathway in AD. Wnt



Figure 5. Drug- and biomolecule-mediated regulation of developmental signalling pathways in neurological disorders.
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activators in any form can enhance the use of brain glucose and
cognitive function, as observed in the transgenic mouse model
of AD. Wnt activators help enhance glucose metabolism by
activating the Wnt signalling pathway, which promotes
the expression of hexokinase, phosphofructokinase and
AMP-activated protein kinase. The current study highlights
the neuroprotective effects of the Wnt signalling pathway in
mousemodels of AD at least in part through theWnt-mediated
improvements in neuronal glucose metabolism [314]. Further,
some studies have suggested that Dkk3 can drive cerebral glu-
cose metabolism or glucose uptake deficits in AD. In addition,
transgenic expression of Dkk3 in the mouse model of AD was
found to improve learning, memory and locomotor activity, by
limiting Aβ accumulation. Moreover, transgenic Dkk3 overex-
pression resulted in the downregulation of GSK-3β, a known
negative regulator of the canonical Wnt signalling pathway,
and upregulation of PKCβ1 (a factor involved in the non-
canonicalWnt signalling pathway).Overall, these observations
highlight a crucial fact that the deregulation of Dkk3, GSK-3β
and PKCβ1 expression may be a potential therapeutic strategy
for AD [315]. The Wnt signalling pathway mediates the
neuroprotective effects of neuroglobin (Ngb) by promoting
neurogenesis in certain neurodegenerative conditions such as
stroke. It has been noted that the enhanced activity of Ngb
elicits the proliferation of NPCs, characterized by an increase
in neurosphere number and size. Ngb overexpression can
promote neuronal differentiation of cultured NPCs under
specific differentiation conditions. In addition, injection
of Lv-Ngb in the SVZ of mice after MCAO enriches the popu-
lation of polysialylated neuronal cell adhesion molecule (PSA-
NCAM) positive neuroblasts and neuron-specific class III
β-tubulin (Tuj1) positive immature neurons, thereby facilitating
neurogenesis in mice brain after stroke. There is a strong
indication that the research community should consider that
the pro-neurogenesis effect of Ngb overexpression could be
mediated by Dvl1 upregulation and subsequent activation of
the Wnt signalling pathway, resulting in increased nuclear
β-catenin stabilization [316]. Finally, Norrin has well-known
neuroprotective features in retinal neuronswith a strongpoten-
tial to limit the damaging effects of NMDA-induced retinal
ganglion cell loss. Although few studies have reported, there
is an indication that the neuroprotective effects of Norrin
could be mediated by the activation of the Wnt/β-catenin sig-
nalling pathway and subsequent induction of neurotrophic
growth factors in Müller cells [317].

Remote ischaemic preconditioning (RIPC) is a new strategy
that initiates endogenous protective pathways in the brain and
therefore outlines a promising therapeutic strategy against
cerebral I/R injury. Moreover, RIPC was found to improve
neurological scores and reduce infarct volume and neuronal
apoptosis in rats subjected to I/R injury. Recently, the pre-
activation of Notch-1 as part of RIPC was found to reduce
cerebral ischaemia–reperfusion injury, primarily through NF-
κβ crosstalk. The NF-κβ signalling pathway is a well-known
downstream target of Notch-1 and helps in protecting from
focal cerebral I/R injury during RIPC [318]. Similar to RIPC,
cerebral ischaemic preconditioning (cIPC) performs a pivotal
role in neuroprotection under conditions of Notch pre-
activation. In vivo experiments have assessed the neuroprotective
role of cIPC and found that cIPC lessens the neurological func-
tional deficit, cerebral infarction and cellular apoptosis in the
hippocampal neurons, induced by middle cerebral artery occlu-
sion/reperfusion (MCAO/R). Nevertheless, these observations
indicate that cIPC can improve neurological function in a
Notch-dependant manner. Moreover, both RIPC and cIPC can
upregulate the expression levels of Jagged1, Notch-1, NICD and
Hes-1 proteins. Importantly, both RIPC and cIPC-induced
changes in neurological function can be compromised through
the activity of GSIs such as DAPT. On the other hand, OGD pre-
conditioning can upregulateNotch-1 expression and signalling in
OGD/R-treated neurons and NSCs; thus, OGD/R treatment
limits neuronal death and apoptosis. Furthermore, Notch-1 pre-
activation limits the percentage of cells in the G1 stage and
enhances the percentage of cells in the S stage in the OGD/



Figure 6. Proposed mechanistic role of the developmental signalling pathways in neuronal survival and neuroprotection. (A) The Shh signalling pathway can exert
neuroprotective effects in cerebral ischaemia via the inhibition of oxidative stress, excitotoxicity, inflammation, and apoptosis of neurons. The Shh/PI3K/AKT pathway
may be the underlying mechanism. Shh signalling pathway activation exerts protective effects by increasing antioxidant enzymes such as SOD, GSH-PX, decreasing
apoptotic genes such as P53 and caspase-3, and increasing anti-apoptotic genes such as Bcl-2 and BDNF. Shh is also involved in protecting neurons against NMDAR-
dependent excitotoxicity. It can also help in BBB function, autophagy, synaptogenesis, neurogenesis and gliogenesis via NPCs. In addition, Shh-induced profilin-1
involves in axon outgrowth, synaptic function, and neurotransmitter release. The Shh also confers neuroprotection by inhibiting PKA and activating PI3K. (B) Further,
Wnt components have crucial impact on cognitive function via glucose metabolism and also provide synaptic strength by increasing PSD-95 expression. It can also
help in neuroprotection and neuronal survival by increasing the expression of NGB, Norrin, GABA-R, NMDA-R, PPAR, and AchR. (C) Lastly, the Notch pathway imparts
its major contribution in brain repairing and neuroprotection. For instance, it can help in maintaining mitochondrial biogenesis by increasing the level of TFAM and
NRF-1. Further, Notch can also help in neuronal survival by reducing microbial activation, cytokines, apoptosis, and cerebral infarction. The neuroprotective action of
Notch components is also mediated via NF-κβ signalling and NSCs. In this way, embryonic signaling can establish its neurotherapeutic potential in a range of neural
disorders.
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R-treatedNSCs. Overall, the neuroprotective effects of RIPC cIPC
in a MCAO/R rat model are essentially preceded by the pre-acti-
vation of the Notch signalling pathway [319].

The therapeutic potential of bone marrow mesenchymal
stem cell (BMSC) transplantation has been investigated in
numerous brain injury models. Activated microglia-mediated
neuroinflammation is the key hallmark of the pathogenesis of
subarachnoid haemorrhage (SAH)-induced early brain injury
(EBI). Interestingly, BMSC treatment mitigates the neuro-
behavioural impairments and inflammatory response in EBI
post-SAH. Further analysis suggests that BMSC-mediated
effects could be driven by Botch, a potent Notch antagonist
that is upregulated in brain tissue post-trauma [320]. After
ischaemic insults, the Neuroprotective gene 7 or Botch exerts
neuroprotective effects by protecting the neurons, princi-
pally by antagonizing the maturation of Notch-1-triggered
neuronal injury and neuroinflammation. In addition, Botch
exerts neuroprotective effects by shortening neurobehavioural
phenotypes, enhancing infiltration of activated microglia,
improving inflammatory cytokine release and preventing neur-
onal cell death. Botch overexpression inhibited the generation of
NICD and translocation of NICD into the nucleus, thereby
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preventing neuronal cell death by activating Notch down-
stream activators [321]. Further, we proposed pathways for
the therapeutic intervention of embryonic signalling cascades
in neurological disorders (figure 6). Finally, studies have com-
prehensively investigated the role of Notch in driving the
neuroprotective role of microRNAs (miRNAs). A study
reported that miR-98 binds to the Notch downstream target
(Hey-2) and decreases the production of Aβ peptide and oxi-
dative stress, and improves mitochondrial dynamics by
activating the Notch signalling pathway in the mouse model
of AD [84].
l/rsob
Open

Biol.12:210289
15. Conclusion
The embryonic signalling pathways play an essential role not
only during normal embryonic development, as the name
suggests, but also during adult neurogenesis. Therefore, it
would not be incorrect to say that embryonic pathway foot-
prints are present all across numerous processes, which are
required to maintain normal brain homeostasis. In this
review, we have summarized studies describing the associ-
ation of deregulation of embryonic pathways such as the
Notch, Shh and Wnt signalling pathways with neuronal
development and neurological disorders. Currently, the
knowledge of how embryonic pathways drive the aetiology
of a panel of neurological abnormalities is limited compared
with other human diseases. Hence, the findings of most of
these studies are rather ambiguous in the sense that a lot
remains to be understood and deciphered in terms of embryo-
nic pathway components and their disease-causal
interactions. Thus, this review has laid the foundation for
gaining mechanistic insight into neurological abnormalities
stemming from the deregulation of embryonic signalling.
Eventually, the mechanistic insight into neurological abnorm-
alities will prove beneficial for the future development of
targeted therapies. However, the BBB should be considered
when developing targeted therapies for neurological
disorders because the BBB can restrict therapeutic agents
that may otherwise be effective and result in poorer outcomes.
Although there exists a converse argument that this hypoth-
esis might not be essentially true, the role of embryonic
pathways in maintaining BBB integrity is not disputed.
Hence, adequate local drug concentrations should be achieved
in many neurological diseases. In summary, the rapidly
expanding interest in multifunctional drugs or biological com-
pounds for the treatment of neurological disorders is creating
new opportunities for the future development of novel neu-
rotherapeutics. Thus, if dynamic prodromal diagnostic tools
for the most common neurodegenerative diseases can be
developed in parallel with the development of an array of
multimodal drugs that target a reasonable selection of deregu-
lated embryonic pathway cross-talks, significant strides will
probably be made in the prevention and treatment of the
most common and burdensome neurological disorders.

Data accessibility. This article has no additional data.
Authors’ contributions. N.K.J.: Resources, supervision, validation, visual-
ization, writing—original draft, writing—review and editing; W.-
C.C: writing—review and editing; S.K.: writing—review and editing;
R.D.: writing—review and editing; L.-W.T.: writing—review and
editing; R.K.: writing—review and editing; S.K.J.: writing—review
and editing; P.K.G.: writing—review and editing; A.S.: software,
writing—review and editing; R.G.: writing—review and editing;
K.P.: writing—review and editing; S.M.: writing—review and editing;
San.K.S.: writing—review and editing; R.B.M.: writing—review and
editing; T.D.: writing—review and editing; Sac.K.S.: writing—
review and editing; G.G.: writing—review and editing; P.P.: writ-
ing—review and editing; K.D.: writing—review and editing; A.D.:
writing—review and editing; C.S.: writing—review and editing;
Y.H.M.: writing—review and editing; J.R.: writing—review and edit-
ing; K.K.K.: writing—original draft, writing—review and editing;
S.O.: resources, supervision, writing—review and editing. All
authors gave final approval for publication and agreed to be held
accountable for the work performed therein.
Competing interests. We declare we have no competing interests.

Funding. S.O. is grateful to the United Arab Emirates University, UAE
for the UAEU strategic Research grant and UAE University–Asian
University Alliance (UAEU-AUA) joint research grant support.
References
1. Soto C. 2003 Unfolding the role of protein
misfolding in neurodegenerative diseases. Nat. Rev.
Neurosci. 4, 49–60. (doi:10.1038/nrn1007)

2. Hardy J, Orr H. 2006 The genetics of
neurodegenerative diseases. J. Neurochem. 97,
1690–1699. (doi:10.1111/j.1471-4159.2006.03979.x)

3. Brown RC, Lockwood AH, Sonawane BR. 2005
Neurodegenerative diseases: an overview of
environmental risk factors. Environ. Health Perspect.
113, 1250–1256. (doi:10.1289/ehp.7567)

4. Bueler H. 2009 Impaired mitochondrial dynamics
and function in the pathogenesis of Parkinson’s
disease. Exp. Neurol. l218, 235–246. (doi:10.1016/j.
expneurol.2009.03.006)

5. Kieper N, Holmstrom KM, Ciceri D, Fiesel FC, Wolburg
H. 2010 Modulation of mitochondrial function and
morphology by interaction of Omi/HtrA2 with the
mitochondrial fusion factor OPA1. Exp. Cell Res. 316,
1213–1224. (doi:10.1016/j.yexcr.2010.01.005)

6. Alvarez-Buylla A, Ihrie RA. 2014 Sonic hedgehog
signaling in the postnatal brain. Semin. Cell Dev.
Biol. 33, 1084–9521. (doi:10.1016/j.semcdb.2014.
05.008)

7. Mesman S, von Oerthel L, Smidt MP. 2014
Mesodiencephalic dopaminergic neuronal
differentiation does not involve GLI2A-mediated
SHH-signaling and is under the direct influence of
canonical WNT signaling. PLoS ONE 9, e97926.
(doi:10.1371/journal.pone.0097926)

8. Ables JL, Breunig JJ, Eisch AJ, Rakic P. 2011 Not(ch)
just development: Notch signalling in the adult
brain. Nat. Rev. Neurosci. 21, 269–283. (doi:10.
1038/nrn3024)

9. Förster E, Bock HH, Herz J, Chai X, Frotscher M,
Zhao S. 2010 Emerging topics in Reelin function.
Eur. J. Neurosci. 31, 1511–1518.

10. Kanski R, van Strien ME, van Tijn P, Hol EM. 2014
A star is born: new insights into the mechanism of
astrogenesis. Cell Mol. Life Sci. 71, 433–447.
(doi:10.1007/s00018-013-1435-9)

11. Zhang J, Yin JC, Wesley CS. 2013 From
Drosophila development to adult: clues to Notch
function in long-term memory. Front. Cell. Neurosci.
7, 222. (doi:10.3389/fncel.2013.00222)

12. Aquila G, Pannella M, Morelli MB, Caliceti C, Fortini C,
Rizzo P, Ferrari R. 2013 The role of Notch pathway in
cardiovascular diseases. Glob. Cardiol. Sci. Pract.
2013, 364–371. (doi:10.5339/gcsp.2013.44)

13. Chillakuri CR, Sheppard D, Lea SM, Handford PA.
2012 Notch receptor-ligand binding and activation:
insights from molecular studies. Semin. Cell Dev. Biol.
23, 421–428. (doi:10.1016/j.semcdb.2012.01.009)

14. Greenwald I, Kovall R. 2013 Notch signaling:
genetics and structure. WormBook. See http://www.
wormbook.org/chapters/www_lin12Notch.2/
notchsignaling.pdf.

15. LaVoie MJ, Selkoe DJ. 2003 The Notch ligands,
Jagged and Delta, are sequentially processed by
alpha-secretase and presenilin/gamma-secretase
and release signaling fragments. J. Biol. Chem. 278,
34 427–34 437. (doi:10.1074/jbc.M302659200)

16. Murta D, Batista M, Silva E, Trindade A, Henrique D,
Duarte A, Lopes-da-Costa L. 2013 Dynamics of

http://dx.doi.org/10.1038/nrn1007
http://dx.doi.org/10.1111/j.1471-4159.2006.03979.x
http://dx.doi.org/10.1289/ehp.7567
http://dx.doi.org/10.1016/j.expneurol.2009.03.006
http://dx.doi.org/10.1016/j.expneurol.2009.03.006
http://dx.doi.org/10.1016/j.yexcr.2010.01.005
http://dx.doi.org/10.1016/j.semcdb.2014.05.008
http://dx.doi.org/10.1016/j.semcdb.2014.05.008
http://dx.doi.org/10.1371/journal.pone.0097926
http://dx.doi.org/10.1038/nrn3024
http://dx.doi.org/10.1038/nrn3024
http://dx.doi.org/10.1007/s00018-013-1435-9
http://dx.doi.org/10.3389/fncel.2013.00222
http://dx.doi.org/10.5339/gcsp.2013.44
http://dx.doi.org/10.1016/j.semcdb.2012.01.009
http://www.wormbook.org/chapters/www_lin12Notch.2/notchsignaling.pdf
http://www.wormbook.org/chapters/www_lin12Notch.2/notchsignaling.pdf
http://www.wormbook.org/chapters/www_lin12Notch.2/notchsignaling.pdf
http://dx.doi.org/10.1074/jbc.M302659200


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210289

31

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 N

ov
em

be
r 

20
22

 

Notch pathway expression during mouse testis post-
natal development and along the spermatogenic
cycle. PLoS ONE 8, e72767. (doi:10.1371/journal.
pone.0072767)

17. Selkoe DJ, Wolfe MS. 2007 Presenilin: running with
scissors in the membrane. Cell 131, 215–221.
(doi:10.1016/j.cell.2007.10.012)

18. Zhao WX, Lin JH. 2012 Notch signaling pathway
and human placenta. Int. J. Med. Sci. 9, 447–452.
(doi:10.7150/ijms.4593)

19. Araújo GL, Araújo JA, Schroeder T, Tort AB, Costa
MR. 2014 Sonic hedgehog signaling regulates mode
of cell division of early cerebral cortex progenitors
and increases astrogliogenesis. Front. Cell. Neurosci.
8, 77. (doi:10.3389/fncel.2014.00077)

20. Blackshaw S, Scholpp S, Placzek M, Ingraham H,
Simerly R, Shimogori T. 2010 Molecular pathways
controlling development of thalamus and
hypothalamus: from neural specification to circuit
formation. J. Neurosci. 30, 14 925–14 930. (doi:10.
1523/JNEUROSCI.4499-10.2010)

21. Faigle R, Song H. 2013 Signaling mechanisms
regulating adult neural stem cells and neurogenesis.
Biochim. Biophys. Acta 1830, 2435–2448. (doi:10.
1016/j.bbagen.2012.09.002)

22. Petrova R, Garcia AD, Joyner AL. 2013 Titration of GLI3
repressor activity by sonic hedgehog signaling is critical
for maintaining multiple adult neural stem cell and
astrocyte functions. J. Neurosci. 33, 17 490–17 505.
(doi:10.1523/JNEUROSCI.2042-13.2013)

23. Reinchisi G, Parada M, Lois P, Oyanadel C,
Shaughnessy R, Gonzalez A, Palma V. 2013 Sonic
Hedgehog modulates EGFR dependent proliferation
of neural stem cells during late mouse
embryogenesis through EGFR transactivation.
Front. Cell. Neurosci. 7, 166. (doi:10.3389/fncel.
2013.00166)

24. Merchant AA, Matsui W. 2010 Targeting hedgehog:
a cancer stem cell pathway. Clin. Cancer Res. 16,
3130–3140. (doi:10.1158/1078-0432.CCR-09-2846)

25. Milla LA, González-Ramírez CN, Palma V. 2012 Sonic
Hedgehog in cancer stem cells: a novel link with
autophagy. Biol. Res. 45, 223–230. (doi:10.4067/
S0716-97602012000300004)

26. Varjosalo M, Taipale J. 2008 Hedgehog: functions
and mechanisms. Genes Dev. 22, 2454–2472.
(doi:10.1101/gad.1693608)

27. Daya-Grosjean L, Couvé-Privat S. 2005 Sonic hedgehog
signaling in basal cell carcinomas. Cancer Lett. 225,
181–192. (doi:10.1016/j.canlet.2004.10.003)

28. Laufer E, Kesper D, Vortkamp A, King P. 2012 Sonic
hedgehog signaling during adrenal development.
Mol. Cell Endocrinol. 351, 19–27. (doi:10.1016/j.
mce.2011.10.002)

29. Rubin LL, de Sauvage FJ. 2006 Targeting the
Hedgehog pathway in cancer. Nat. Rev. Drug Discov.
5, 1026–1033. (doi:10.1038/nrd2086)

30. van der Bent ML, Sterken MG, Volkers RJ, Riksen JA,
Schmid T, Hajnal A, Kammenga JE, Snoek LB. 2014
Loss-of-function of β-catenin bar-1 slows
development and activates the Wnt pathway in
Caenorhabditis elegans. Sci. Rep. 4, 4926. (doi:10.
1038/srep04926)
31. Mulligan KA, Cheyette BN. 2012 Wnt signaling in
vertebrate neural development and function.
J. Neuroimmune Pharmacol. 7, 774–787. (doi:10.
1007/s11481-012-9404-x)

32. Berwick DC, Harvey K. 2014 The regulation and
deregulation of Wnt signaling by PARK genes in
health and disease. J. Mol. Cell Biol. l6, 3–12.
(doi:10.1093/jmcb/mjt037)

33. Alvarez VA, Sabatini BL. 2007 Anatomical and
physiological plasticity of dendritic spines. Annu.
Rev. Neurosci. 30, 79–97. (doi:10.1146/annurev.
neuro.30.051606.094222)

34. Gogolla N, Galimberti I, Caroni P. 2007 Structural
plasticity of axon terminals in the adult. Curr. Opin.
Neurobiol. 17, 516–524. (doi:10.1016/j.conb.2007.
09.002)

35. Ortiz-Matamoros A, Salcedo-Tello P, Avila-Muñoz E,
Zepeda A, Arias C. 2013 Role of wnt signaling in the
control of adult hippocampal functioning in health
and disease: therapeutic implications. Curr.
Neuropharmacol. 11, 465–476. (doi:10.2174/
1570159X11311050001)

36. Miller JR. 2002 The Wnts. Genome Biol. 3, 3001.
37. Cosín-Roger J, Ortiz-Masiá D, Calatayud S,

Hernández C, Alvarez A, Hinojosa J, Esplugues JV,
Barrachina MD. 2013 M2 macrophages activate WNT
signaling pathway in epithelial cells: relevance in
ulcerative colitis. PLoS ONE 8, e78128. (doi:10.1371/
journal.pone.0078128)

38. Mei G, Zou Z, Fu S, Xia L, Zhou J, Zhang Y, Tuo Y,
Wang Z, Jin D. 2014 Substance P activates the Wnt
signal transduction pathway and enhances the
differentiation of mouse preosteoblastic MC3T3-E1
cells. Int. J. Mol. Sci. 15, 6224–6240. (doi:10.3390/
ijms15046224)

39. Onishi K, Shafer B, Lo C, Tissir F, Goffinet AM, Zou Y.
2013 Antagonistic functions of Dishevelleds regulate
Frizzled3 endocytosis via filopodia tips in Wnt-
mediated growth cone guidance. J. Neurosci. 33, 19
071–19 085. (doi:10.1523/JNEUROSCI.2800-13.2013)

40. Wang H, Sun W, Ma J, Pan Y, Wang L, Zhang W.
2014 Polycystin-1 mediates mechanical strain-
induced osteoblastic mechanoresponses via
potentiation of intracellular calcium and Akt/β-
catenin pathway. PLoS ONE 9, e91730. (doi:10.1371/
journal.pone.0091730)

41. Bishop NA, Lu T, Yankner BA. 2010 Neural
mechanisms of ageing and cognitive decline. Nature
464, 529–535. (doi:10.1038/nature08983)

42. Marzo A et al. 2016 Reversal of synapse
degeneration by restoring Wnt signalling in the
adult hippocampus. Curr. Biol. 26, 2551–2561.
(doi:10.1016/j.cub.2016.07.024)

43. McLeod F et al. 2018 Wnt signaling mediates LTP-
dependent spine plasticity and AMPAR localization
through frizzled-7 receptors. Cell Rep. 23,
1060–1071. (doi:10.1016/j.celrep.2018.03.119)

44. Folke J, Pakkenberg B, Brudek T. 2018 Impaired Wnt
signaling in the prefrontal cortex of Alzheimer’s
disease. Mol. Neurobiol. 56, 873–891. (doi:10.1007/
s12035-018-1103-z)

45. Inestrosa NC, Tapia-Rojas C, Lindsay CB, Zolezzi JM.
2020 Wnt signaling pathway dysregulation in the
aging brain: lessons from the Octodon degus. Front.
Cell Dev. Biol. 8, 734. (doi:10.3389/fcell.2020.00734)

46. Kapoor A, Nation DA. 2021 Role of Notch signaling
in neurovascular aging and Alzheimer’s disease. In
Seminars in cell & developmental biology, vol. 116,
pp. 90–97. Academic Press.

47. Yao PJ, Petralia RS, Mattson MP. 2016 Sonic
hedgehog signaling and hippocampal
neuroplasticity. Trends Neurosci. 39, 840–850.
(doi:10.1016/j.tins.2016.10.001)

48. Jha NK, Jha SK, Kar R, Nand P, Swati K, Goswami
VK. 2019 Nuclear factor-kappa β as a therapeutic
target for Alzheimer’s disease. J. Neurochem. 150,
113–137. (doi:10.1111/jnc.14687)

49. Cai Z, Zhao B, Deng Y, Shangguan S, Zhou F, Zhou
W, Li X, Li Y, Chen G. 2016 Notch signaling in
cerebrovascular diseases (review). Mol. Med. Rep.
14, 2883–2898. (doi:10.3892/mmr.2016.5641)

50. Troletti CD et al. 2018 Notch signaling is impaired
during inflammation in a lunatic Fringe-dependent
manner. Brain Behav. Immun. 69, 48–56. (doi:10.
1016/j.bbi.2017.12.016)

51. Wang Y, Pan L, Moens CB, Appel B. 2014 Notch3
establishes brain vascular integrity by regulating
pericyte number. Development 141, 307–317.
(doi:10.1242/dev.096107)

52. Henshall TL et al. 2015 Notch3 is necessary for
blood vessel integrity in the central nervous system.
Arterioscler. Thromb. Vasc. Biol. 35, 409–420.
(doi:10.1161/ATVBAHA.114.304849)

53. Lin R, Cai J, Kenyon L, Iozzo R, Rosenwasser R,
Iacovitti L. 2019 Systemic factors trigger vasculature
cells to drive Notch signaling and neurogenesis in
neural stem cells in the adult brain. Stem Cells 37,
395–406. (doi:10.1002/stem.2947)

54. Zhou Y, Nathans J. 2014 Gpr124 controls CNS
angiogenesis and blood-brain barrier integrity by
promoting ligand-specific canonical wnt signaling.
Dev. Cell 31, 248–256. (doi:10.1016/j.devcel.2014.
08.018)

55. Hübner K et al. 2018 Wnt/β-catenin signaling
regulates VE-cadherin-mediated anastomosis of brain
capillaries by counteracting S1pr1 signaling. Nat.
Commun. 9, 4860. (doi:10.1038/s41467-018-07302-x)

56. Tran KA, Zhang X, Predescu D, Huang X, Machado
RF, Göthert JR, Malik AB, Valyi-Nagy T, Zhao YY.
2016 Endothelial β-catenin signaling is required for
maintaining adult blood-brain barrier integrity and
central nervous system homeostasis. Circulation 133,
177–186. (doi:10.1161/CIRCULATIONAHA.115.
015982)

57. Artus C, Glacial F, Ganeshamoorthy K, Ziegler N,
Godet M, Guilbert T, Liebner S, Couraud PO. 2014
The Wnt/planar cell polarity signaling pathway
contributes to the integrity of tight junctions in
brain endothelial cells. J. Cereb. Blood Flow Metab.
34, 433–440. (doi:10.1038/jcbfm.2013.213)

58. Wang Y et al. 2014 Interleukin-1β induces blood-
brain barrier disruption by downregulating Sonic
hedgehog in astrocytes. PLoS ONE 9, e110024.
(doi:10.1371/journal.pone.0110024)

59. Alvarez JI et al. 2011 The Hedgehog pathway
promotes blood-brain barrier integrity and CNS

http://dx.doi.org/10.1371/journal.pone.0072767
http://dx.doi.org/10.1371/journal.pone.0072767
http://dx.doi.org/10.1016/j.cell.2007.10.012
http://dx.doi.org/10.7150/ijms.4593
http://dx.doi.org/10.3389/fncel.2014.00077
http://dx.doi.org/10.1523/JNEUROSCI.4499-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.4499-10.2010
http://dx.doi.org/10.1016/j.bbagen.2012.09.002
http://dx.doi.org/10.1016/j.bbagen.2012.09.002
http://dx.doi.org/10.1523/JNEUROSCI.2042-13.2013
http://dx.doi.org/10.3389/fncel.2013.00166
http://dx.doi.org/10.3389/fncel.2013.00166
http://dx.doi.org/10.1158/1078-0432.CCR-09-2846
http://dx.doi.org/10.4067/S0716-97602012000300004
http://dx.doi.org/10.4067/S0716-97602012000300004
http://dx.doi.org/10.1101/gad.1693608
http://dx.doi.org/10.1016/j.canlet.2004.10.003
http://dx.doi.org/10.1016/j.mce.2011.10.002
http://dx.doi.org/10.1016/j.mce.2011.10.002
http://dx.doi.org/10.1038/nrd2086
http://dx.doi.org/10.1038/srep04926
http://dx.doi.org/10.1038/srep04926
http://dx.doi.org/10.1007/s11481-012-9404-x
http://dx.doi.org/10.1007/s11481-012-9404-x
http://dx.doi.org/10.1093/jmcb/mjt037
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094222
http://dx.doi.org/10.1146/annurev.neuro.30.051606.094222
http://dx.doi.org/10.1016/j.conb.2007.09.002
http://dx.doi.org/10.1016/j.conb.2007.09.002
http://dx.doi.org/10.2174/1570159X11311050001
http://dx.doi.org/10.2174/1570159X11311050001
http://dx.doi.org/10.1371/journal.pone.0078128
http://dx.doi.org/10.1371/journal.pone.0078128
http://dx.doi.org/10.3390/ijms15046224
http://dx.doi.org/10.3390/ijms15046224
http://dx.doi.org/10.1523/JNEUROSCI.2800-13.2013
http://dx.doi.org/10.1371/journal.pone.0091730
http://dx.doi.org/10.1371/journal.pone.0091730
http://dx.doi.org/10.1038/nature08983
http://dx.doi.org/10.1016/j.cub.2016.07.024
http://dx.doi.org/10.1016/j.celrep.2018.03.119
http://dx.doi.org/10.1007/s12035-018-1103-z
http://dx.doi.org/10.1007/s12035-018-1103-z
http://dx.doi.org/10.3389/fcell.2020.00734
http://dx.doi.org/10.1016/j.tins.2016.10.001
http://dx.doi.org/10.1111/jnc.14687
http://dx.doi.org/10.3892/mmr.2016.5641
http://dx.doi.org/10.1016/j.bbi.2017.12.016
http://dx.doi.org/10.1016/j.bbi.2017.12.016
http://dx.doi.org/10.1242/dev.096107
http://dx.doi.org/10.1161/ATVBAHA.114.304849
http://dx.doi.org/10.1002/stem.2947
http://dx.doi.org/10.1016/j.devcel.2014.08.018
http://dx.doi.org/10.1016/j.devcel.2014.08.018
http://dx.doi.org/10.1038/s41467-018-07302-x
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.015982
http://dx.doi.org/10.1161/CIRCULATIONAHA.115.015982
http://dx.doi.org/10.1038/jcbfm.2013.213
http://dx.doi.org/10.1371/journal.pone.0110024


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210289

32

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 N

ov
em

be
r 

20
22

 

immune quiescence. Science 334, 1727–1731.
(doi:10.1126/science.1206936)

60. Xia YP et al. 2013 Recombinant human sonic
hedgehog protein regulates the expression of ZO-1
and occludin by activating angiopoietin-1 in stroke
damage. PLoS ONE 8, e68891. (doi:10.1371/journal.
pone.0068891)

61. Ugbode CI, Smith I, Whalley BJ, Hirst WD, Rattray
M. 2017 Sonic Hedgehog signalling mediates
astrocyte crosstalk with neurons to confer
neuroprotection. J. Neurochem. 142, 429–443.
(doi:10.1111/jnc.14064)

62. Han YG, Spassky N, Romaguera-Ros M, Garcia-
Verdugo JM, Aguilar A, Schneider-Maunoury S,
Alvarez-Buylla A. 2008 Hedgehog signaling and
primary cilia are required for the formation of adult
neural stem cells. Nat. Neurosci. 11, 277–284.
(doi:10.1038/nn2059)

63. Palma V et al. 2005 Sonic hedgehog controls stem
cell behavior in the postnatal and adult brain.
Development 132, 335–344. (doi:10.1242/dev.
01567)

64. Selvadurai HJ, Mason JO. 2012 Activation of Wnt/β-
catenin signalling affects differentiation of cells
arising from the cerebellar ventricular zone. PLoS
ONE 7, e42572. (doi:10.1371/journal.pone.0042572)

65. Lie DC et al. 2005 Wnt signaling regulates adult
hippocampal neurogenesis. Nature 473,
1370–1375. (doi:10.1038/nature04108)

66. Marchetti B. 2018 Wnt/β-catenin signaling pathway
governs a full program for dopaminergic neuron
survival, neurorescue and regeneration in the MPTP
mouse model of Parkinson’s disease. Int. J. Mol. Sci.
19, 3743. (doi:10.3390/ijms19123743)

67. Song H, Stevens CF, Gage FH. 2002 Astroglia induce
neurogenesis from adult neural stem cells. Nature
417, 39–44. (doi:10.1038/417039a)

68. Lim DA, Alvarez-Buylla A. 1999 Interaction between
astrocytes and adult subventricular zone precursors
stimulates neurogenesis. Proc. Natl Acad. Sci. USA
96, 7526–7531. (doi:10.1073/pnas.96.13.7526)

69. Castelo-Branco G, Rawal N, Arenas E. 2004 GSK-3β
inhibition/β-catenin stabilization in ventral midbrain
precursors increases differentiation into dopamine
neurons. J. Cell Sci. 117, 5731–5737. (doi:10.1242/
jcs.01505)

70. Castelo-Branco G, Sousa KM, Bryja V, Pinto L,
Wagner J, Arenas E. 2006 Ventral midbrain glia
express region-specific transcription factors and
regulate dopaminergic neurogenesis through Wnt-
5a secretion. Mol. Cell Neurosci. 31, 251–262.
(doi:10.1016/j.mcn.2005.09.014)

71. Yao L, Cao Q, Wu C, Kaur C, Hao A, Ling EA. 2013
Notch signaling in the central nervous system with
special reference to its expression in microglia. CNS
Neurol. Disord. Drug Targets 12, 807–814. (doi:10.
2174/18715273113126660172)

72. Yi H, Hu J, Qian J, Hackam AS. 2012 Expression of
brain-derived neurotrophic factor is regulated by the
Wnt signaling pathway. Neuroreport 23, 189–194.
(doi:10.1097/WNR.0b013e32834fab06)

73. Zhang W, Shi Y, Peng Y, Zhong L, Zhu S, Zhang W,
Tang SJ. 2018 Neuron activity-induced Wnt
signaling up-regulates expression of brain-derived
neurotrophic factor in the pain neural circuit. J. Biol.
Chem. 293, 15 641–15 651. (doi:10.1074/jbc.RA118.
002840)

74. Yang JW, Ru J, Ma W, Gao Y, Liang Z, Liu J, Guo JH,
Li LY. 2015 BDNF promotes the growth of human
neurons through crosstalk with the Wnt/β-catenin
signaling pathway via GSK-3β. Neuropeptides 54,
35–46. (doi:10.1016/j.npep.2015.08.005)

75. Li L et al. 2016 The relationship between BDNF and
the Wnt signaling pathway in the growth of human
neural stem cell (P5.148). Neurology 86
(16 Supplement), P5.148.

76. Liu S, Yao JL, Wan XX, Song ZJ, Miao S, Zhao Y,
Wang XL, Liu YP. 2018 Sonic hedgehog signaling in
spinal cord contributes to morphine-induced
hyperalgesia and tolerance through upregulating
brain-derived neurotrophic factor expression. J. Pain
Res. 11, 649–659. (doi:10.2147/JPR.S153544)

77. Bond CW, Angeloni N, Harrington D, Stupp S,
Podlasek CA. 2013 Sonic Hedgehog regulates brain-
derived neurotrophic factor in normal and
regenerating cavernous nerves. J. Sex Med. 10,
730–737. (doi:10.1111/jsm.12030)

78. Mattson MP, Partin J. 1999 Evidence for
mitochondrial control of neuronal polarity.
J. Neurosci. Res. 56, 8–20. (doi:10.1002/(SICI)1097-
4547(19990401)56:1<8::AID-JNR2>3.0.CO;2-G)

79. Ruthel G, Hollenbeck PJ. 2003 Response of
mitochondrial traffic to axon determination and
differential branch growth. J. Neurosci. 23, 8618–8624.
(doi:10.1523/JNEUROSCI.23-24-08618.2003)

80. Li Z, Okamoto K, Hayashi Y, Sheng M. 2004 The
importance of dendritic mitochondria in the
morphogenesis and plasticity of spines and
synapses. Cell 119, 873–887. (doi:10.1016/j.cell.
2004.11.003)

81. Yao PJ, Petralia RS, Ott C, Wang Y, Lippincott-
Schwartz J, Mattson MP. 2015 Dendrosomatic sonic
Hedgehog signaling in hippocampal neurons
regulates axon elongation. J. Neurosci. 35,
16 126–16 141. (doi:10.1523/JNEUROSCI.1360-15.2015)

82. Yao PJ et al. 2017 Sonic hedgehog pathway
activation increases mitochondrial abundance and
activity in hippocampal neurons. Mol. Biol. Cell 28,
387–395. (doi:10.1091/mbc.e16-07-0553)

83. He W, Liu Y, Tian X. 2018 Rosuvastatin improves
neurite outgrowth of cortical neurons against
oxygen-glucose deprivation via Notch1-mediated
mitochondrial biogenesis and functional
improvement. Front. Cell. Neurosci. 12, 6. (doi:10.
3389/fncel.2018.00006)

84. Chen FZ, Zhao Y, Chen HZ. 2019 MicroRNA-98
reduces amyloid β-protein production and improves
oxidative stress and mitochondrial dysfunction
through the Notch signaling pathway via HEY2 in
Alzheimer’s disease mice. Int. J. Mol. Med. 43,
91–102. (doi:10.3892/ijmm.2018.3957)

85. Arrázola MS, Silva-Alvarez C, Inestrosa NC. 2015
How the Wnt signaling pathway protects from
neurodegeneration: the mitochondrial scenario.
Front. Cell. Neurosci. 9, 166. (doi:10.3389/fncel.
2015.00166)
86. Arrázola MS, Ramos-Fernández E, Cisternas P,
Ordenes D, Inestrosa NC. 2017 Wnt signaling
prevents the Aβ oligomer-induced mitochondrial
permeability transition pore opening preserving
mitochondrial structure in hippocampal neurons.
PLoS ONE 12, e0168840. (doi:10.1371/journal.pone.
0168840)

87. Ma B, Hottiger MO. 2016 Crosstalk between Wnt/
β-catenin and NF-κB signaling pathway during
inflammation. Front. Immunol. 7, 378. (doi:10.3389/
fimmu.2016.00378)

88. Marchetti B, Pluchino S. 2013 Wnt your brain be
inflamed? Yes, it Wnt! Trends Mol. Med. 19,
144–156. (doi:10.1016/j.molmed.2012.12.001)

89. Shi J, Chi S, Xue J, Yang J, Li F, Liu X. 2016
Emerging role and therapeutic implication of Wnt
signaling pathways in autoimmune diseases.
J. Immunol. Res. 2016, 9392132. (doi:10.1155/
2016/9392132)

90. Ma B, Fey M, Hottiger MO. 2015 WNT/β-catenin
signaling inhibits CBP-mediated RelA acetylation
and expression of proinflammatory NF-κB target
genes. J. Cell Sci. 128, 2430–2436. (doi:10.1242/jcs.
168542)

91. Oderup C, LaJevic M, Butcher EC. 2013 Canonical
and noncanonical Wnt proteins program dendritic
cell responses for tolerance. J. Immunol. 190,
6126–6134. (doi:10.4049/jimmunol.1203002)

92. Zhao Y, Zhang C, Huang Y, Yu Y, Li R, Li M, Liu N,
Liu P, Qiao J. 2015 Up-regulated expression of
WNT5a increases inflammation and oxidative stress
via PI3 K/AKT/NF-κB signaling in the granulosa
cells of PCOS patients. J. Clin. Endocrinol. Metab.
100, 201–211. (doi:10.1210/jc.2014-2419)

93. Li B, Zhong L, Yang X, Andersson T, Huang M, Tang
SJ. 2011 WNT5A signaling contributes to Aβ-
induced neuroinflammation and neurotoxicity. PLoS
ONE 6, e22920. (doi:10.1371/journal.pone.0022920)

94. Yu B, Chang J, Liu Y, Li J, Kevork K, Al-Hezaimi K,
Graves DT, Park N-H, Wang C-Y. 2014 Wnt4
signaling prevents skeletal aging and inflammation
by inhibiting nuclear factor-κB. Nat. Med. 20,
1009–1017. (doi:10.1038/nm.3586)

95. Halleskog C et al. 2011 WNT signaling in activated
microglia is proinflammatory. Glia 59, 119–131.
(doi:10.1002/glia.21081)

96. Halleskog C, Schulte G. 2013 WNT-3A and WNT-5A
counteract lipopolysaccharide-induced pro-
inflammatory changes in mouse primary
microglia. J. Neurochem. 125, 803–808. (doi:10.
1111/jnc.12250)

97. Yi H, Patel AK, Sodhi CP, Hackam DJ, Hackam AS.
2012 Novel role for the innate immune receptor
toll-like receptor 4 (TLR4) in the regulation of the
Wnt signaling pathway and photoreceptor
apoptosis. PLoS ONE 7, e36560. (doi:10.1371/
journal.pone.0036560)

98. Trinath J, Holla S, Mahadik K, Prakhar P, Singh V,
Balaji KN. 2014 The WNT signaling pathway
contributes to dectin-1-dependent inhibition of
toll-like receptor-induced inflammatory signature.
Mol. Cell. Biol. 34, 4301–4314. (doi:10.1128/MCB.
00641-14)

http://dx.doi.org/10.1126/science.1206936
http://dx.doi.org/10.1371/journal.pone.0068891
http://dx.doi.org/10.1371/journal.pone.0068891
http://dx.doi.org/10.1111/jnc.14064
http://dx.doi.org/10.1038/nn2059
http://dx.doi.org/10.1242/dev.01567
http://dx.doi.org/10.1242/dev.01567
http://dx.doi.org/10.1371/journal.pone.0042572
http://dx.doi.org/10.1038/nature04108
http://dx.doi.org/10.3390/ijms19123743
http://dx.doi.org/10.1038/417039a
http://dx.doi.org/10.1073/pnas.96.13.7526
http://dx.doi.org/10.1242/jcs.01505
http://dx.doi.org/10.1242/jcs.01505
http://dx.doi.org/10.1016/j.mcn.2005.09.014
http://dx.doi.org/10.2174/18715273113126660172
http://dx.doi.org/10.2174/18715273113126660172
http://dx.doi.org/10.1097/WNR.0b013e32834fab06
http://dx.doi.org/10.1074/jbc.RA118.002840
http://dx.doi.org/10.1074/jbc.RA118.002840
http://dx.doi.org/10.1016/j.npep.2015.08.005
http://dx.doi.org/10.2147/JPR.S153544
http://dx.doi.org/10.1111/jsm.12030
http://dx.doi.org/10.1002/(SICI)1097-4547(19990401)56:1%3C8::AID-JNR2%3E3.0.CO;2-G
http://dx.doi.org/10.1002/(SICI)1097-4547(19990401)56:1%3C8::AID-JNR2%3E3.0.CO;2-G
http://dx.doi.org/10.1523/JNEUROSCI.23-24-08618.2003
http://dx.doi.org/10.1016/j.cell.2004.11.003
http://dx.doi.org/10.1016/j.cell.2004.11.003
http://dx.doi.org/10.1523/JNEUROSCI.1360-15.2015
http://dx.doi.org/10.1091/mbc.e16-07-0553
http://dx.doi.org/10.3389/fncel.2018.00006
http://dx.doi.org/10.3389/fncel.2018.00006
http://dx.doi.org/10.3892/ijmm.2018.3957
http://dx.doi.org/10.3389/fncel.2015.00166
http://dx.doi.org/10.3389/fncel.2015.00166
http://dx.doi.org/10.1371/journal.pone.0168840
http://dx.doi.org/10.1371/journal.pone.0168840
http://dx.doi.org/10.3389/fimmu.2016.00378
http://dx.doi.org/10.3389/fimmu.2016.00378
http://dx.doi.org/10.1016/j.molmed.2012.12.001
http://dx.doi.org/10.1155/2016/9392132
http://dx.doi.org/10.1155/2016/9392132
http://dx.doi.org/10.1242/jcs.168542
http://dx.doi.org/10.1242/jcs.168542
http://dx.doi.org/10.4049/jimmunol.1203002
http://dx.doi.org/10.1210/jc.2014-2419
http://dx.doi.org/10.1371/journal.pone.0022920
http://dx.doi.org/10.1038/nm.3586
http://dx.doi.org/10.1002/glia.21081
http://dx.doi.org/10.1111/jnc.12250
http://dx.doi.org/10.1111/jnc.12250
http://dx.doi.org/10.1371/journal.pone.0036560
http://dx.doi.org/10.1371/journal.pone.0036560
http://dx.doi.org/10.1128/MCB.00641-14
http://dx.doi.org/10.1128/MCB.00641-14


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210289

33

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 N

ov
em

be
r 

20
22

 

99. Martin M, Rehani K, Jope RS, Michalek SM. 2005
Toll-like receptor-mediated cytokine production is
differentially regulated by glycogen synthase kinase
3. Nat. Immunol. 6, 777–784. (doi:10.1038/ni1221)

100. Li N, Zhang X, Dong H, Zhang S, Sun J, Qian Y. 2016
Lithium ameliorates LPS-induced astrocytes
activation partly via inhibition of Toll-like receptor 4
expression. Cell Physiol. Biochem. 38, 714–725.
(doi:10.1159/000443028)

101. Chen T, Li H, Yin Y, Zhang Y, Liu Z, Liu H. 2017
Interactions of Notch1 and TLR4 signaling pathways
in DRG neurons of in vivo and in vitro models of
diabetic neuropathy. Sci. Rep. 7, 14923. (doi:10.
1038/s41598-017-15053-w)

102. Cui XY et al. 2004 NB-3/Notch1 pathway via Deltex1
promotes neural progenitor cell differentiation into
oligodendrocytes. J. Biol. Chem. 279, 25 858–
25 865. (doi:10.1074/jbc.M313505200)

103. Lutolf S, Radtke F, Aguet M, Suter U, Taylor V. 2002
Notch1 is required for neuronal and glial
differentiation in the cerebellum. Development 129,
373–385. (doi:10.1242/dev.129.2.373)

104. Stump G, Durrer A, Klein AL, Lutolf S, Suter U,
Taylor V. 2002 Notch1 and its ligands Delta-like and
Jagged are expressed and active in distinct cell
populations in the postnatal mouse brain. Mech.
Dev. 114, 153–159. (doi:10.1016/S0925-
4773(02)00043-6)

105. Tanigaki K, Nogaki F, Takahashi J, Tashiro K,
Kurooka H, Honjo T. 2001 Notch1 and Notch3
instructively restrict bFGF-responsive multipotent
neural progenitor cells to an astroglial fate. Neuron
29, 45–55. (doi:10.1016/S0896-6273(01)00179-9)

106. Zhong W, Jiang MM, Weinmaster G, Jan LY, Jan YN.
1997 Differential expression of mammalian Numb,
Numblike and Notch1 suggests distinct roles during
mouse cortical neurogenesis. Development 124,
1887–1897. (doi:10.1242/dev.124.10.1887)

107. Niranjan T, Bielesz B, Gruenwald A, Ponda MP, Kopp
JB, Thomas DB, Susztak K. 2008 The Notch pathway
in podocytes plays a role in the development of
glomerular disease. Nat. Med. 14, 290–298. (doi:10.
1038/nm1731)

108. Tsao PN, Wei SC, Huang MT, Lee MC, Chou HC, Chen
C-Y, Hsieh W-S. 2011 Lipopolysaccharide-induced
Notch signaling activation through JNK-dependent
pathway regulates inflammatory response.
J. Biomed. Sci. 18, 56. (doi:10.1186/1423-0127-
18-56)

109. Wongchana W, Palaga T. 2012 Direct regulation of
interleukin-6 expression by Notch signaling in
macrophages. Cell Mol. Immunol. 9, 155–162.
(doi:10.1038/cmi.2011.36)

110. Zhang Q, Wang C, Liu Z, Liu X, Han C, Cao X, Li N. 2012
Notch signal suppresses Toll-like receptor-triggered
inflammatory responses in macrophages by inhibiting
extracellular signal-regulated kinase 1/2-mediated
nuclear factor kappaB activation. J. Biol. Chem. 287,
6208–6217. (doi:10.1074/jbc.M111.310375)

111. Cao Q, Lu J, Kaur C, Sivakumar V, Li F, Cheah PS,
Dheen ST, Ling E-A. 2008 Expression of Notch-1
receptor and its ligands Jagged-1 and Delta-1 in
amoeboid microglia in postnatal rat brain and
murine BV-2 cells. Glia 56, 1224–1237. (doi:10.
1002/glia.20692)

112. Grandbarbe L, Michelucci A, Heurtaux T, Hemmer K,
Morga E, Heuschling P. 2007 Notch signaling
modulates the activation of microglial cells. Glia 55,
1519–1530. (doi:10.1002/glia.20553)

113. Wei Z, Chigurupati S, Arumugam TV, Jo DG, Li H,
Chan SL. 2011 Notch activation enhances the
microglia-mediated inflammatory response
associated with focal cerebral ischemia. Stroke 42,
2589–2594. (doi:10.1161/STROKEAHA.111.614834)

114. Yao L, Kan EM, Kaur C, Dheen ST, Hao A, Lu J, Ling
EA. 2013 Notch-1 signaling regulates microglia
activation via NF-κB pathway after hypoxic
exposure in vivo and in vitro. PLoS ONE 8, e78439.
(doi:10.1371/journal.pone.0078439)

115. Cheng P, Zlobin A, Volgina V, Gottipati S, Osborne B,
Simel EJ, Miele L, Babrilovich DI. 2001 Notch-1
regulates NF-jB activity in hemopoietic progenitor
cells. J. Immunol. 167, 4458–4467. (doi:10.4049/
jimmunol.167.8.4458)

116. Fernandez L et al. 2008 Tumor necrosis factor-a and
endothelial cells modulate Notch signaling in the
bone marrow microenvironment during
inflammation. Exp. Hematol. 36, 545–558. (doi:10.
1016/j.exphem.2007.12.012)

117. Palaga T, Buranaruk C, Rengpipat S, Fauq AH, Golde
TE, Kaufmann SH, Osborne BA. 2008 Notch
signaling is activated by TLR stimulation and
regulates macrophage functions. Eur. J. Immunol.
38, 174–183. (doi:10.1002/eji.200636999)

118. Shin HM, Minter LM, Cho OH, Gottipati S, Fauq AH,
Golde TE, Sonenshein GE, Osborne BA. 2006 Notch1
augments NF-kappaB activity by facilitating its
nuclear retention. EMBO J. 25, 129–138. (doi:10.
1038/sj.emboj.7600902)

119. Ang HL, Tergaonkar V. 2007 Notch and NF-jB
signaling pathways: do they collaborate in normal
vertebrate brain development and function?
Bioessays 29, 1039–1047. (doi:10.1002/bies.20647)

120. Jha NK, Kar R, Niranjan R. 2019 ABC transporters in
neurological disorders: an important gateway for
botanical compounds mediated neuro-therapeutics.
Rev. Curr. Top. Med. Chem. 19, 795–811. (doi:10.
2174/1568026619666190412121811)

121. Hickman SE, El Khoury J. 2013 The neuroimmune
system in Alzheimer’s disease: the glass is half full.
J. Alzheimers Dis. 33(Suppl.1), S295–S302. (doi:10.
3233/JAD-2012-129027)

122. Andrade V, Cortes N, Guzman-Martinez L, Maccioni
R. 2017 An overview of the links between
behavioral disorders and Alzheimer’s disease. JSM
Alzheimer’s Dis. Relat. Dement. 4, 1031.

123. Cortés N, Andrade V, Maccioni RB. 2018 Behavioral
and neuropsychiatric disorders in Alzheimer’s
disease. J. Alzheimers Dis. 63, 899–910. (doi:10.
3233/JAD-180005)

124. Farias G, Cornejo A, Jimenez J, Guzman L, Maccioni
RB. 2011 Mechanisms of tau self-aggregation and
neurotoxicity. Curr. Alzheimer Res. 8, 608–614.
(doi:10.2174/156720511796717258)

125. Maccioni RB, Munoz JP, Barbeito L. 2001 The
molecular bases of Alzheimer’s disease and other
neurodegenerative disorders. Arch. Med. Res. 32,
367–381. (doi:10.1016/S0188-4409(01)00316-2)

126. Maccioni RB. 2012 Introductory remarks. Molecular,
biological and clinical aspects of Alzheimer’s
disease. Arch. Med. Res. 43, 593–594. (doi:10.1016/
j.arcmed.2012.11.001)

127. Bettens K, Sleegers K, Van Broeckhoven C. 2010
Current status on Alzheimer disease molecular
genetics: from past, to present, to future. Hum. Mol.
Genet. 19, R4–R11. (doi:10.1093/hmg/ddq142)

128. Lambert JC et al. 2009 Association of plasma
amyloid beta with risk of dementia: the prospective
Three-City Study. Neurology 73, 847–853. (doi:10.
1212/WNL.0b013e3181b78448)

129. Maccioni RB, Rojo LE, Fernandez JA, Kuljis RO. 2009
The role of neuroimmunomodulation in Alzheimer’s
disease. Ann. N. Y. Acad. Sci. 1153, 240–246.
(doi:10.1111/j.1749-6632.2008.03972.x)

130. Fernandez JA, Rojo L, Kuljis RO, Maccioni RB. 2008
The damage signals hypothesis of Alzheimer’s
disease pathogenesis. J. Alzheimers Dis. 14,
329–333. (doi:10.3233/JAD-2008-14307)

131. Jha NK, Jha SK, Kumar D, Kejriwal N, Sharma R,
Ambasta RK, Kumar P. 2015 Impact of insulin
degrading enzyme and neprilysin in Alzheimer’s
disease biology: characterization of putative
cognates for therapeutic applications. J. Alzheimers
Dis. 48, 891–917. (doi:10.3233/JAD-150379)

132. Jha NK, Jha SK, Sharma R, Kumar D, Ambasta RK,
Kumar P. 2018 Hypoxia-induced signaling activation
in neurodegenerative diseases: targets for new
therapeutic strategies. J. Alzheimers Dis. 62, 15–38.
(doi:10.3233/JAD-170589)

133. Woo HN, Park JS, Gwon AR, Arumugam TV, Jo DG.
2009 Alzheimer’s disease and Notch signaling.
Biochem. Biophys. Res. Commun. 390, 1093–1097.
(doi:10.1016/j.bbrc.2009.10.093)

134. Arumugam TV et al. 2006 Gamma secretase-
mediated Notch signaling worsens brain damage
and functional outcome in ischemic stroke. Nat.
Med. 12, 621–623. (doi:10.1038/nm1403)

135. Brai E, Alina RN, Alberi L. 2016 Notch1 hallmarks
fibrillary depositions in sporadic Alzheimer’s disease.
Acta Neuropathol. Commun. 4, 64–90. (doi:10.1186/
s40478-016-0327-2)

136. Vorobyeva AG, Saunders AJ. 2018 Amyloid-β
interrupts canonical Sonic hedgehog signaling by
distorting primary cilia structure. Cilia 7, 5. (doi:10.
1186/s13630-018-0059-y)

137. Haughey NJ, Nath A, Chan SL, Borchard AC, Rao MS,
Mattson MP. 2002 Disruption of neurogenesis by
amyloid beta-peptide, and perturbed neural
progenitor cell homeostasis, in models of
Alzheimer’s disease. J. Neurochem. 83, 1509–1524.
(doi:10.1046/j.1471-4159.2002.01267.x)

138. Mattson MP. 2004 Pathways towards and away from
Alzheimer’s disease. Nature 430, 631–639. (doi:10.
1038/nature02621)

139. Roper RJ et al. 2006 Defective cerebellar
response to mitogenic Hedgehog signaling in
Down [corrected] syndrome mice. Proc. Natl Acad.
Sci. USA 103, 1452–1456. (doi:10.1073/pnas.
0510750103)

http://dx.doi.org/10.1038/ni1221
http://dx.doi.org/10.1159/000443028
http://dx.doi.org/10.1038/s41598-017-15053-w
http://dx.doi.org/10.1038/s41598-017-15053-w
http://dx.doi.org/10.1074/jbc.M313505200
http://dx.doi.org/10.1242/dev.129.2.373
http://dx.doi.org/10.1016/S0925-4773(02)00043-6
http://dx.doi.org/10.1016/S0925-4773(02)00043-6
http://dx.doi.org/10.1016/S0896-6273(01)00179-9
http://dx.doi.org/10.1242/dev.124.10.1887
http://dx.doi.org/10.1038/nm1731
http://dx.doi.org/10.1038/nm1731
http://dx.doi.org/10.1186/1423-0127-18-56
http://dx.doi.org/10.1186/1423-0127-18-56
http://dx.doi.org/10.1038/cmi.2011.36
http://dx.doi.org/10.1074/jbc.M111.310375
http://dx.doi.org/10.1002/glia.20692
http://dx.doi.org/10.1002/glia.20692
http://dx.doi.org/10.1002/glia.20553
http://dx.doi.org/10.1161/STROKEAHA.111.614834
http://dx.doi.org/10.1371/journal.pone.0078439
http://dx.doi.org/10.4049/jimmunol.167.8.4458
http://dx.doi.org/10.4049/jimmunol.167.8.4458
http://dx.doi.org/10.1016/j.exphem.2007.12.012
http://dx.doi.org/10.1016/j.exphem.2007.12.012
http://dx.doi.org/10.1002/eji.200636999
http://dx.doi.org/10.1038/sj.emboj.7600902
http://dx.doi.org/10.1038/sj.emboj.7600902
http://dx.doi.org/10.1002/bies.20647
http://dx.doi.org/10.2174/1568026619666190412121811
http://dx.doi.org/10.2174/1568026619666190412121811
http://dx.doi.org/10.3233/JAD-2012-129027
http://dx.doi.org/10.3233/JAD-2012-129027
http://dx.doi.org/10.3233/JAD-180005
http://dx.doi.org/10.3233/JAD-180005
http://dx.doi.org/10.2174/156720511796717258
http://dx.doi.org/10.1016/S0188-4409(01)00316-2
http://dx.doi.org/10.1016/j.arcmed.2012.11.001
http://dx.doi.org/10.1016/j.arcmed.2012.11.001
http://dx.doi.org/10.1093/hmg/ddq142
http://dx.doi.org/10.1212/WNL.0b013e3181b78448
http://dx.doi.org/10.1212/WNL.0b013e3181b78448
http://dx.doi.org/10.1111/j.1749-6632.2008.03972.x
http://dx.doi.org/10.3233/JAD-2008-14307
http://dx.doi.org/10.3233/JAD-150379
http://dx.doi.org/10.3233/JAD-170589
http://dx.doi.org/10.1016/j.bbrc.2009.10.093
http://dx.doi.org/10.1038/nm1403
http://dx.doi.org/10.1186/s40478-016-0327-2
http://dx.doi.org/10.1186/s40478-016-0327-2
http://dx.doi.org/10.1186/s13630-018-0059-y
http://dx.doi.org/10.1186/s13630-018-0059-y
http://dx.doi.org/10.1046/j.1471-4159.2002.01267.x
http://dx.doi.org/10.1038/nature02621
http://dx.doi.org/10.1038/nature02621
http://dx.doi.org/10.1073/pnas.0510750103
http://dx.doi.org/10.1073/pnas.0510750103


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210289

34

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 N

ov
em

be
r 

20
22

 

140. Trazzi S, Mitrugno VM, Valli E, Fuchs C, Rizzi S,
Guidi S, Perini G, Bartesaghi R, Ciani E. 2011 APP-
dependent up-regulation of Ptch1 underlies
proliferation impairment of neural precursors in
Down syndrome. Hum. Mol. Genet. 20, 1560–1573.
(doi:10.1093/hmg/ddr033)

141. Wiseman FK, Al-Janabi T, Hardy J, Karmiloff-Smith
A, Nizetic D, Tybulewicz VL, Fisher EM, Strydom A.
2015 A genetic cause of Alzheimer disease:
mechanistic insights from Down syndrome. Nat. Rev.
Neurosci. 16, 564–574. (doi:10.1038/nrn3983)

142. He P, Staufenbiel M, Li R, Shen Y. 2014 Deficiency
of patched 1-induced Gli1 signal transduction
results in astrogenesis in Swedish mutated APP
transgenic mice. Hum. Mol. Genet. 23, 6512–6527.
(doi:10.1093/hmg/ddu370)

143. Reilly JO, Karavanova ID, Williams KP, Mahanthappa
NK, Allendoerfer KL. 2002 Cooperative effects of
Sonic Hedgehog and NGF on basal forebrain
cholinergic neurons. Mol. Cell. Neurosci. 19, 88–96.
(doi:10.1006/mcne.2001.1063)

144. Sreenivasmurthy SG, Liu JY, Song JX, Yang CB,
Malampati S, Wang ZY, Huang YY, Li M. 2017
Neurogenic traditional Chinese medicine as a
promising strategy for the treatment of Alzheimer’s
disease. Int. J. Mol. Sci. 18, 272. (doi:10.3390/
ijms18020272)

145. Zhang Z et al. 1998 Destabilization of beta-catenin by
mutations in presenilin-1 potentiates neuronal
apoptosis. Nature 395, 698–702. (doi:10.1038/27208)

146. Hooper C, Killick R, Lovestone S. 2008 The GSK3
hypothesis of Alzheimer’s disease. J. Neurochem. 104,
1433–1439. (doi:10.1111/j.1471-4159.2007.05194.x)

147. Scali C et al. 2006 Inhibition of Wnt signaling,
modulation of Tau phosphorylation and induction of
neuronal cell death by DKK1. Neurobiol. Dis. 24,
254–265. (doi:10.1016/j.nbd.2006.06.016)

148. Takashima A et al. 1998 Presenilin 1 associates with
glycogen synthase kinase-3beta and its substrate
tau. Proc. Natl Acad. Sci. USA 95, 9637–9641.
(doi:10.1073/pnas.95.16.9637)

149. Alvarez A, Godoy JA, Mullendorff K, Olivares GH,
Bronfman M, Inestrosa NC. 2004 Wnt-3a overcomes
beta-amyloid toxicity in rat hippocampal neurons.
Exp. Cell Res. 297, 186–196. (doi:10.1016/j.yexcr.
2004.02.028)

150. Caricasole A, Copani A, Caruso A, Caraci F, Iacovelli
L, Sortino MA, Terstappen GC, Nicoletti F. 2003 The
Wnt pathway, cell-cycle activation and beta-
amyloid: novel therapeutic strategies in Alzheimer’s
disease? Trends Pharmacol. Sci. 24, 233–238.
(doi:10.1016/S0165-6147(03)00100-7)

151. De Ferrari GV et al. 2003 Activation of Wnt signaling
rescues neurodegeneration and behavioral
impairments induced by beta-amyloid fibrils. Mol.
Psychiatry 8, 195–208. (doi:10.1038/sj.mp.4001208)

152. Caricasole A et al. 2004 Induction of Dickkopf-1, a
negative modulator of the Wnt pathway, is
associated with neuronal degeneration in
Alzheimer’s brain. J. Neurosci. 24, 6021–6027.
(doi:10.1523/JNEUROSCI.1381-04.2004)

153. Rosi MC et al. 2010 Increased Dickkopf-1 expression
in transgenic mouse models of neurodegenerative
disease. J. Neurochem. 112, 1539–1551. (doi:10.
1111/j.1471-4159.2009.06566.x)

154. Purro SA, Dickins EM, Salinas PC. 2012 The
secreted Wnt antagonist Dickkopf-1 is required
for amyloid-beta-mediated synaptic loss. J. Neurosci.
32, 3492–3498. (doi:10.1523/JNEUROSCI.4562-
11.2012)

155. Purro SA, Galli S, Salinas PC. 2014 Dysfunction of
Wnt signaling and synaptic disassembly in
neurodegenerative diseases. J. Mol. Cell Biol. 6,
75–80. (doi:10.1093/jmcb/mjt049)

156. Killick R et al. 2014 Clusterin regulates β-amyloid
toxicity via Dickkopf-1-driven induction of the Wnt-
PCP-JNK pathway. Mol. Psychiatry 19, 88–98.
(doi:10.1038/mp.2012.163)

157. Zenzmaier C, Marksteiner J, Kiefer A, Berger P,
Humpel C. 2009 Dkk-3 is elevated in CSF and
plasma of Alzheimer’s disease patients.
J. Neurochem. 110, 653–661. (doi:10.1111/j.1471-
4159.2009.06158.x)

158. Boonen RA, van Tijn P, Zivkovic D. 2009 Wnt
signaling in Alzheimer’s disease: up or down, that is
the question. Ageing Res. Rev. 8, 71–82. (doi:10.
1016/j.arr.2008.11.003)

159. Caruso A, Motolese M, Iacovelli L, Caraci F, Copani A,
Nicoletti F, Terstappen GC, Gaviraghi G, Caricasole A.
2006 Inhibition of the canonical Wnt signaling
pathway by apolipoprotein E4 in PC12 cells.
J. Neurochem. 98, 364–371. (doi:10.1111/j.1471-
4159.2006.03867.x)

160. De Ferrari GV et al. 2007 Common genetic variation
within the low-density lipoprotein receptor-related
protein 6 and late-onset Alzheimer’s disease. Proc.
Natl Acad. Sci. USA 104, 9434–9439. (doi:10.1073/
pnas.0603523104)

161. Tapia-Rojas C, Burgos PV, Inestrosa NC. 2016
Inhibition of Wnt signaling induces amyloidogenic
processing of amyloid precursor protein and the
production and aggregation of Amyloid-beta
(Abeta)42 peptides. J. Neurochem. 139, 1175–1191.
(doi:10.1111/jnc.13873)

162. Kennedy ME et al. 2016 The BACE1 inhibitor
verubecestat (MK-8931) reduces CNS beta-amyloid
in animal models and in Alzheimer’s disease
patients. Sci. Transl. Med. 8, 363ra150. (doi:10.
1126/scitranslmed.aad9704)

163. Zheng H et al. 2017 TREM2 promotes microglial
survival by activating Wnt/beta-catenin pathway.
J. Neurosci. 37, 1772–1784. (doi:10.1523/
JNEUROSCI.2459-16.2017)

164. Liu L, Wan W, Xia S, Kalionis B, Li Y. 2014
Dysfunctional Wnt/β-catenin signaling contributes
to blood-brain barrier breakdown in Alzheimer’s
disease. Neurochem. Int. 75, 19–25. (doi:10.1016/j.
neuint.2014.05.004)

165. Tapia-Rojas C, Lindsay CB, Montecinos-Oliva C,
Arrazola MS, Retamales RM, Bunout D, Hirsch S,
Inestrosa NC. 2015 Is L-methionine a trigger factor
for Alzheimer’s-like neurodegeneration? Changes in
Aβ oligomers, tau phosphorylation, synaptic
proteins, Wnt signaling and behavioral impairment
in wild-type mice. Mol. Neurodegener. 10, 62.
(doi:10.1186/s13024-015-0057-0)
166. Jha SK, Jha NK, Kar R, Ambasta RK, Kumar P. 2015
p38 MAPK and PI3 K/AKT signalling cascades in
Parkinson’s disease. Int. J. Mol. Cell Med. 4, 67–86.

167. Alves dos Santos MT, Smidt MP. 2011 En1 and Wnt
signaling in midbrain dopaminergic neuronal
development. Neural Dev. 6, 23. (doi:10.1186/1749-
8104-6-23)

168. Berwick DC, Harvey K. 2012 The importance of Wnt
signalling for neurodegeneration in Parkinson’s
disease. Biochem. Soc. Trans. 40, 1123–1128.
(doi:10.1042/BST20120122)

169. Stephano F, Nolte S, Hoffmann J, El-Kholy S, von
Frieling J, Bruchhaus I, Fink C, Roeder T. 2018
Impaired Wnt signaling in dopamine containing
neurons is associated with pathogenesis in a rotenone
triggered Drosophila Parkinson’s disease model. Sci.
Rep. 8, 2372. (doi:10.1038/s41598-018-20836-w)

170. Berwick DC, Harvey K. 2013 LRRK2: an éminence
grise of Wnt-mediated neurogenesis? Front. Cell.
Neurosci. 7, 82. (doi:10.3389/fncel.2013.00082)

171. Verma M, Steer EK, Chu CT. 2014 ERKed by LRRK2:
a cell biological perspective on hereditary and
sporadic Parkinson’s disease. Biochim. Biophys.
Acta 1842, 1273–1281. (doi:10.1016/j.bbadis.2013.
11.005)

172. Zhang L, Deng J, Pan Q, Zhan Y, Fan JB, Zhang K,
Zhang Z. 2016 Targeted methylation sequencing
reveals dysregulated Wnt signaling in Parkinson
disease. J. Genet. Genom. 43, 587–592. (doi:10.
1016/j.jgg.2016.05.002)

173. Imai Y et al. 2015 The Parkinson’s disease-
associated protein kinase LRRK2 modulates Notch
signaling through the endosomal pathway. PLoS
Genet. 11, e1005503. (doi:10.1371/journal.pgen.
1005503)

174. Gonzalez-Reyes LE et al. 2012 Sonic hedgehog
maintains cellular and neurochemical homeostasis
in the adult nigrostriatal circuit. Neuron 75,
306–319. (doi:10.1016/j.neuron.2012.05.018)

175. Lee JD, Liu N, Levin SC, Ottosson L, Andersson U,
Harris HE, Woodruff TM. 2019 Therapeutic blockade
of HMGB1 reduces early motor deficits, but not
survival in the SOD1(G93A) mouse model of
amyotrophic lateral sclerosis. J. Neuroinflammation
16, 45. (doi:10.1186/s12974-019-1435-2)

176. Chen Y, Guan Y, Liu H, Wu X, Yu L, Wang S, Zhao C,
Du H, Wang X. 2012 Activation of the Wnt/
beta-catenin signaling pathway is associated
with glial proliferation in the adult spinal cord of ALS
transgenic mice. Biochem. Biophys. Res. Commun.
420, 397–403. (doi:10.1016/j.bbrc.2012.03.006)

177. Chen Y, Guan Y, Zhang Z, Liu H, Wang S, Yu L, Wu
X, Wang X. 2012 Wnt signaling pathway is involved
in the pathogenesis of amyotrophic lateral sclerosis
in adult transgenic mice. Neurol. Res. 34, 390–399.
(doi:10.1179/1743132812Y.0000000027)

178. Wang S, Guan Y, Chen Y, Li X, Zhang C, Yu L, Zhou
F, Wang X. 2013 Role of Wnt1 and Fzd1 in the
spinal cord pathogenesis of amyotrophic lateral
sclerosis-transgenic mice. Biotechnol. Lett. 35,
1199–1207. (doi:10.1007/s10529-013-1199-1)

179. Li X, Guan Y, Chen Y, Zhang C, Shi C, Zhou F, Yu L,
Juan J, Wang X. 2013 Expression of Wnt5a and its

http://dx.doi.org/10.1093/hmg/ddr033
http://dx.doi.org/10.1038/nrn3983
http://dx.doi.org/10.1093/hmg/ddu370
http://dx.doi.org/10.1006/mcne.2001.1063
http://dx.doi.org/10.3390/ijms18020272
http://dx.doi.org/10.3390/ijms18020272
http://dx.doi.org/10.1038/27208
http://dx.doi.org/10.1111/j.1471-4159.2007.05194.x
http://dx.doi.org/10.1016/j.nbd.2006.06.016
http://dx.doi.org/10.1073/pnas.95.16.9637
http://dx.doi.org/10.1016/j.yexcr.2004.02.028
http://dx.doi.org/10.1016/j.yexcr.2004.02.028
http://dx.doi.org/10.1016/S0165-6147(03)00100-7
http://dx.doi.org/10.1038/sj.mp.4001208
http://dx.doi.org/10.1523/JNEUROSCI.1381-04.2004
http://dx.doi.org/10.1111/j.1471-4159.2009.06566.x
http://dx.doi.org/10.1111/j.1471-4159.2009.06566.x
http://dx.doi.org/10.1523/JNEUROSCI.4562-11.2012
http://dx.doi.org/10.1523/JNEUROSCI.4562-11.2012
http://dx.doi.org/10.1093/jmcb/mjt049
http://dx.doi.org/10.1038/mp.2012.163
http://dx.doi.org/10.1111/j.1471-4159.2009.06158.x
http://dx.doi.org/10.1111/j.1471-4159.2009.06158.x
http://dx.doi.org/10.1016/j.arr.2008.11.003
http://dx.doi.org/10.1016/j.arr.2008.11.003
http://dx.doi.org/10.1111/j.1471-4159.2006.03867.x
http://dx.doi.org/10.1111/j.1471-4159.2006.03867.x
http://dx.doi.org/10.1073/pnas.0603523104
http://dx.doi.org/10.1073/pnas.0603523104
http://dx.doi.org/10.1111/jnc.13873
http://dx.doi.org/10.1126/scitranslmed.aad9704
http://dx.doi.org/10.1126/scitranslmed.aad9704
http://dx.doi.org/10.1523/JNEUROSCI.2459-16.2017
http://dx.doi.org/10.1523/JNEUROSCI.2459-16.2017
http://dx.doi.org/10.1016/j.neuint.2014.05.004
http://dx.doi.org/10.1016/j.neuint.2014.05.004
http://dx.doi.org/10.1186/s13024-015-0057-0
http://dx.doi.org/10.1186/1749-8104-6-23
http://dx.doi.org/10.1186/1749-8104-6-23
http://dx.doi.org/10.1042/BST20120122
https://doi.org/10.1038/s41598-018-20836-w
http://dx.doi.org/10.3389/fncel.2013.00082
http://dx.doi.org/10.1016/j.bbadis.2013.11.005
http://dx.doi.org/10.1016/j.bbadis.2013.11.005
http://dx.doi.org/10.1016/j.jgg.2016.05.002
http://dx.doi.org/10.1016/j.jgg.2016.05.002
http://dx.doi.org/10.1371/journal.pgen.1005503
http://dx.doi.org/10.1371/journal.pgen.1005503
http://dx.doi.org/10.1016/j.neuron.2012.05.018
http://dx.doi.org/10.1186/s12974-019-1435-2
http://dx.doi.org/10.1016/j.bbrc.2012.03.006
http://dx.doi.org/10.1179/1743132812Y.0000000027
http://dx.doi.org/10.1007/s10529-013-1199-1


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210289

35

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 N

ov
em

be
r 

20
22

 

receptor Fzd2 is changed in the spinal cord of adult
amyotrophic lateral sclerosis transgenic mice.
Int. J. Clin. Exp. Pathol. 6, 1245–1260.

180. González-Fernández C, Mancuso R, Del Valle J,
Navarro X, Rodríguez FJ. 2016 Wnt signaling
alteration in the spinal cord of amyotrophic lateral
sclerosis transgenic mice: special focus on frizzled-5
cellular expression pattern. PLoS ONE 11, e0155867.
(doi:10.1371/journal.pone.0155867)

181. McLoon LK, Harandi VM, Brannstrom T, Andersen
PM, Liu JX. 2014 Wnt and extraocular muscle
sparing in amyotrophic lateral sclerosis. Investig.
Ophthalmol. Vis. Sci. 55, 5482–5496. (doi:10.1167/
iovs.14-14886)

182. Pinto C, Cardenas P, Osses N, Henriquez JP. 2013
Characterization of Wnt/beta-catenin and BMP/
Smad signaling pathways in an in vitro model of
amyotrophic lateral sclerosis. Front. Cell. Neurosci. 7,
239. (doi:10.3389/fncel.2013.00239)

183. Drannik A, Martin J, Peterson R, Ma X, Jiang F,
Turnbull J. 2017 Cerebrospinal fluid from patients
with amyotrophic lateral sclerosis inhibits sonic
hedgehog function. PLoS ONE 12, e0171668.
(doi:10.1371/journal.pone.0171668)

184. Gómez-Pinedo U, Galán L, Matías-Guiu JA, Pytel V,
Moreno T, Guerrero-Sola A, Matías-Guiu J. 2019
Notch signalling in the hippocampus of patients
with motor neuron disease. Front. Neurosci. 13,
302. (doi:10.3389/fnins.2019.00302)

185. Nonneman A et al. 2018 Astrocyte-derived Jagged-1
mitigates deleterious Notch signaling in
amyotrophic lateral sclerosis. Neurobiol. Dis. 119,
26–40. (doi:10.1016/j.nbd.2018.07.012)

186. Folestad A, Alund M, Asteberg S, Fowelin J, Aurell Y,
Gothlin J, Cassuto J. 2015 Role of Wnt/beta-catenin
and RANKL/OPG in bone healing of diabetic Charcot
arthropathy patients. Acta Orthop. 86, 415–425.
(doi:10.3109/17453674.2015.1033606)

187. Nusse R. 2008 Wnt signaling and stem cell control.
Cell Res. 18, 523–527. (doi:10.1038/cr.2008.47)

188. Morfini G, Szebenyi G, Elluru R, Ratner N, Brady ST.
2002 Glycogen synthase kinase 3 phosphorylates
kinesin light chains and negatively regulates
kinesin-based motility. EMBO J. 21, 281–293.
(doi:10.1093/emboj/21.3.281)

189. Cohen P, Frame S. 2001 The renaissance of GSK3.
Nat. Rev. Mol. Cell Biol 2, 769–776. (doi:10.1038/
35096075)

190. Hanger DP, Hughes K, Woodgett JR, Brion JP,
Anderton BH. 1992 Glycogen synthase kinase-3
induces Alzheimer’s disease-like phosphorylation of
tau: generation of paired helical filament epitopes
and neuronal localisation of the kinase. Neurosci. Lett.
147, 58–62. (doi:10.1016/0304-3940(92)90774-2)

191. King MR, Anderson NJ, Liu C, Law E, Cundiff M,
Mixcoatl-Zecuatl TM, Jolivalt CG. 2015 Activation of
the insulin-signaling pathway in sciatic nerve
and hippocampus of type 1 diabetic rats.
Neuroscience 303, 220–228. (doi:10.1016/j.
neuroscience.2015.06.060)

192. Mazzardo-Martins L, Martins DF, Stramosk J, Cidral-
Filho FJ, Santos AR. 2012 Glycogen synthase kinase
3-specific inhibitor AR-A014418 decreases
neuropathic pain in mice: evidence for the
mechanisms of action. Neuroscience 226, 411–420.
(doi:10.1016/j.neuroscience.2012.09.020)

193. Song B, Lai B, Zheng Z, Zhang Y, Luo J, Wang C,
Chen Y, Woodgett JR, Li M. 2010 Inhibitory
phosphorylation of GSK-3 by CaMKII couples
depolarization to neuronal survival. J. Biol. Chem.
285, 41 122–41 134. (doi:10.1074/jbc.M110.
130351)

194. Li Z, Ma L, Chen X, Li Y, Li S, Zhang J, Lu L. 2014
Glycogen synthase kinase-3: a key kinase in retinal
neuron apoptosis in early diabetic retinopathy. Chin.
Med. J. 127, 3464–3470.

195. Jolivalt CG, Calcutt NA, Masliah E. 2012 Similar
pattern of peripheral neuropathy in mouse models
of type 1 diabetes and Alzheimer’s disease.
Neuroscience 202, 405–412. (doi:10.1016/j.
neuroscience.2011.11.032)

196. Hong QX, Xu SY, Dai SH, Zhao WX. 2016 Expression
profiling of spinal genes in peripheral neuropathy
model rats with type 2 diabetes mellitus.
Int. J. Clin. Exp. Med. 9, 6376–6384.

197. Cheng PW et al. 2015 Wnt signaling regulates
blood pressure by downregulating a GSK-3beta-
mediated pathway to enhance insulin signaling in
the central nervous system. Diabetes 64,
3413–3424. (doi:10.2337/db14-1439)

198. Guo Q, Zhong W, Duan A, Sun G, Cui W, Zhuang X,
Liu L. 2019 Protective or deleterious role of Wnt/
beta-catenin signaling in diabetic nephropathy: an
unresolved issue. Pharm. Res. 144, 151–157.
(doi:10.1016/j.phrs.2019.03.022)

199. Dai C, Stolz DB, Kiss LP, Monga SP, Holzman LB,
Liu Y. 2009 Wnt/beta-catenin signaling promotes
podocyte dysfunction and albuminuria. J. Am. Soc.
Nephrol. 20, 1997–2008. (doi:10.1681/ASN.
2009010019)

200. Lin CL, Cheng H, Tung CW, Huang WJ, Chang PJ,
Yang JT, Wang JY. 2008 Simvastatin reverses high
glucose-induced apoptosis of mesangial cells via
modulation of Wnt signaling pathway.
Am. J. Nephrol. 28, 290–297. (doi:10.1159/
000111142)

201. Ho C, Lee PH, Hsu YC, Wang FS, Huang YT, Lin CL.
2012 Sustained Wnt/beta-catenin signaling rescues
high glucose induction of transforming growth
factor-beta1-mediated renal fibrosis. Am. J. Med.
Sci. 344, 374–382. (doi:10.1097/MAJ.
0b013e31824369c5)

202. Lee YJ, Han HJ. 2010 Troglitazone ameliorates high
glucose-induced EMT and dysfunction of SGLTs
through PI3 K/Akt, GSK-3beta, Snail1, and beta-
catenin in renal proximal tubule cells.
Am. J. Physiol. Ren. Physiol. 298, F1263–F1275.
(doi:10.1152/ajprenal.00475.2009)

203. Zou XR, Wang XQ, Hu YL, Zhou HL. 2016 Effects of
Shen’an granules on Wnt signaling pathway in
mouse models of diabetic nephropathy. Exp.
Ther. Med. 12, 3515–3520. (doi:10.3892/etm.
2016.3800)

204. Xiao L, Wang M, Yang S, Liu F, Sun L. 2013 A
glimpse of the pathogenetic mechanisms of Wnt/
beta-catenin signaling in diabetic nephropathy.
BioMed Res. Int. 2013, 987064. (doi:10.1155/2013/
987064)

205. Chapouly C, Yao Q, Vandierdonck S, Larrieu-
Lahargue F, Mariani JN, Gadeau AP, Renault MA.
2016 Impaired Hedgehog signalling-induced
endothelial dysfunction issufficient to induce
neuropathy: implication in diabetes. Cardiovasc. Res.
109, 217–227. (doi:10.1093/cvr/cvv263)

206. Chen R et al. 2017 Fluoride induces
neuroinflammation and alters Wnt signaling
pathway in BV2 microglial cells. Inflammation 40,
1123–1130. (doi:10.1007/s10753-017-0556-y)

207. Palomer E, Buechler J, Salinas PC. 2019 Wnt
signaling deregulation in the aging and Alzheimer’s
brain. Front. Cell. Neurosci. 13, 227. (doi:10.3389/
fncel.2019.00227)

208. Raychaudhuri M, Mukhopadhyay D. 2011 AICD
overexpression in neuro 2A cells regulates
expression of PTCH1 and TRPC5. Int. J. Alzheimers
Dis. 2011, 239453. (doi:10.4061/2011/239453)

209. Ma X, Turnbull P, Peterson R, Turnbull J. 2013
Trophic and proliferative effects of Shh on motor
neurons in embryonic spinal cord culture from
wildtype and G93A SOD1 mice. BMC Neurosci. 14,
119. (doi:10.1186/1471-2202-14-119)

210. Hester ME et al. 2011 Rapid and efficient generation
of functional motor neurons from human
pluripotent stem cells using gene delivered
transcription factor codes. Mol. Ther. 19,
1905–1912. (doi:10.1038/mt.2011.135)

211. Umamaheshwar KL, Sehrawat A, Parashar MK,
Mavade K. 2013 Two case reports of an unusual
association between Klippel-Feil syndrome and
amyotrophic lateral sclerosis: do they share same
genetic defect? Ann. Indian Acad. Neurol. 16,
705–707. (doi:10.4103/0972-2327.120456)

212. Ortega JA, Radonjić NV, Zecevic N. 2013 Sonic
hedgehog promotes generation and maintenance of
human forebrain Olig2 progenitors. Front. Cell.
Neurosci. 7, 254. (doi:10.3389/fncel.2013.00254)

213. Wang Y, Imitola J, Rasmussen S, O’Connor KC,
Khoury SJ. 2008 Paradoxical dysregulation of the
neural stem cell pathway sonic hedgehog-Gli1 in
autoimmune encephalomyelitis and multiple
sclerosis. Ann. Neurol. 64, 417–427. (doi:10.1002/
ana.21457)

214. Yu F, Wang Z, Tchantchou F, Chiu C, Zhang Y,
Chuang D. 2012 Lithium ameliorates
neurodegeneration, suppresses neuroinflammation,
and improves behavioral performance in a mouse
model of traumatic brain injury. J. Neurotrauma 29,
362–374. (doi:10.1089/neu.2011.1942)

215. Dupont P, Besson MT, Devaux J, Liévens JC. 2012
Reducing canonical Wingless/Wnt signaling
pathway confers protection against mutant
Huntingtin toxicity in Drosophila. Neurobiol. Dis. 47,
237–247. (doi:10.1016/j.nbd.2012.04.007)

216. Li L et al. 1997 Alagille syndrome is caused by
mutations in human Jagged1, which encodes a
ligand for Notch1. Nat. Genet. 16, 243–251. (doi:10.
1038/ng0797-243)

217. Lasky JL, Wu H. 2005 Notch signaling, brain
development, and human disease. Pediatr. Res. 57,

http://dx.doi.org/10.1371/journal.pone.0155867
http://dx.doi.org/10.1167/iovs.14-14886
http://dx.doi.org/10.1167/iovs.14-14886
http://dx.doi.org/10.3389/fncel.2013.00239
http://dx.doi.org/10.1371/journal.pone.0171668
http://dx.doi.org/10.3389/fnins.2019.00302
http://dx.doi.org/10.1016/j.nbd.2018.07.012
http://dx.doi.org/10.3109/17453674.2015.1033606
http://dx.doi.org/10.1038/cr.2008.47
http://dx.doi.org/10.1093/emboj/21.3.281
http://dx.doi.org/10.1038/35096075
http://dx.doi.org/10.1038/35096075
http://dx.doi.org/10.1016/0304-3940(92)90774-2
http://dx.doi.org/10.1016/j.neuroscience.2015.06.060
http://dx.doi.org/10.1016/j.neuroscience.2015.06.060
http://dx.doi.org/10.1016/j.neuroscience.2012.09.020
http://dx.doi.org/10.1074/jbc.M110.130351
http://dx.doi.org/10.1074/jbc.M110.130351
http://dx.doi.org/10.1016/j.neuroscience.2011.11.032
http://dx.doi.org/10.1016/j.neuroscience.2011.11.032
http://dx.doi.org/10.2337/db14-1439
http://dx.doi.org/10.1016/j.phrs.2019.03.022
http://dx.doi.org/10.1681/ASN.2009010019
http://dx.doi.org/10.1681/ASN.2009010019
http://dx.doi.org/10.1159/000111142
http://dx.doi.org/10.1159/000111142
http://dx.doi.org/10.1097/MAJ.0b013e31824369c5
http://dx.doi.org/10.1097/MAJ.0b013e31824369c5
http://dx.doi.org/10.1152/ajprenal.00475.2009
http://dx.doi.org/10.3892/etm.2016.3800
http://dx.doi.org/10.3892/etm.2016.3800
http://dx.doi.org/10.1155/2013/987064
http://dx.doi.org/10.1155/2013/987064
http://dx.doi.org/10.1093/cvr/cvv263
http://dx.doi.org/10.1007/s10753-017-0556-y
http://dx.doi.org/10.3389/fncel.2019.00227
http://dx.doi.org/10.3389/fncel.2019.00227
http://dx.doi.org/10.4061/2011/239453
http://dx.doi.org/10.1186/1471-2202-14-119
http://dx.doi.org/10.1038/mt.2011.135
http://dx.doi.org/10.4103/0972-2327.120456
http://dx.doi.org/10.3389/fncel.2013.00254
http://dx.doi.org/10.1002/ana.21457
http://dx.doi.org/10.1002/ana.21457
http://dx.doi.org/10.1089/neu.2011.1942
https://doi.org/10.1016/j.nbd.2012.04.007
http://dx.doi.org/10.1038/ng0797-243
http://dx.doi.org/10.1038/ng0797-243


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210289

36

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 N

ov
em

be
r 

20
22

 

104R–109R. (doi:10.1203/01.PDR.0000159632.
70510.3D)

218. Kawai T, Takagi N, Nakahara M, Takeo S. 2005
Changes in the expression of Hes5 and Mash1
mRNA in the adult rat dentate gyrus after transient
forebrain ischemia. Neurosci. Lett. 380, 17–20.
(doi:10.1016/j.neulet.2005.01.005)

219. Gustafsson MV et al. 2005 Hypoxia requires notch
signaling to maintain the undifferentiated cell state. Dev.
Cell 9, 617–628. (doi:10.1016/j.devcel.2005.09.010)

220. Androutsellis-Theotokis A et al. 2006 Notch
signalling regulates stem cell numbers in vitro and
in vivo. Nature 442, 823–826. (doi:10.1038/
nature04940)

221. Kondo T, Raff M. 2000 Basic helix-loop-helix
proteins and the timing of oligodendrocyte
differentiation. Development 127, 2989–2998.
(doi:10.1242/dev.127.14.2989)

222. Genoud S, Lappe-Siefke C, Goebbels S, Radtke F,
Aguet M, Scherer SS, Suter U, Nave KA, Mantei N.
2002 Notch1 control of oligodendrocyte
differentiation in the spinal cord. J. Cell Biol. 158,
709–718. (doi:10.1083/jcb.200202002)

223. Givogri MI, Costa RM, Schonmann V, Silva AJ,
Campagnoni AT, Bongarzone ER. 2002 Central
nervous system myelination in mice with deficient
expression of notch1 receptor. J. Neurosci. Res. 67,
309–320. (doi:10.1002/jnr.10128)

224. John GR, Shankar SL, Shafit-Zagardo B, Massimi A,
Lee SC, Raine CS, Brosnan CF. 2002 Multiple
sclerosis: re-expression of a developmental pathway
that restricts oligodendrocyte maturation. Nat. Med.
8, 1115–1121. (doi:10.1038/nm781)

225. Jurynczyk M, Jurewicz A, Bielecki B, Raine CS,
Selmaj K. 2005 Inhibition of Notch signaling
enhances tissue repair in an animal model of
multiple sclerosis. J. Neuroimmunol. 170, 3–10.
(doi:10.1016/j.jneuroim.2005.10.013)

226. Seifert T, Bauer J, Weissert R, Fazekas F, Storch MK.
2007 Notch1 and its ligand Jagged1 are present in
remyelination in a T cell- and antibody-mediated
model of inflammatory demyelination. Acta
Neuropathol. 113, 195–203. (doi:10.1007/s00401-
006-0170-9)

227. Rubert G, Minana R, Pascual M, Guerri C. 2006
Ethanol exposure during embryogenesis decreases
the radial glial progenitor pool and affects
the generation of neurons and astrocytes.
J. Neurosci. Res. 84, 483–496. (doi:10.1002/
jnr.20963)

228. Nagarsheth MH, Viehman A, Lippa SM, Lippa CF.
2006 Notch-1 immunoexpression is increased in
Alzheimer’s and Pick’s disease. J. Neurol. Sci. 244,
111–116. (doi:10.1016/j.jns.2006.01.007)

229. Ding XF et al. 2014 Postnatal dysregulation of Notch
signal disrupts dendrite development of adult-born
neurons in the hippocampus and contributes to
memory impairment. Sci. Rep. 6, 25780. (doi:10.
1038/srep25780)

230. Xie K, Qiao F, Sun Y, Wang G, Hou L. 2015 Notch
signaling activation is critical to the development of
neuropathic pain. BMC Anesthesiol. 15, 41. (doi:10.
1186/s12871-015-0021-0)
231. Belinson H et al. 2016 Prenatal beta-catenin/Brn2/
Tbr2 transcriptional cascade regulates adult social
and stereotypic behaviors. Mol. Psychiatry 21,
1417–1433. (doi:10.1038/mp.2015.207)

232. Cervo d et al. 2017 Induction of functional
dopamine neurons from human astrocytes in vitro
and mouse astrocytes in a Parkinson’s disease
model. Nat. Biotechnol. 35, 444–452. (doi:10.1038/
nbt.3835)

233. Ehyai S, Miyake T, Williams D, Vinayak J, Bayfield
MA, McDermott JC. 2018 FMRP recruitment of β-
catenin to the translation pre-initiation complex
represses translation. EMBO Rep. 19, e45536.
(doi:10.15252/embr.201745536)

234. L’Episcopo F et al. 2011 Reactive astrocytes and
Wnt/beta-catenin signaling link nigrostriatal injury
to repair in 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine model of Parkinson’s disease.
Neurobiol. Dis. 41, 508–527. (doi:10.1016/j.nbd.
2010.10.023)

235. L’Episcopo F, Tirolo C, Testa N, Caniglia S, Morale
MC, Serapide MF, Pluchino S, Marchetti B. 2014
Wnt/beta-catenin signaling is required to rescue
midbrain dopaminergic progenitors and promote
neurorepair in ageing mouse model of Parkinson’s
disease. Stem Cells 32, 2147–2163. (doi:10.1002/
stem.1708)

236. Rosales-Reynoso MA, Ochoa-Hernandez AB, Aguilar-
Lemarroy A, Jave-Suarez LF, Troyo-Sanroman R,
Barros-Nunez P. 2010 Gene expression profiling
identifies WNT7A as a possible candidate gene for
decreased cancer risk in fragile X syndrome patients.
Arch. Med. Res. 41, 110–118. (doi:10.1016/j.
arcmed.2010.03.001)

237. Santoro MR, Bray SM, Warren ST. 2012 Molecular
mechanisms of Fragile X syndrome: a twenty-year
perspective. Annu. Rev. Pathol. 7, 219–245. (doi:10.
1146/annurev-pathol-011811-132457)

238. Todd PK, Malter JS. 2002 Fragile X mental
retardation protein in plasticity and disease.
J. Neurosci. Res. 70, 623–630. (doi:10.1002/jnr.
10453)

239. Zhang A, Shen CH, Ma SY, Ke Y, El Idrissi A. 2009
Altered expression of Autism-associated genes in
the brain of Fragile X mouse model. Biochem.
Biophys. Res. Commun. 379, 920–923. (doi:10.1016/
j.bbrc.2008.12.172)

240. McGrath JJ, Feron FP, Burne TH, Mackay-Sim A,
Eyles DW. 2003 The neurodevelopmental hypothesis
of schizophrenia: a review of recent developments.
Ann. Med. 35, 86–93. (doi:10.1080/
07853890310010005)

241. Miyaoka T, Seno H, Ishino H. 1999 Increased
expression of Wnt-1 in schizophrenic brains.
Schizophr. Res. 38, 1–6. (doi:10.1016/S0920-
9964(98)00179-0)

242. Herman PE et al. 2018 Highly conserved molecular
pathways, including Wnt signaling, promote
functional recovery from spinal cord injury in
lampreys. Sci. Rep. 8, 742. (doi:10.1038/s41598-
017-18757-1)

243. Katsu T et al. 2003 The human frizzled-3 (FZD3)
gene on chromosome 8p21, a receptor gene for
Wnt ligands, is associated with the susceptibility to
schizophrenia. Neurosci. Lett. 353, 53–56. (doi:10.
1016/j.neulet.2003.09.017)

244. Oliva CA, Montecinos-Oliva C, Inestrosa NC. 2018
Wnt signaling in the central nervous system: new
insights in health and disease. Prog. Mol. Biol.
Transl. Sci. 153, 81–130. (doi:10.1016/bs.pmbts.
2017.11.018)

245. Schachter KA, Krauss RS. 2008 Murine models of
holoprosencephaly. Curr. Top. Dev. Biol. 84,
139–170. (doi:10.1016/S0070-2153(08)00603-0)

246. Cerpa W, Farias GG, Godoy JA, Fuenzalida M,
Bonansco C, Inestrosa NC. 2010 Wnt-5a occludes
Abeta oligomer-induced depression of glutamatergic
transmission in hippocampal neurons. Mol.
Neurodegener. 5, 3. (doi:10.1186/1750-1326-5-3)

247. Coutiño L, Godoy JA, Couve A, Fuenzalida M,
Inestrosa NC. 2010 Wnt-5a modulates recycling of
functional GABAA receptors on hippocampal
neurons. J. Neurosci. 30, 8411–8420. (doi:10.1523/
JNEUROSCI.5736-09.2010)

248. Farias GG, Alfaro IE, Cerpa W, Grabowski CP, Godoy
JA, Bonansco C, Inestrosa NC. 2009 Wnt-5a/JNK
signaling promotes the clustering of PSD-95 in
hippocampal neurons. J. Biol. Chem. 284,
15 857–15 866. (doi:10.1074/jbc.M808986200)

249. Muñoz FJ, Godoy JA, Cerpa W, Poblete IM,
Huidobro-Toro JP, Inestrosa NC. 2014 Wnt-5a
increases NO and modulates NMDA receptor in rat
hippocampal neurons. Biochem. Biophys. Res.
Commun. 444, 189–194. (doi:10.1016/j.bbrc.2014.
01.031)

250. Varela-Nallar L, Alfaro IE, Serrano FG, Parodi J,
Inestrosa NC. 2010 Wingless-type family member
5A (Wnt-5a) stimulates synaptic differentiation and
function of glutamatergic synapses. Proc. Natl Acad.
Sci. USA 107, 21 164–21 169. (doi:10.1073/pnas.
1010011107)

251. Teng H, Chopp M, Hozeska-Solgot A, Shen L, Lu M,
Tang C, Zhang ZG. 2012 Tissue plasminogen
activator and plasminogen activator inhibitor 1
contribute to sonic hedgehog-induced in vitro
cerebral angiogenesis. PLoS ONE 7, e33444. (doi:10.
1371/journal.pone.0033444)

252. Blurton-Jones M et al. 2009 Neural stem cells
improve cognition via BDNF in a transgenic model
of Alzheimer disease. Proc. Natl Acad. Sci. USA 106,
13 594–13 599. (doi:10.1073/pnas.0901402106)

253. Criscuolo C, Fabiani C, Bonadonna C, Origlia N,
Domenici L. 2015 BDNF prevents amyloid-
dependent impairment of LTP in the entorhinal
cortex by attenuating p38 MAPK phosphorylation.
Neurobiol. Aging 36, 1303–1309. (doi:10.1016/j.
neurobiolaging.2014.11.016)

254. Iwasaki Y, Negishi T, Inoue M, Tashiro T, Tabira T,
Kimura N. 2012 Sendai virus vector-mediated brain-
derived neurotrophic factor expression ameliorates
memory deficits and synaptic degeneration in a
transgenic mouse model of Alzheimer’s disease.
J. Neurosci. Res. 90, 981–989. (doi:10.1002/jnr.22830)

255. Liu D, Pitta M, Jiang H, Lee JH, Zhang G, Chen X,
Kawamoto EM, Mattson MP. 2013 Nicotinamide
forestalls pathology and cognitive decline in

http://dx.doi.org/10.1203/01.PDR.0000159632.70510.3D
http://dx.doi.org/10.1203/01.PDR.0000159632.70510.3D
http://dx.doi.org/10.1016/j.neulet.2005.01.005
http://dx.doi.org/10.1016/j.devcel.2005.09.010
http://dx.doi.org/10.1038/nature04940
http://dx.doi.org/10.1038/nature04940
http://dx.doi.org/10.1242/dev.127.14.2989
http://dx.doi.org/10.1083/jcb.200202002
http://dx.doi.org/10.1002/jnr.10128
http://dx.doi.org/10.1038/nm781
http://dx.doi.org/10.1016/j.jneuroim.2005.10.013
http://dx.doi.org/10.1007/s00401-006-0170-9
http://dx.doi.org/10.1007/s00401-006-0170-9
http://dx.doi.org/10.1002/jnr.20963
http://dx.doi.org/10.1002/jnr.20963
http://dx.doi.org/10.1016/j.jns.2006.01.007
http://dx.doi.org/10.1038/srep25780
http://dx.doi.org/10.1038/srep25780
http://dx.doi.org/10.1186/s12871-015-0021-0
http://dx.doi.org/10.1186/s12871-015-0021-0
http://dx.doi.org/10.1038/mp.2015.207
http://dx.doi.org/10.1038/nbt.3835
http://dx.doi.org/10.1038/nbt.3835
http://dx.doi.org/10.15252/embr.201745536
http://dx.doi.org/10.1016/j.nbd.2010.10.023
http://dx.doi.org/10.1016/j.nbd.2010.10.023
http://dx.doi.org/10.1002/stem.1708
http://dx.doi.org/10.1002/stem.1708
http://dx.doi.org/10.1016/j.arcmed.2010.03.001
http://dx.doi.org/10.1016/j.arcmed.2010.03.001
http://dx.doi.org/10.1146/annurev-pathol-011811-132457
http://dx.doi.org/10.1146/annurev-pathol-011811-132457
http://dx.doi.org/10.1002/jnr.10453
http://dx.doi.org/10.1002/jnr.10453
http://dx.doi.org/10.1016/j.bbrc.2008.12.172
http://dx.doi.org/10.1016/j.bbrc.2008.12.172
http://dx.doi.org/10.1080/07853890310010005
http://dx.doi.org/10.1080/07853890310010005
http://dx.doi.org/10.1016/S0920-9964(98)00179-0
http://dx.doi.org/10.1016/S0920-9964(98)00179-0
http://dx.doi.org/10.1038/s41598-017-18757-1
http://dx.doi.org/10.1038/s41598-017-18757-1
http://dx.doi.org/10.1016/j.neulet.2003.09.017
http://dx.doi.org/10.1016/j.neulet.2003.09.017
http://dx.doi.org/10.1016/bs.pmbts.2017.11.018
http://dx.doi.org/10.1016/bs.pmbts.2017.11.018
http://dx.doi.org/10.1016/S0070-2153(08)00603-0
http://dx.doi.org/10.1186/1750-1326-5-3
http://dx.doi.org/10.1523/JNEUROSCI.5736-09.2010
http://dx.doi.org/10.1523/JNEUROSCI.5736-09.2010
http://dx.doi.org/10.1074/jbc.M808986200
http://dx.doi.org/10.1016/j.bbrc.2014.01.031
http://dx.doi.org/10.1016/j.bbrc.2014.01.031
http://dx.doi.org/10.1073/pnas.1010011107
http://dx.doi.org/10.1073/pnas.1010011107
http://dx.doi.org/10.1371/journal.pone.0033444
http://dx.doi.org/10.1371/journal.pone.0033444
http://dx.doi.org/10.1073/pnas.0901402106
http://dx.doi.org/10.1016/j.neurobiolaging.2014.11.016
http://dx.doi.org/10.1016/j.neurobiolaging.2014.11.016
http://dx.doi.org/10.1002/jnr.22830


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210289

37

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 N

ov
em

be
r 

20
22

 

Alzheimer mice: evidence for improved neuronal
bioenergetics and autophagy procession. Neurobiol.
Aging 34, 1564–1580. (doi:10.1016/j.
neurobiolaging.2012.11.020)

256. Marosi K, Mattson MP. 2014 BDNF mediates
adaptive brain and body responses to energetic
challenges. Trends Endocrinol. Metab. 25, 89–98.
(doi:10.1016/j.tem.2013.10.006)

257. Nixon RA. 2013 The role of autophagy in
neurodegenerative disease. Nat. Med. 19, 983–997.
(doi:10.1038/nm.3232)

258. Liu L, Zhao B, Xiong X, Xia Z. 2018 The
neuroprotective roles of sonic hedgehog signaling
pathway in ischemic stroke. Neurochem. Res. 43,
2199–2211. (doi:10.1007/s11064-018-2645-1)

259. Carlén M et al. 2009 Forebrain ependymal cells are
Notch-dependent and generate neuroblasts and
astrocytes after stroke. Nat. Neurosci. 12, 259–267.
(doi:10.1038/nn.2268)

260. Wang L, Chopp M, Zhang RL, Zhang L, Letourneau
Y, Feng YF, Jiang A, Morris DC, Zhang ZG. 2009 The
Notch pathway mediates expansion of a progenitor
pool and neuronal differentiation in adult neural
progenitor cells after stroke. Neuroscience 158,
1356–1363. (doi:10.1016/j.neuroscience.2008.
10.064)

261. Xiao MJ, Han Z, Shao B, Jin K. 2009 Notch signaling
and neuro-genesis in normal and stroke brain.
Int. J. Physiol. Pathophysiol. Pharmacol. 1, 192–202.

262. Yang T, Liu LY, Ma YY, Zhang W. 2014 Notch
signaling-mediated neural lineage selection
facilitates intrastriatal transplantation therapy for
ischemic stroke by promoting endogenous
regeneration in the hippocampus. Cell Transplant.
23, 221–238. (doi:10.3727/096368912X661355)

263. Zacharek A, Chen J, Cui X, Yang Y, Chopp M. 2009
Simvastatin increases notch signaling activity
and promotes arteriogenesis after stroke.
Stroke 40, 254–260. (doi:10.1161/STROKEAHA.108.
524116)

264. Silva-Alvarez C, Arrazola MS, Godoy JA, Ordenes D,
Inestrosa NC. 2013 Canonical Wnt signaling protects
hippocampal neurons from Abeta oligomers: role of
non-canonical Wnt-5a/Ca2+ in mitochondrial
dynamics. Front. Cell Neurosci. 7, 97. (doi:10.3389/
fncel.2013.00097)

265. Vargas J, Fuenzalida M, Inestrosa NC. 2014 In vivo
activation of Wnt signaling pathway enhances
cognitive function of adult mice and reverses
cognitive deficits in an Alzheimer’s disease model.
J. Neurosci. 34, 2191–2202. (doi:10.1523/
JNEUROSCI.0862-13.2014)

266. Inestrosa NC, Varela-Nallar L. 2014 Wnt signaling in
the nervous system and in Alzheimer’s disease.
J. Mol. Cell Biol. 6, 64–74. (doi:10.1093/jmcb/
mjt051)

267. Inestrosa NC, Toledo EM. 2008 The role of Wnt
signaling in neuronal dysfunction in Alzheimer’s
disease. Mol. Neurodegener. 3, 9. (doi:10.1186/
1750-1326-3-9)

268. Inestrosa NC, Arenas E. 2010 Emerging roles of Wnts
in the adult nervous system. Nat. Rev. Neurosci. 11,
77–86. (doi:10.1038/nrn2755)
269. Speese SD, Budnik V. 2007 Wnts: Up-and-coming at
the synapse. Trends Neurosci. 30, 268–275. (doi:10.
1016/j.tins.2007.04.003)

270. Jensen M, Hoerndli FJ, Brockie PJ, Wang R, Johnson
E, Maxfield D, Francis MM, Madsen DM, Maricq AV.
2012 Wnt signaling regulates acetylcholine receptor
translocation and synaptic plasticity in the adult
nervous system. Cell 149, 173–187. (doi:10.1016/j.
cell.2011.12.038)

271. Carvajal FJ, Zolezzi JM, Tapia-Rojas C, Godoy JA,
Inestrosa NC. 2013 Tetrahydrohyperforin decreases
cholinergic markers associated with amyloid-beta
plaques, 4-hydroxynonenal formation, and caspase-
3 activation in AbetaPP/PS1 mice. J. Alzheimers Dis.
36, 99–118. (doi:10.3233/JAD-130230)

272. Nusse R, Varmus H. 2012 Three decades of Wnts;
a personal perspective on how a scientific field
developed. EMBO J. 31, 2670–2682. (doi:10.1038/
emboj.2012.146)

273. Inestrosa NC, Godoy JA, Vargas JY, Arrazola MS,
Rios JA, Carvajal FJ, Serrano FG, Farias GG. 2013
Nicotine prevents synaptic impairment induced by
amyloid-β oligomers through α7-nicotinic
acetylcholine receptor activation. Neuromolecular
Med. 15, 549–569. (doi:10.1007/s12017-013-
8242-1)

274. Clevers H, Nusse R. 2012 Wnt/β-catenin signaling
and disease. Cell 149, 1192–1205. (doi:10.1016/j.
cell.2012.05.012)

275. Proweller A, Wright AC, Horng D, Cheng L, Lu MM,
Lepore JJ, Pear WS, Parmacek MS. 2007 Notch
signaling in vascular smooth muscle cells is required
to pattern the cerebral vasculature. Proc. Natl Acad.
Sci. USA 104, 16 275–16 280. (doi:10.1073/pnas.
0707950104)

276. Uyttendaele H, Closson V, Wu G, Roux F,
Weinmaster G, Kitajewski J. 2000 Notch4 and
Jagged-1 induce microvessel differentiation of rat
brain endothelial cells. Microvasc. Res. 60, 91–103.
(doi:10.1006/mvre.2000.2254)

277. Bambakidis NC, Petrullis M, Kui X, Rothstein B,
Karampelas I, Kuang Y, Selman WR, LaManna JC,
Miller RH. 2012 Improvement of neurological
recovery and stimulation of neural progenitor cell
proliferation by intrathecal administration of Sonic
hedgehog. J. Neurosurg. 116, 1114–1120. (doi:10.
3171/2012.1.JNS111285)

278. Huang SS et al. 2013 Anti-oxidative, anti-apoptotic,
and pro-angiogenic effects mediate functional
improvement by sonic hedgehog against
focal cerebral ischemia in rats. Exp. Neurol.
247, 680–688. (doi:10.1016/j.expneurol.2013.
03.004)

279. Tsuboi K, Shults CW. 2002 Intrastriatal injection of
sonic hedgehog reduces behavioral impairment in a
rat model of Parkinson’s disease. Exp. Neurol. 173,
95–104. (doi:10.1006/exnr.2001.7825)

280. Huang M, Liang Y, Chen H, Xu B, Chai C, Xing P.
2018 The role of fluoxetine in activating Wnt/β-
catenin signaling and repressing β-amyloid
production in an Alzheimer mouse model. Front.
Aging Neurosci. 10, 164. (doi:10.3389/fnagi.2018.
00164)
281. Tiwari SK et al. 2014 Curcumin-loaded nanoparticles
potently induce adult neurogenesis and reverse
cognitive deficits in Alzheimer’s disease model via
canonical Wnt/β-catenin pathway. ACS Nano 8,
76–103. (doi:10.1021/nn405077y)

282. Wan W, Xia S, Kalionis B, Liu L, Li Y. 2014 The role
of Wnt signaling in the development of Alzheimer’s
disease: a potential therapeutic target? Biomed. Res.
Int. 2014, 301575. (doi:10.1155/2014/301575)

283. Inestrosa NC, Varela-Nallar L, Grabowski CP,
Colombres M. 2007 Synaptotoxicity in Alzheimer’s
disease: the Wnt signaling pathway as a molecular
target. IUBMB Life 59, 316–321. (doi:10.1080/
15216540701242490)

284. Farías GG, Godoy JA, Vázquez MC, Adani R,
Meshulam H, Avila J, Amitai G, Inestrosa NC. 2005
The anti-inflammatory and cholinesterase inhibitor
bifunctional compound IBU-PO protects from beta-
amyloid neurotoxicity by acting on Wnt signaling
components. Neurobiol. Dis. 18, 176–183. (doi:10.
1016/j.nbd.2004.09.012)

285. Wang CY, Zheng W, Wang T, Xie JW, Wang SL, Zhao
BL, Teng WP, Wang ZY. 2011 Huperzine A activates
Wnt/β-catenin signaling and enhances the
nonamyloidogenic pathway in an Alzheimer
transgenic mouse model. Neuropsychopharmacology
36, 1073–1089. (doi:10.1038/npp.2010.245)

286. Inestrosa NC, Godoy JA, Quintanilla RA, Koenig CS,
Bronfman M. 2005 Peroxisome proliferator-activated
receptor gamma is expressed in hippocampal
neurons and its activation prevents beta-amyloid
neurodegeneration: role of Wnt signaling. Exp. Cell
Res. 304, 91–104. (doi:10.1016/j.yexcr.2004.09.032)

287. Toledo EM, Inestrosa NC. 2010 Activation of Wnt
signaling by lithium and rosiglitazone reduced
spatial memory impairment and neurodegeneration
in brains of an APPswe/PSEN1DeltaE9 mouse model
of Alzheimer’s disease. Mol. Psychiatry 15,
272–285. (doi:10.1038/mp.2009.72)

288. Serrano FG, Tapia-Rojas C, Carvajal FJ, Hancke J,
Cerpa W, Inestrosa NC. 2014 Andrographolide
reduces cognitive impairment in young and mature
AbetaPPswe/PS-1 mice. Mol. Neurodegener. 9, 61.
(doi:10.1186/1750-1326-9-61)

289. Sinha A et al. 2015 Neuroprotective role of Novel
triazine derivatives by activating Wnt/β catenin
signaling pathway in rodent models of Alzheimer’s
disease. Mol. Neurobiol. 52, 638–652. (doi:10.1007/
s12035-014-8899-y)

290. Machhi J et al. 2016 Neuroprotective potential of
novel multi-targeted isoalloxazine derivatives in
rodent models of Alzheimer’s disease through
activation of canonical Wnt/β-catenin signalling
pathway. Neurotox. Res. 29, 495–513. (doi:10.1007/
s12640-016-9598-4)

291. Kim SH, Yang JW, Kim KH, Kim JU, Yook TH. 2019 A
review on studies of Marijuana for Alzheimer’s
disease - focusing on CBD, THC. J. Pharmacopuncture
22, 225–230. (doi:10.3831/KPI.2019.22.030)

292. Vallée A, Lecarpentier Y, Guillevin R, Vallée J. 2017
Effects of cannabidiol interactions with Wnt/β-
catenin pathway and PPARγ on oxidative stress and
neuroinflammation in Alzheimer’s disease. Acta

http://dx.doi.org/10.1016/j.neurobiolaging.2012.11.020
http://dx.doi.org/10.1016/j.neurobiolaging.2012.11.020
http://dx.doi.org/10.1016/j.tem.2013.10.006
http://dx.doi.org/10.1038/nm.3232
http://dx.doi.org/10.1007/s11064-018-2645-1
http://dx.doi.org/10.1038/nn.2268
http://dx.doi.org/10.1016/j.neuroscience.2008.10.064
http://dx.doi.org/10.1016/j.neuroscience.2008.10.064
http://dx.doi.org/10.3727/096368912X661355
http://dx.doi.org/10.1161/STROKEAHA.108.524116
http://dx.doi.org/10.1161/STROKEAHA.108.524116
http://dx.doi.org/10.3389/fncel.2013.00097
http://dx.doi.org/10.3389/fncel.2013.00097
http://dx.doi.org/10.1523/JNEUROSCI.0862-13.2014
http://dx.doi.org/10.1523/JNEUROSCI.0862-13.2014
http://dx.doi.org/10.1093/jmcb/mjt051
http://dx.doi.org/10.1093/jmcb/mjt051
http://dx.doi.org/10.1186/1750-1326-3-9
http://dx.doi.org/10.1186/1750-1326-3-9
http://dx.doi.org/10.1038/nrn2755
http://dx.doi.org/10.1016/j.tins.2007.04.003
http://dx.doi.org/10.1016/j.tins.2007.04.003
http://dx.doi.org/10.1016/j.cell.2011.12.038
http://dx.doi.org/10.1016/j.cell.2011.12.038
http://dx.doi.org/10.3233/JAD-130230
http://dx.doi.org/10.1038/emboj.2012.146
http://dx.doi.org/10.1038/emboj.2012.146
http://dx.doi.org/10.1007/s12017-013-8242-1
http://dx.doi.org/10.1007/s12017-013-8242-1
http://dx.doi.org/10.1016/j.cell.2012.05.012
http://dx.doi.org/10.1016/j.cell.2012.05.012
http://dx.doi.org/10.1073/pnas.0707950104
http://dx.doi.org/10.1073/pnas.0707950104
http://dx.doi.org/10.1006/mvre.2000.2254
http://dx.doi.org/10.3171/2012.1.JNS111285
http://dx.doi.org/10.3171/2012.1.JNS111285
http://dx.doi.org/10.1016/j.expneurol.2013.03.004
http://dx.doi.org/10.1016/j.expneurol.2013.03.004
http://dx.doi.org/10.1006/exnr.2001.7825
http://dx.doi.org/10.3389/fnagi.2018.00164
http://dx.doi.org/10.3389/fnagi.2018.00164
http://dx.doi.org/10.1021/nn405077y
http://dx.doi.org/10.1155/2014/301575
http://dx.doi.org/10.1080/15216540701242490
http://dx.doi.org/10.1080/15216540701242490
http://dx.doi.org/10.1016/j.nbd.2004.09.012
http://dx.doi.org/10.1016/j.nbd.2004.09.012
http://dx.doi.org/10.1038/npp.2010.245
http://dx.doi.org/10.1016/j.yexcr.2004.09.032
http://dx.doi.org/10.1038/mp.2009.72
http://dx.doi.org/10.1186/1750-1326-9-61
http://dx.doi.org/10.1007/s12035-014-8899-y
http://dx.doi.org/10.1007/s12035-014-8899-y
http://dx.doi.org/10.1007/s12640-016-9598-4
http://dx.doi.org/10.1007/s12640-016-9598-4
https://doi.org/10.3831/KPI.2019.22.030


royalsocietypublishing.org/journal/rsob
Open

Biol.12:210289

38

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

24
 N

ov
em

be
r 

20
22

 

Biochim. Biophys. Sin. 49, 853–866. (doi:10.1093/
abbs/gmx073)

293. Wang YL et al. 2017 Protective effect of curcumin
against oxidative stress-induced injury in rats with
Parkinson’s disease through the Wnt/β-catenin
signaling pathway. Cell Physiol. Biochem. 43,
2226–2241. (doi:10.1159/000484302)

294. Kamarehei M, Yazdanparast R, Aghazadeh S. 2014
Curcumin protects SK-N-MC cells from H2O2-induced
cell death by modulation of Notch signaling
pathway. CellBio 3, 72–86. (doi:10.4236/cellbio.
2014.32008)

295. Zhang S, Botchway BOA, Zhang Y, Liu X. 2019
Resveratrol can inhibit Notch signaling pathway to
improve spinal cord injury. Ann. Anat. 223,
100–107. (doi:10.1016/j.aanat.2019.01.015)

296. Zhang X, Yin WK, Shi XD, Li Y. 2011 Curcumin
activates Wnt/β-catenin signaling pathway through
inhibiting the activity of GSK-3β in APPswe
transfected SY5Y cells. Eur. J. Pharm. Sci. 42,
540–546. (doi:10.1016/j.ejps.2011.02.009)

297. Zhang L, Sun C, Jin Y, Gao K, Shi X, Qiu W, Ma C,
Zhang L. 2017 Dickkopf 3 (Dkk3) improves amyloid-
β pathology, cognitive dysfunction, and cerebral
glucose metabolism in a transgenic mouse model of
Alzheimer’s disease. J. Alzheimers Dis. 60, 733–746.
(doi:10.3233/JAD-161254)

298. Yu P, Wang L, Tang F, Zeng L, Zhou L, Song X, Jia
W, Chen J, Yang Q. 2017 Resveratrol pretreatment
decreases ischemic injury and improves neurological
function via sonic hedgehog signaling after stroke in
rats. Mol. Neurobiol. 54, 212–226. (doi:10.1007/
s12035-015-9639-7)

299. Chen L, Huang K, Wang R, Jiang Q, Wu Z, Liang W,
Guo R, Wang L. 2018 Neuroprotective effects of
cerebral ischemic preconditioning in a rat middle
cerebral artery occlusion model: the role of the Notch
signaling pathway. Biomed. Res. Int. 2018, 8168720.
(doi:10.1155/2018/8168720)

300. Zhang L et al. 2013 Sonic hedgehog signaling
pathway mediates cerebrolysin-improved
neurological function after stroke. Stroke 44,
1965–1972. (doi:10.1161/STROKEAHA.111.000831)

301. Wang K et al. 2015 Neuroprotective effects of crocin
against traumatic brain injury in mice: involvement
of notch signaling pathway. Neurosci. Lett. 591,
53–58. (doi:10.1016/j.neulet.2015.02.016)

302. Zhang HM, Liu P, Jiang C, Jin XQ, Liu RN, Li SQ,
Zhao Y. 2018 Notch signaling inhibitor DAPT
provides protection against acute craniocerebral
injury. PLoS ONE 13, e0193037. (doi:10.1371/
journal.pone.0193037)
303. Liu Y, Hao S, Yang B, Fan Y, Qin X, Chen Y, Hu J.
2017 Wnt/β-catenin signaling plays an essential
role in α7 nicotinic receptor-mediated
neuroprotection of dopaminergic neurons in a
mouse Parkinson’s disease model. Biochem.
Pharmacol. 140, 115–123. (doi:10.1016/j.bcp.2017.
05.017)

304. Fornai F et al. 2008 Lithium delays progression of
amyotrophic lateral sclerosis. Proc. Natl Acad. Sci.
USA 105, 2052–2057. (doi:10.1073/pnas.
0708022105)

305. Jin Z, Guo P, Li X, Ke J, Wang Y, Wu H. 2019
Neuroprotective effects of irisin against cerebral
ischemia/reperfusion injury via Notch signaling
pathway. Biomed. Pharmacother. 120, 109452.
(doi:10.1016/j.biopha.2019.109452)

306. Yang C et al. 2017 Minocycline attenuates the
development of diabetic neuropathy by inhibiting spinal
cord Notch signaling in rat. Biomed. Pharmacother. 94,
380–385. (doi:10.1016/j.biopha.2017.07.078)

307. Chechneva OV, Mayrhofer F, Daugherty DJ,
Krishnamurty RG, Bannerman P, Pleasure DE, Deng
W. 2014 A Smoothenedreceptor agonist is
neuroprotective and promotes regeneration after
ischemic brain injury. Cell Death Dis. 5, e1481.
(doi:10.1038/cddis.2014.446)

308. Shao S, Wang GL, Raymond C, Deng XH, Zhu XL,
Wang D, Hong LP. 2017 Activation of Sonic
hedgehog signal by Purmorphamine, in a
mouse model of Parkinson’s disease, protects
dopaminergic neurons and attenuates inflammatory
response by mediating PI3 K/AKt signaling
pathway. Mol. Med. Rep. 16, 1269–1277. (doi:10.
3892/mmr.2017.6751)

309. Zhang HP, Sun YY, Chen XM, Yuan LB, Su BX, Ma R,
Zhao RN, Dong HL, Xiong L. 2014 The
neuroprotective effects of isoflurane preconditioning
in a murine transient global cerebral ischemia-
reperfusion model: the role of the Notch signaling
pathway. Neuromolecular Med. 16, 191–204.
(doi:10.1007/s12017-013-8273-7)

310. Yang Q et al. 2012 Activation of canonical notch
signaling pathway is involved in the ischemic
tolerance induced by sevoflurane preconditioning in
mice. Anesthesiology 117, 996–1005. (doi:10.1097/
ALN.0b013e31826cb469)

311. Guan J, Wei X, Qu S, Lv T, Fu Q, Yuan Y. 2017 Osthole
prevents cerebral ischemia-reperfusion injury via the
Notch signaling pathway. Biochem. Cell Biol. 95,
459–467. (doi:10.1139/bcb-2016-0233)

312. Inestrosa NC et al. 2013 Peroxisome proliferators
reduce spatial memory impairment, synaptic failure,
and neurodegeneration in brains of a double
transgenic mice model of Alzheimer’s disease.
J. Alzheimers Dis. 33, 941–959. (doi:10.3233/JAD-
2012-120397)

313. Vallée A, Vallée J, Guillevin R, Lecarpentier Y. 2020
Riluzole: a therapeutic strategy in Alzheimer’s
disease by targeting the WNT/β-catenin pathway.
Aging 12, 3095–3113. (doi:10.18632/aging.102830)

314. Cisternas P, Zolezzi JM, Martinez M, Torres VI, Wong
GW, Inestrosa NC. 2019 Wnt-induced activation of
glucose metabolism mediates the in vivo
neuroprotective roles of Wnt signaling in Alzheimer
disease. J. Neurochem. 149, 54–72. (doi:10.1111/
jnc.14608)

315. Zhang Y et al. 2017 Salvianolic Acids for Injection
(SAFI) promotes functional recovery and
neurogenesis via sonic hedgehog pathway after
stroke in mice. Neurochem. Int. 110, 38–48. (doi:10.
1016/j.neuint.2017.09.001)

316. Yu Z, Cheng C, Liu Y, Liu N, Lo EH, Wang X. 2018
Neuroglobin promotes neurogenesis through Wnt
signaling pathway. Cell Death Dis. 9, 945. (doi:10.
1038/s41419-018-1007-x)

317. Seitz R, Hackl S, Seibuchner T, Tamm ER, Ohlmann
A. 2010 Norrin mediates neuroprotective effects on
retinal ganglion cells via activation of the Wnt/
beta-catenin signaling pathway and the induction
of neuroprotective growth factors in Muller cells.
J. Neurosci. 30, 5998–6010. (doi:10.1523/
JNEUROSCI.0730-10.2010)

318. Liang W, Lin C, Yuan L, Chen L, Guo P, Li P, Wang
W, Zhang X. 2019 Preactivation of Notch1 in remote
ischemic preconditioning reduces cerebral ischemia-
reperfusion injury through crosstalk with the NF-κB
pathway. J. Neuroinflammation 16, 181. (doi:10.
1186/s12974-019-1570-9)

319. Chen SD, Yang JL, Hwang WC, Yang DI. 2018
Emerging roles of sonic hedgehog in adult
neurological diseases: neurogenesis and beyond.
Int. J. Mol. Sci. 19, 2423. (doi:10.3390/
ijms19082423)

320. Liu W et al. 2019 Mesenchymal stem cells alleviate
the early brain injury of subarachnoid hemorrhage
partly by suppression of Notch1-dependent
neuroinflammation: involvement of botch.
J. Neuroinflammation 16, 8. (doi:10.1186/s12974-
019-1396-5)

321. Li H, Ma J, Fang Q, Li H, Shen H, Li X, Xue Q, Zhu J,
Chen G. 2019 Botch protects neurons from ischemic
insult by antagonizing Notch-mediated
neuroinflammation. Exp. Neurol. 321, 113028.
(doi:10.1016/j.expneurol.2019.113028)

http://dx.doi.org/10.1093/abbs/gmx073
http://dx.doi.org/10.1093/abbs/gmx073
http://dx.doi.org/10.1159/000484302
http://dx.doi.org/10.4236/cellbio.2014.32008
http://dx.doi.org/10.4236/cellbio.2014.32008
http://dx.doi.org/10.1016/j.aanat.2019.01.015
http://dx.doi.org/10.1016/j.ejps.2011.02.009
http://dx.doi.org/10.3233/JAD-161254
http://dx.doi.org/10.1007/s12035-015-9639-7
http://dx.doi.org/10.1007/s12035-015-9639-7
http://dx.doi.org/10.1155/2018/8168720
http://dx.doi.org/10.1161/STROKEAHA.111.000831
http://dx.doi.org/10.1016/j.neulet.2015.02.016
http://dx.doi.org/10.1371/journal.pone.0193037
http://dx.doi.org/10.1371/journal.pone.0193037
http://dx.doi.org/10.1016/j.bcp.2017.05.017
http://dx.doi.org/10.1016/j.bcp.2017.05.017
http://dx.doi.org/10.1073/pnas.0708022105
http://dx.doi.org/10.1073/pnas.0708022105
http://dx.doi.org/10.1016/j.biopha.2019.109452
http://dx.doi.org/10.1016/j.biopha.2017.07.078
http://dx.doi.org/10.1038/cddis.2014.446
http://dx.doi.org/10.3892/mmr.2017.6751
http://dx.doi.org/10.3892/mmr.2017.6751
http://dx.doi.org/10.1007/s12017-013-8273-7
http://dx.doi.org/10.1097/ALN.0b013e31826cb469
http://dx.doi.org/10.1097/ALN.0b013e31826cb469
http://dx.doi.org/10.1139/bcb-2016-0233
http://dx.doi.org/10.3233/JAD-2012-120397
http://dx.doi.org/10.3233/JAD-2012-120397
http://dx.doi.org/10.18632/aging.102830
http://dx.doi.org/10.1111/jnc.14608
http://dx.doi.org/10.1111/jnc.14608
http://dx.doi.org/10.1016/j.neuint.2017.09.001
http://dx.doi.org/10.1016/j.neuint.2017.09.001
http://dx.doi.org/10.1038/s41419-018-1007-x
http://dx.doi.org/10.1038/s41419-018-1007-x
http://dx.doi.org/10.1523/JNEUROSCI.0730-10.2010
http://dx.doi.org/10.1523/JNEUROSCI.0730-10.2010
http://dx.doi.org/10.1186/s12974-019-1570-9
http://dx.doi.org/10.1186/s12974-019-1570-9
http://dx.doi.org/10.3390/ijms19082423
http://dx.doi.org/10.3390/ijms19082423
http://dx.doi.org/10.1186/s12974-019-1396-5
http://dx.doi.org/10.1186/s12974-019-1396-5
http://dx.doi.org/10.1016/j.expneurol.2019.113028

	Molecular mechanisms of developmental pathways in neurological disorders: a pharmacological and therapeutic review
	Introduction
	Developmental signalling pathways: a general overview
	Notch signalling pathway
	Shh signalling pathway
	Wnt/β-catenin signalling pathway

	Developmental signalling pathways and ageing brain
	Developmental signalling pathways involved in maintaining blood–brain barrier integrity
	Glial cells: the platform for developmental signalling-based neuronal homeostasis
	Developmental signalling and brain-derived neurotrophic factor crosstalk in the central nervous system
	Developmental signalling and its role in modulating mitochondrial dynamics
	Developmental pathways and neuroinflammatory responses in the central nervous system
	Alzheimer's disease: a grand alliance of developmental signalling pathways
	Notch-based interactions in Alzheimer's disease
	Shh-based interactions in Alzheimer's disease
	Wnt-based interactions in Alzheimer's disease

	The role of developmental signalling pathways in other neurological abnormalities and disorders
	Parkinson's disease
	Amyotrophic lateral sclerosis
	Diabetic neuropathy

	Developmental signalling pathways in other miscellaneous neurological abnormalities
	Developmental signalling pathways as therapeutic drivers in neurological abnormalities
	Therapeutic application of neuroprotectants and their effects on developmental signalling pathways
	Novel therapeutic strategies for modulating the developmental signalling pathway components
	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	References


