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Abstract
The development of the vertebrate central nervous system (CNS) is tightly regulated by many highly conserved cell signal-
ling pathways. These pathways ensure that differentiation and migration events occur in a specific and spatiotemporally 
restricted manner. Two of these pathways, Notch and Hedgehog (Hh) signalling, have been shown to form a complex web of 
interaction throughout different stages of CNS development. Strikingly, some processes employ Notch signalling to regulate 
Hh response, while others utilise Hh signalling to modulate Notch response. Notch signalling functions upstream of Hh 
response through controlling the trafficking of integral pathway components as well as through modulating protein levels and 
transcription of downstream transcriptional factors. In contrast, Hh signalling regulates Notch response by either indirectly 
controlling expression of key Notch ligands and regulatory proteins or directly through transcriptional control of canonical 
Notch target genes. Here, we review these interactions and demonstrate the level of interconnectivity between the pathways, 
highlighting context-dependent modes of crosstalk. Since many other developmental signalling pathways are active in these 
tissues, it is likely that the interplay between Notch and Hh signalling is not only an example of signalling crosstalk but also 
functions as a component of a wider, multi-pathway signalling network.
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Introduction

The mature vertebrate central nervous system (CNS) con-
sists of many distinct classes of neurons throughout the 
brain, spinal cord and retina. Each individual structure of the 
CNS is composed of a plethora of unique cell types organ-
ised in a specific spatiotemporal pattern that arises from a 
sheet of equivalent neural progenitor cells (NPCs), known as 
the neural plate, during development [1]. This pattern forma-
tion occurs in three-dimensional space, as highlighted by the 
layered structure of the spinal cord and cortex, demonstrat-
ing a requirement for local communication. In order to create 
functional neural networks, specific cell types must form 
within this three-dimensional space in distinct time win-
dows. This occurs through selective temporal interactions 

between cells, providing a critical fourth dimension of 
control in the complex patterning of the CNS [2]. Under-
standing how these interactions are mediated is crucial in 
understanding how one of the most complex and important 
systems in the body is formed. Due to the delicate balance 
of control, when problems arise during CNS development, 
the resulting phenotypes are highly variable. Minor inaccu-
racies can cause anything from mild learning difficulties, to 
major defects in cognitive function, disrupting motor con-
trol and behaviour [3, 4]. As many of the conditions caused 
by incorrect CNS development are non-embryonic lethal 
but life-altering from an early stage, there has been a vast 
amount of research conducted across all aspects of the field. 
Despite this, whether different signalling cues that function 
to control the pattern formation of the CNS act in parallel 
or integrate into a multi-faceted signalling network remains 
poorly understood.
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Cell signalling during CNS development

During early neurulation the embryonic neural plate 
forms the neural tube which, through tightly controlled 
spatiotemporal proliferation, then gives rise to the anterior 
anatomical structures of the brain and the more posterior 
spinal cord [5]. Continuously throughout this delineation, 
the NPCs activate specific transcriptional and morphologi-
cal activity dependent on a variety of extracellular sig-
nalling events [6, 7]. Multiple conserved developmental 
pathways have been implicated in this process, and some 
are reused in several processes. Bone Morphogenic Protein 
(BMP) signalling, via Noggin inhibition, controls early 
neural induction while also playing a role in dorsal spinal 
cord patterning [8, 9], whereas Hedgehog (Hh) secreted 
from the notochord induces the floor plate, which organ-
ises the specification of cell fates in the ventral spinal cord 
[10–13]. Alongside this, Fibroblast Growth Factor (FGF) 
and Retinoic Acid (RA) signalling are required for correct 
anterior–posterior neural development along the hindbrain 
and spinal cord [14]. In the developing cortex, neurons 
receive multiple migratory cues controlling their differ-
entiation programme and localisation [3]. Wnt signalling 
cascades regulate the migration and differentiation of neu-
ral progenitors in multiple regions of the developing CNS 
[15, 16]. Throughout all early patterning events, Notch 
signalling is continuously required for neural progenitor 
maintenance across the entire CNS [17–20].

A considerable amount of research has been conducted 
in the individual activity of these pathways and there are 
many corresponding reviews [12, 21–31], so this review 
will not focus on each pathway in isolation. Rather, this 
review will focus on the interaction of signalling pathways 
in the developing CNS. This area of research is scattered 
and understudied; however, there has been a recent emer-
gence of studies focusing on the interaction of two of these 
pathways, the Notch and Hh signalling pathways. While 
these interactions are primarily in the spinal cord, there is 
evidence for crosstalk throughout the CNS. When we con-
nect this research together, we begin to see trends emerg-
ing that could elucidate the complex, integrated network 
these two major pathways employ during the development 
of the CNS.

Hedgehog signalling

Hedgehog signalling is a conserved cell signalling path-
way that is essential for pattern formation and cell fate 
specification in both invertebrates and vertebrates [12, 32]. 
For Hh signalling to function correctly in vertebrates, it 
requires the primary cilium, a microtubule-based organelle 

present on the surface of most cells [33]. When the Hh 
ligand is absent, the transmembrane receptor Patched (Ptc) 
is localised at the primary cilia. The presence of Ptc pre-
vents the ciliary localisation of the transmembrane pro-
tein Smoothened (Smo), thereby repressing signal trans-
duction by allowing for the proteolytic processing of the 
Gli proteins into a repressor form (Fig. 1a). In order for 
Smo inhibition to be released, a Hh ligand must bind to 
Ptc, which allows Smo to translocate to the primary cilia 
[34, 35]. This leads to the activation of the Gli family of 
transcription factors by preventing the proteolytic process-
ing. This results in full-length Gli activators that drive 
the transcription of downstream target genes, such as ptc 
(Fig. 1b) [36, 37]. In mouse, Gli2 is the main activator and 
its expression is independent of Hh pathway activity, while 
Gli1 acts primarily as a signalling amplifier and its expres-
sion requires active Hh signalling [38, 39]. Gli3 generally 

Fig. 1   The Hedgehog signalling pathway. a In the absence of a Hh 
ligand, Patched (Ptc) localises to the primary cilium and excludes 
Smoothened (Smo). This leads to the processing of Gli transcription 
factors into a repressor form (GliR) which inhibits the transcription 
of downstream targets, such as ptc. b When a Hh ligand binds to Ptc, 
Smo can now localise to the primary cilium where it functions to pre-
vent the processing of the Gli proteins. This results in full-length Gli 
proteins functioning as transcriptional activators (GliA), translocating 
to the nucleus to drive transcription of downstream targets
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acts as the main repressor [40]. Interestingly, Gli1 is the 
main activator in zebrafish. Although gli1 is a direct target 
of Hh signalling, low-level gli1 expression is maintained 
in the absence of Hh signalling via an unknown mecha-
nism [41]. It is thought that Hh-independent gli expression 
allows cells to respond to Hh signals. Similar to the mouse 
model, Gli3 functions as the main repressor, though Gli2a 
and Gli2b have demonstrated repressor capabilities [42, 
43]. The Hh pathway is critical in many developmental 
processes during CNS development. It is most well studied 
in the ventral spinal cord where it has emerged as one of 
the classical examples of graded morphogen signalling 
[44, 45]. In this system, it has been shown that both the 
level and duration of Hh signalling are critical to the cor-
rect formation of the discrete neural progenitor domains 
along the dorsoventral axis [10, 46].

Notch signalling

While the Hh pathway relies on secreted ligands to achieve 
long-range signalling, the Notch signalling pathway requires 
direct cell–cell interaction (Fig. 2). Unlike many other cell 
signalling pathways, both the receptor and ligand of the 
Notch pathway are membrane-bound proteins [47]. The 
Delta and Jagged/Serrate family of ligands are present at 
the membrane of the signal-sending cell, and their inter-
action with the extracellular domain of the Notch recep-
tor (NECD), present at the membrane of the neighbouring 

signal-receiving cell, causes downstream pathway activa-
tion. Ligand binding results in two cleavage events of the 
Notch receptor. First, the NECD is cleaved by ADAM10, 
revealing a residual transmembrane fragment. This fragment 
is then targeted by a γ-secretase complex that releases the 
Notch intracellular domain (NICD). NICD then translocates 
to the nucleus where it forms a ternary transcription activa-
tion complex through interactions with the mastermind-like 
(MAML) coactivator and the DNA binding protein RBPJ. 
This activation complex drives the transcription of down-
stream targets, such as the Hes/Hey family of transcription 
factors (Fig. 2) [48, 49]. Two canonical roles of Notch sig-
nalling in neural development are to generate binary cell fate 
decisions through lateral inhibition and to maintain neural 
progenitor state [50, 51].

Interactions of Hh and Notch signalling 
in the CNS

During the development of the CNS, many processes are 
restricted in their capabilities in a spatiotemporal manner. 
While at one time, a certain signal will cause cells to dif-
ferentiate into a particular neuronal subtype, at a later time 
point that same signal drives a different fate. The Notch and 
Hh pathways behave in a similar mode in regard to their 
interactions, the level of interplay appears to be context 
dependent. In order to describe the complex, and often 

Fig. 2   The Notch signalling 
pathway. When a ligand on 
the surface of the signal-
sending cell interacts with the 
Notch receptor present at the 
membrane of the neighbouring 
signal-receiving cell, two cleav-
age events are activated: First, 
ADAM10 releases the NECD. 
Next, γ-secretase frees the 
NICD from the transmembrane 
domain. The NICD then trans-
locates to the nucleus where it 
forms an activation complex 
and drives the transcription of 
downstream targets
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overlapping, crosstalk, we can create two categories of 
interaction: First, Hh signalling can control Notch response 
either directly or indirectly via downstream activity. Second, 
and more widely studied, Notch signalling can control Hh 
response. This broad categorisation allows us to visualise the 
complexity of the loops these two pathways create through-
out neural development (Fig. 3).

Hh signalling functions upstream of Notch response

The development of the spinal cord is highly conserved and 
tightly controlled. Multiple distinct classes of neurons are 
formed in a stereotypical dorsoventral pattern. This pattern 
is controlled through the highly specific expression of home-
odomain (HD) transcription factors, alongside proneural 
basic helix-loop-helix proteins (bHLH), in discrete domains 
along the dorsoventral axis [13]. In order to achieve this pre-
cise pattern, the developing spinal cord employs anti-parallel 
signalling gradients of BMP from the dorsal roof plate and 
Hh from the ventral notochord and floor plate [14]. Cell fate 
is assigned through this dual signal interpretation, allow-
ing for more refined positional information than sensing a 
single pathway in isolation [52]. Critically, the expression 
of HD and bHLH proteins in the ventral spinal cord requires 
a specific concentration and duration of Hh signalling [46]. 

In the ventral spinal cord, the combinatorial expression of 
seven homeodomain proteins defines the specific ventral 
progenitor domains. Once induced, these proteins display 
cross-repressive interactions that establish sharp boundaries, 
driving cell fate specification. For example, the transcrip-
tion factor Nkx6.1 is expressed throughout the three ventral-
most domains, the p2, pMN and p3 domains, while Dbx2 
expression extends from the dorsal domains into the p0 and 
p1 domains of the intermediate spinal cord. The intersec-
tion of these expression domains forms the p1/p2 boundary, 
establishing spatial cell identity [53]. This transcription fac-
tor code exemplifies the high level of control Hh signalling 
exerts over spinal cord patterning.

First, Hh signalling can indirectly modulate Notch 
response by controlling the expression of Notch pathway 
components through downstream effectors (Fig. 3). The 
expression patterns of components of the Notch pathway 
are spatially restricted in the developing spinal cord [54, 
55]. Alongside the previously mentioned Delta/Jagged 
ligands and Notch receptors, the Fringe family of glycosyl-
transferases also occupy specific dorsoventral (DV) domains 
[56, 57]. Fringe proteins modulate Notch activity through 
glycosylation of Notch receptors, mostly through regulat-
ing either Delta or Jagged specific interactions [58–60]. The 
expression of these Notch pathway components corresponds 

Fig. 3   Complex crosstalk between Notch and Hh signalling pathways. 
The complex web of regulation between the Notch and Hh signalling 
pathways is shown. Hh control of Notch output is shown in purple: 
(1) Downstream effectors of the Hh pathway control transcription 
of Notch ligands and regulators, such as Fringe proteins. (2) The Gli 
proteins provide direct, Notch-independent transcriptional control of 
some Notch target genes. Notch signalling control of Hh output is 

shown in orange: (1) Downstream effectors of Notch signalling con-
trol the trafficking of Hh pathway components, such as Ptc and Smo, 
to the primary cilia. (2) NICD directly controls transcription of the 
Gli genes. (3) Downstream effectors of Notch signalling control Gli 
protein levels, independent of transcription. Both Notch and Hh sig-
nalling pathways are subject to Numb-regulated suppression (shown 
in light blue)
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to specific DV progenitor domains, with Dll1 and Lfng both 
co-localising with the Nkx6.1 domain, while Jag1 is pre-
sent in the Dbx2 domain. The localisation of Delta/Jagged 
or Fringe proteins in these domains is spatially controlled 
through the corresponding HD transcription factor: Nkx6.1 
or Dbx2. When Nkx6.1 is knocked out, the Jag1 domain 
expands and the Dll1 domain is reduced. Conversely, forced 
expression of Nkx6.1 causes induced ectopic expression of 
Dll1 and Lfng at the expense of Jag1 [55]. This is likely 
because Dbx2 and Nkx6.1 have a cross-repressive interac-
tion to generate a strict boundary [53], so the absence of 
Nkx6.1-mediated repression leads to an expansion of Dbx2 
expression, while ectopic Nkx6.1 can overcome the repres-
sive boundary, leading to a loss of Dbx2 expression. This 
shows that Nkx6.1 in the ventral spinal cord controls the 
expression profile of Notch ligands and Fringe proteins, 
which will have direct consequences on the levels of Notch 
signalling in this tissue. The spatial expression of Nkx6.1 
requires Hh signalling [13, 53, 61], thus demonstrating an 
indirect mechanism by which Hh signalling regulates the 
expression of Notch pathway components through mediat-
ing the expression of downstream effectors. This interac-
tion facilitates the ability for Notch signalling to control 
the neurogenesis of the specific neuronal populations in 
the developing mouse and chick spinal cord [55]. A similar 
mechanism has also been uncovered in zebrafish, where the 
Hh-dependent bHLH transcription factor olig2 is required 
for jagged2 expression [62]. When Olig2 activity is inhib-
ited, via morpholino knockdown, there is a loss of jagged2 
expression and an increase in differentiation in the neigh-
bouring p3 domain [62]. This Jagged2-Notch signalling 
control over motor neuron and oligodendrocyte progenitor 
(OLP) differentiation is also present in the chick spinal cord, 
where absence of Hh-dependent Jagged2 results in the pre-
mature generation of OLPs and accelerated motor neuron 
differentiation [63]. Together, it highlights the indirect role 
Hh signalling plays in controlling Notch response, as the 
Hh-dependent transcription factor network has specific regu-
latory effects on the Notch signalling pathway.

Second, Hh signalling can also provide additional, 
direct control over the expression of canonical Notch tar-
get genes (Fig. 3). One of the most well-described roles of 
Notch signalling in the CNS is in binary cell fate decisions, 
repressing proneural gene expression in order to maintain 
progenitor populations. This is achieved through Notch-
mediated transcription of certain members of the Hes/Hey 
family of transcription factors which then act as repressors 
of neural fate specifiers, such as Neurog2 and Ascl1 [19, 
30, 31, 64–66]. These genes, such as Hes1, are classical 
Notch target genes and as such are often used as readouts for 
Notch signalling activity. Interestingly, there are examples 
of direct Hh-dependent control of Hes1 within the mouse 
retina and neocortex [67, 68]. Neuronal differentiation in 

the mammalian retina is a tightly controlled spatiotemporal 
process that generates all required cell types from a com-
mon pool of multipotent retinal progenitor cells (RPCs). 
This pool undergoes dramatic transcriptional remodelling 
during development in order to facilitate the differentiation 
of neuronal cell types in the right place and at the right time 
[69]. Notch signalling is integral in this process, with mul-
tiple tiers of control at different stages of the pathway; the 
deletion of Rbpj [70], Dll1 [71], Notch1 [72] or Hes1 [73, 
74] results in subtly different phenotypes, suggesting a more 
complex regulation than purely canonical Notch signalling. 
Within this system, Hes1 has been shown to be activated 
by Hh signalling, independent from NICD activity. This 
activation occurs through direct Gli2 binding of the Hes1 
promoter, exclusively in the presence of Hh signalling [67]. 
In the mouse neocortex Hes1 is similarly upregulated when 
Hh signalling is increased through genetic inactivation of 
Ptc1, although only mildly as the majority of Hes1 activity 
requires canonical Notch signalling [68]. A similar effect 
can be seen in the adult dentate gyrus, where increasing 
Hh signalling through genetic depletion of Ptc1 results in 
a mild upregulation of the Notch target Hey1 and, interest-
ingly, Notch2 [75]. This Hh-dependent control of Hes1/Hey1 
activity allows for Notch output to be spatial fine-tuned dur-
ing specific time windows, adding another level of control 
over cell fate decisions.

Notch signalling functions upstream of Hh response

Many studies, primarily in the spinal cord, demonstrate a 
role for Notch signalling in the maintenance of Hh response. 
Intriguingly, this crosstalk is more complex than simply 
direct control and there are multiple mechanisms that form 
a diverse web of interplay to fine-tune Hh response during 
neural development (Fig. 3).

During spinal cord patterning, cells are maintained as 
progenitors which can respond to Hh signals in order to 
undergo cell fate determination. As these cells differenti-
ate, they lose their competence to respond to incoming Hh 
signals [11, 76]. This loss of competence could either be an 
indirect consequence of differentiation or a precisely con-
trolled process. Studies in the zebrafish lateral floor plate 
have shown that both Notch and Hh signalling pathways 
are required for cell fate induction. Temporal attenuation of 
both signalling pathways generates Kolmer-Agduhr” (KA”) 
interneurons, while continued signalling activity maintains 
the progenitor population. The progenitor cells with active 
Notch signalling remain Hh responsive, whereas the termi-
nally differentiated KA” interneurons no longer have active 
Notch signalling and consequently lose their Hh response. 
This loss of Hh response occurs even when the Hh pathway 
is activated through overexpression a constitutively active 
form of Smo (rSmoM2) [77]. Sequential specification of 
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oligodendrocyte lineages in the zebrafish spinal cord also 
utilises a similar mechanism. Oligodendrocyte precursor 
cells (OPCs) either differentiate into oligodendrocytes or 
are maintained as OPCs, dependent on the level of Hh sig-
nalling they receive. Inhibition of Notch signalling in this 
context results in an inability for OPCs to respond to high 
level Hh signalling, leading to a decrease in oligodendrocyte 
differentiation [78]. Taken together, this suggests a mecha-
nism by which Notch signalling can maintain Hh response 
at the single cell level to permit cell fate specification events 
in multiple regions, and at different times, in the spinal cord.

One mode of action for this mechanism has been 
described in the developing mouse and chick spinal cord, 
where Notch signalling regulates the dynamic localisation 
of key pathway components at the primary cilia (Fig. 3) 
[79, 80]. Blockade of Notch signalling results in a dramatic 
decrease in the levels of the transcriptional Hh response 
reporter expressing luciferase under the control of Gli bind-
ing sites, highlighting a direct mechanism of interaction 
between Notch and Hh signalling [79]. For Hh signals to be 
interpreted and transduced, Ptc must be sequestered away 
from, while Smo must be trafficked to, the primary cilia [2, 
33]. Manipulation of Notch signalling results in a profound 
effect on the levels of Ptc and Smo that are present at the 
primary cilia. The activation of Notch signalling leads to 
the accumulation of Smo at the primary cilia, resulting in 
elevated levels of Hh response. In contrast, Notch inhibi-
tion abrogates this accumulation and abolishes Hh response. 
Critically, this Notch-dependent trafficking of Smo to the 
primary cilia occurs without the presence of the Hh ligand, 
demonstrating a direct mechanism by which Notch signal-
ling regulates the Hh pathway [80]. Interestingly, activated 
Notch signalling also leads to a significant increase in the 
length of primary cilia which provides a supplementary 
mechanism Notch signalling can implement to increase 
Hh responsiveness [79–82]. How does Notch signalling 
modulate Smo trafficking to the cilia? Inhibition of Notch 
signalling causes higher levels of Ptc to accumulate at the 
cilia, which would gate the ability of Smo to localise there. 
Remarkably, Notch inhibition does not reduce the levels of 
ciliary Smo in Ptc1-null cells, demonstrating that the key 
regulatory step centres on Ptc [79]. Overall, Notch signal-
ling is required in order for Smo to localise to the primary 
cilia, demonstrating a necessary role for Notch signalling in 
activating Hh response.

Notch signalling also controls Hh signalling through 
maintaining transcription of the Gli genes (Fig. 3). In the 
zebrafish lateral floor plate, Hh signalling can still be ter-
minated despite the loss of ptc1 and ptc2 [77], suggesting 
another level of interaction between Notch and Hh signalling. 
Indeed, further studies in the zebrafish spinal cord uncover 
a cilium-independent mechanism centring on the mainte-
nance of the gli genes [83]. Inhibition of Notch signalling 

(Notchoff) results in a complete loss of Hh response through-
out the developing spinal cord and abolishes the expression 
of the Hh-dependent transcription factor olig2. Stimulation 
of the Hh pathway in Notchoff spinal cords through ectopic 
expression of rSmoM2 is insufficient to restore Hh response; 
demonstrating regulation at the Ptc/Smo level is unlikely 
the only mechanism used to maintain Hh response in the 
zebrafish spinal cord [83]. In zebrafish, the absence of pri-
mary cilia through the mutant iguana leads to constitutive 
activation of endogenous Gli1 resulting in expanded, though 
lower level, Hh response [84–87]. Notchoff spinal cords in 
iguana mutants are unable to activate Hh response, indicat-
ing crosstalk further downstream of the primary cilia. This 
crosstalk indeed occurs at the Gli level, as ectopic expres-
sion of Gli1 is able to partially restore Hh response and the 
expression of all gli family genes requires Notch signalling 
[83]. This highlights a transcriptional mechanism of control, 
demonstrating that Notch signalling controls the transcrip-
tion or mRNA stability of all members of the Gli family 
transcription factors. Consistent with this model, studies in 
mouse cortical neural stem cells have identified that Gli2 and 
Gli3 are direct targets of Notch signalling, as N1ICD/RBPJ 
binding regulates their expression [88].

Notch signalling also exerts further control of Hh 
response through maintaining Gli protein levels (Fig. 3). In 
the Müller glia of the mouse retina Notch signalling does 
not alter Gli2 transcript levels but rather controls Gli2 pro-
tein abundance. Notch activation increases levels of Gli2 
protein, but is not capable of activating Hh-induced pro-
liferation, suggesting the primary role of Notch signalling 
control of Gli2 is to prime retinal progenitors to respond to 
incoming Hh signals [89]. As ectopic Gli1 was only able 
to partially rescue Hh response during Notch inhibition in 
the zebrafish spinal cord [83], it is likely that this transla-
tion/protein stability mechanism functions alongside the Gli 
transcriptional control to facilitate full Hh responsiveness. 
Therefore, through ciliary trafficking of key components, 
direct transcriptional maintenance of Gli genes and transla-
tional/protein stability control of Gli transcription factors, 
Notch signalling has a complex, multi-faceted role upstream 
of Hh response (Fig. 3).

Conclusions

Overall, the level of crosstalk between Notch and Hh 
signalling is determined by various spatiotemporal cues 
and is not uniform throughout different developmental 
processes. Alongside the links discussed above, the two 
pathways also converge in methods of shared regulation. 
Asymmetric cell divisions during neural specification uti-
lise a highly conserved protein segregation mechanism. 
In both Drosophila and mammalian nervous systems, the 
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asymmetric segregation of Numb plays an integral role 
in binary fate decisions through antagonising Notch via 
E3-ligase-dependent ubiquitination [90–93]. Intriguingly, 
Numb also controls Hh output in a similar manner in the 
mouse cerebellum through targeting Gli1 for Itch-depend-
ent ubiquitination [94]. This suggests a joint mechanism of 
control between Hh and Notch signalling, adding another, 
indirect level of interplay between these two pathways 
(Fig. 3). While this review has focused on interactions 
throughout development, we would be remiss not to rec-
ognise the likelihood of Notch and Hh signalling coordina-
tion in the adult. Both pathways are continually required in 
adult neurogenesis and appear to interact through the tran-
scription factor Sox2. Expression of Sox2 in the postnatal 
cortex is Notch dependent, and it has been shown that Hh 
signalling is Sox2 dependent, suggesting an upstream reg-
ulatory role for Notch signalling in controlling Hh output 
[95–97]. Interestingly, the regulation of both Notch and 
Hh through Numb has been implicated in spinal plastic-
ity in models of motoneuron disease, hinting at a further 
relationship in regeneration [98]. Another amyotrophic lat-
eral sclerosis model demonstrates a temporal reduction of 
NICD in motor neurons that is accompanied by a decrease 
in Gli protein in spinal motor neurons [99], reminiscent of 
results seen in the developing spinal cord and retina. These 
conclusions rely on observational data as few mechanistic 
studies have been conducted in adult neurogenesis due to 
technical constraints. With the rapid advancements in tech-
nical capabilities, and the mechanistic conclusions from 
studies in embryos, this field will surely grow in the future.

Viewed together, we can begin to visualise the com-
plex loops formed between these two signalling pathways 
(Fig. 3). Feedback loops can be found throughout devel-
opment and it is plausible to suggest that Notch and Hh 
signalling control one another in this manner. For example, 
Hh signalling is required for early expression of Notch 
components in the oligodendrocyte precursor domain of 
the spinal cord, while Notch signalling is required for Hh 
signal sensing in later oligodendrocyte differentiation 
events [62, 63, 78]. Tightly controlled loops allow for fine-
tuning of response and the maintenance of specific progen-
itor populations during waves of differentiation, preventing 
both runaway proliferation and incorrect patterning. In the 
case of Notch and Hh signalling, this is demonstrated dur-
ing spinal cord, retinal and cortical development. The field 
of cell signalling crosstalk is rapidly expanding and it is 
likely that more of these multi-pathway signalling loops 
will be uncovered. All the systems described in this review 
require other signalling pathways, alongside Notch and 
Hh, to steer their development—one would expect they 
are all part of the same conversation.
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