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Abstract The head is innervated by 12 cranial nerves (I-
XII) that regulate its sensory and motor functions. Cranial
nerves are composed of sensory, motor, or mixed neuronal
populations. Sensory neurons perceive generally somatic
sensations such as pressure, pain, and temperature. These
neurons are also involved in smell, vision, taste, and hear-
ing. Motor neurons ensure the motility of all muscles and
glands. Innervation plays an essential role in the develop-
ment of the various orofacial structures during embryo-
genesis. Hypoplastic cranial nerves often lead to abnormal
development of their target organs and tissues. For exam-
ple, Mobius syndrome is a congenital disease character-
ized by defective innervation (i.e., abducens (VI) and facial
(VID) nerves), deafness, tooth anomalies, and cleft palate.
Hence, it is obvious that the peripheral nervous system
is needed for both development and function of orofacial
structures. Nerves have a limited capacity to regenerate.
However, neural stem cells, which could be used as sources
for neural tissue maintenance and repair, have been found
in adult neuronal tissues. Similarly, various adult stem
cell populations have been isolated from almost all organs
of the human body. Stem cells are tightly regulated by
their microenvironment, the stem cell niche. Deregulation
of adult stem cell behavior results in the development of
pathologies such as tumor formation or early tissue senes-
cence. It is thus essential to understand the factors that
regulate the functions and maintenance of stem cells. Yet,
the potential importance of innervation in the regulation of
stem cells and/or their niches in most organs and tissues is
largely unexplored. This review focuses on the potential
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role of innervation in the development and homeostasis of
orofacial structures and discusses its possible association
with stem cell populations during tissue repair.
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Introduction

The head is innervated by 12 cranial nerves (I-XII) that
regulate its sensory and motor functions [1]. Cranial nerves
are composed of sensory, motor, or mixed neuronal popu-
lations. Sensory neurons perceive generally somatic sen-
sations such as pressure, pain, and temperature. These
neurons are also involved in smell, vision, taste, and hear-
ing. Motor neurons ensure the motility of all muscles and
glands.

Innervation plays an essential role in the development
of the various orofacial structures during embryogenesis.
Hypoplastic cranial nerves often lead to abnormal devel-
opment of their target organs and tissues. For example,
Mbobius syndrome is a congenital disease characterized by
defective innervation (i.e., abducens (VI) and facial (VII)
nerves), deafness, tooth anomalies, and cleft palate [2].
Hence, it is obvious that the peripheral nervous system
is needed for both development and function of orofacial
structures.

Nerves have a limited capacity to regenerate. However,
neural stem cells, which could be used as sources for neu-
ral tissue maintenance and repair [3, 4], have been found
in adult neuronal tissues. Similarly, various adult stem cell
populations have been isolated from almost all organs of
the human body. Stem cells are tightly regulated by their
microenvironment, the stem cell niche [5]. Deregulation
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Table 1 Key signaling molecules and receptors involved in axon guidance

Molecules Receptors

Effects on axonal guidance and growth

Neurotrophins

(NGF, BNDF, NT-3, NT-4) affinities) [10]

Netrins

family [8]
Semaphorins
Ephrins Eph kinases [9]

Extracellular matrix (ECM) components
(e.g., laminin, fibronectin)

Cell adhesion molecules (CAMs)

(IgSF-CAMs, cadherins)

Prototypic myelin inhibitors
(Nogo-A, MAG, OMgp)

Mainly integrins [67]

within class [67]

integrins [11, 12]

p75NTR, TrkA, TrkB, TrkC (with different
DCC receptor family, UNCS5 receptor

Plexins, neuropilins, integrins [1, 67]

Homophilic or heterophilic interactions

NgR1, NgR2, Lingol, p7SNTR, TNFR, PirB,

Promoters of neuronal and axonal survival;
chemoattractant on short distances [10]

Chemoattractant on DCC, chemorepellent on
UNCS5/UNCS-DCC receptors [8]

Generally repulsive [1, 67]
Contact repulsion [9]

Contact adhesion or repulsion [67]
Contact adhesion or repulsion [67]

Inhibitors of axonal growth and regeneration;
restriction of axonal plasticity [11, 12]

of adult stem cell behavior results in the development of
pathologies such as tumor formation or early tissue senes-
cence. It is thus essential to understand the factors that reg-
ulate the functions and maintenance of stem cells [6]. Yet,
the potential importance of innervation in the regulation of
stem cells and/or their niches in most organs and tissues is
largely unexplored.

This review focuses on the potential role of innervation
in the development and homeostasis of orofacial structures
and discusses its possible association with stem cell popu-
lations during tissue repair.

Signaling molecules implicated in axon guidance

All organs are innervated by specific neuronal cells, which
are responsible for their motility, sensitivity, and homeo-
stasis. Axonal growth towards its target tissues is guided
by the growth cone, which senses molecular cues that are
present in the environment and on the surface of contact-
ing cells. The growth cone leads axonal growth through
long distances, a process that necessitates the cooperation
of diverse cellular and molecular mechanisms [1] (Table 1)
(Fig. 1a).

During early embryogenesis, neuronal guidance is
ensured by pioneer axons that sprout following highly ste-
reotyped paths towards their target organs. At this stage,
distances are much shorter than in late embryogenesis,
allowing the pioneer axons to reach their targets easily. Pio-
neer axons indicate the routes that the trailing axons must
follow in order to successfully innervate the target tissue
[7]. Secreted signaling molecules that are expressed in vari-
ous locations of the developing head guide growing axons.
Furthermore, axonal behavior is influenced by the compo-
sition of the extracellular matrix (ECM) and the cells that
the axons encounter during their growth. ECM and neigh-
boring cells can exert stimulatory or inhibitory effects
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Fig. 1 Schematic representation showing the mechanisms of axonal
growth. Axonal growth is guided by gradients of repealing (in red)
and attracting (in green) signals (a). In response to those signals,
axons are guided to the target organs where they form synapses (b)

on axonal growth, depending on the specific receptors
expressed in the various neuronal populations [7] (Fig. 1a).
Adhesive proteins that either allow or block adhesion to the
ECM or cells ensure a type of axonal guidance. ECM mol-
ecules and cell adhesion molecules (CAMs) are expressed
on either neuronal or non-neuronal cells. For example,
the ECM protein laminin promotes axonal adhesion and
growth. Laminin binds to integrin receptors that are located
on the growth cone and the growing axon. Axons have
preferences for specific laminin isoforms or other distinc-
tive ECM proteins depending on the class of the integrin
receptors that they express. Neurons and glia cells express a
variety of CAMs combinations, which allow or inhibit their
adhesion. CAMs can be either calcium-dependent (e.g.,
cadherins) or independent (e.g., Ig superfamily). Homo-
philic interactions between these molecules are the basis of
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a strong interaction between pioneer axons and the trailing
axons that will later innervate the target tissue. These mol-
ecules also mediate the repulsion between pioneer axons
and axons not belonging to the same nerve, thus avoiding
inappropriate innervation of a given tissue/organ [7].

Tropic guidance molecules can be secreted and/or asso-
ciated to membranes and are involved in axonal guidance
as they provide directional instructions to the growth cones.
The most notable among these molecules are the sema-
phorins, netrins, and ephrins. Semaphorins are membrane-
associated proteins that generally inhibit axonal growth [7].
Netrins are laminin-related secreted chemotactic molecules
that can either attract or repel axonal growth, depending
on the receptor (i.e., DCC or UNCI15) that is expressed in
the growth cone [8]. Ephrins are membrane-bound pro-
teins that exert inhibitory effects on axonal growth upon
binding to their Eph kinases receptors [9]. Secreted tropic
molecules (e.g., netrins) can act over a distance, creating
gradients that allow nerve fibers to follow a specific path.
Alternatively, guidance molecules can be bound to cell sur-
faces (most of the semaphorins and all ephrins) [7], allow-
ing the growing cones to interact only with cells that are
expressing them (Fig. 1b). Membrane-associated molecules
can also generate gradients via differential localization and
expression on the cell surface of the various cell popula-
tions [7].

Trophic molecules promote neuronal survival, growth
cone motility, and axonal outgrowth. Neurotrophins
(NTs) are the most studied trophic molecules. Four NTs
are expressed in mammals: nerve growth factor (NGF),
brain-derived neurotrophic factor (BDNF), neurotrophin-3
(NT-3), and neurotrophin-4 (NT-4). NTs stimulate axonal

growth and act as short-range chemoattractants. NTs inter-
act with specific receptors: p75 neurotrophin receptor
(p75NTR), TrkA, TrkB, and TrkC. Each NT binds to these
receptors with different affinities [10]. Depending on the
set of receptors expressed, axons can be more responsive to
some NTs than to others.

Mpyelin-associated inhibitors such as Nogo-A also reg-
ulate axonal growth and maturation. Identified in adult
myelin, these molecules exert a strong inhibitory effect
on axonal regrowth following injury [11]. Nogo-A regu-
lates axonal plasticity and has a key role in inhibiting axon
regrowth in the damaged CNS [12]. Nogo-A is strongly
expressed in cranial nerves and in different organs of the
orofacial complex. The role of Nogo-A outside the CNS
is largely unknown, but its localization in orofacial tissues
suggests that this molecule is important for the establish-
ment of correct craniofacial innervation.

Axon-to-target signaling

Axons secrete diverse combinations of neurotransmitters
in the proximity of their target tissues/organs, thus exerting
a wide variety of effects on postsynaptic structures. Con-
versely, several organs signal back to the neurons via these
same neurotransmitters. Once secreted, neurotransmitters
bind to specific receptors that activate or inhibit defined
intracellular signaling cascades [1] (Table 2).

Cranial nerves are composed of sympathetic, parasym-
pathetic, motor, and sensory neurons. Sympathetic and
parasympathetic nerves, together with the enteric system,
compose the autonomic nervous system that regulates

Table 2 Main neurotransmitters and receptors involved in the innervation of orofacial organs

Neurotransmitter Main receptors

Action site

Acetylcholine nAchR, mAchR

Biogenic amines

CNS; sympathetic, parasympathetic
NS; motoneurons at neuromuscular
junction

Norepinephrine
Epinephrine
Dopamine
Serotonin (5-HT)
Amino acids
GABA
Glycine
Glutamate
Neuropeptides
Substance P
NPY
CGRP

a, B adrenergic receptors
a, B adrenergic receptors
D1-like, D2-like receptors
5-HT receptors

GABA,, GABA
GlyR, NMDAR
NMDAR, kainate receptors, AMPAR, mGluR

NKI1 receptor
Y ,—Y5 receptors
CALCLR, RAMP1

CNS; sympathetic NS
CNS; sympathetic NS
CNS; PNS
CNS; PNS

CNS; PNS
CNS; PNS
CNS; PNS

CNS; PNS
CNS; PNS
CNS; PNS
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organ function at an unconscious level. The autonomic
nervous system maintains homeostasis in visceral organs
and determines responses to stress conditions. Sympa-
thetic nerves signal to target organs and tissues by secreting
mainly epinephrine and norepinephrine. Their targets gen-
erally express the G-protein-coupled adrenergic receptors
[1]. The parasympathetic system is complementary to the
sympathetic system. Parasympathetic nerves signal to their
target organs by releasing acetylcholine. Their target organs
express the M1-MS5 muscarinic receptors that induce spe-
cific intracellular responses to acetylcholine [1]. Motor
neurons instruct muscles to contract via neuromuscular
junctions. Motor neurons secrete acetylcholine, which sig-
nals to nicotinic or muscarinic receptors that are expressed
in the muscles [1]. Sensory neurons are dedicated to con-
vert external stimuli into electric stimuli that are translated
in the central nervous system. Sensory neurons receive sig-
nals from all types of sensory receptors, which convert a
variety of stimuli such as mechanical, thermic, and lumi-
nous into electric signals that are finally conveyed to the
central nervous system [1]. Sensory fibers can also secrete
various neuropeptides such as substance P, neurokinines,
and CGRP onto the innervated organs.

The regulatory function of neurotransmitters on adult
organs is intensively studied. However, little information
exists concerning the role of neurotransmitters in develop-
ment and repair of target tissues. Recent results suggest a
role for innervation in organogenesis, but the molecular and
cellular mechanisms linking innervation with organ forma-
tion and repair remain largely unknown. Neurotransmitters
may affect development and regeneration of organs through
the activation of similar pathways that trigger when they
are signaling to mature organs. Innervation could also
affect tissue development and repair via exosomes, vesicu-
lar bodies that are released by all cells. Exosomes mediate
the secretion of proteins and transmitters as well as mRNAs
and microRNAs [13]. These released substances can affect

Fig. 2 Schematic illustration a taste papilla
showing the taste buds and taste B |
papillae. Taste buds are located

neighboring cells, either through well-known signaling
pathways or, in the case of mRNA and miRNA secretion,
by having a direct effect on gene expression [13]. In the
nervous system, exosomes have been proposed to partici-
pate in myelin formation, neurite outgrowth, and neuronal
survival [14]. In light of these observations, exosomes
could be excellent mediators of neuronal-derived signals
affecting the development of target organs.

Innervation and taste buds

Taste buds are formed by a group of receptor cells, which
transduce and convert chemical stimuli into neural signals
to convey the sense of taste. Taste buds reside in three types
of taste papillae of the tongue and palate [15, 16] (Fig. 2a):
fungiform papillae are concentrated in the anterior part of
the tongue, while foliate papillae and circumvallate papil-
lae reside in the posterior region. A fourth type of papillae,
the foliate papillae, does not contain taste buds.

Taste buds are composed of a heterogeneous population
of four cell types [17] (Fig. 2b). Type I or support cells are
involved in synaptic clearance from neurotransmitters and
ion level regulation in the extracellular space. Type II (pre-
mature) and type III (mature) cells are the effective recep-
tors, binding sweet, bitter, umami, and sour compounds
[17]. Type IV consists of basal cells that are poorly char-
acterized. It is believed that these cells represent a reservoir
of taste progenitor cells [17].

Developmentally, taste bud cells differ from other sen-
sory cells since they originate from local epithelium rather
than from neurogenic ectoderm. Nevertheless, taste bud
receptor cells express voltage-gated channels and release
neurotransmitters onto postsynaptic neurons [15, 17].
Unlike neurons and other receptor cells, bud cells are con-
tinuously regenerating [15, 18]. The placodes of the taste
papillae first appear on the antero-dorsal surface of the

b taste pore
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tongue and after interaction with the underlying mesen-
chyme give rise to the fungiform papillae. Thereafter, taste
buds start to differentiate with slightly different timing in
the various areas of the tongue. Taste buds located in the
posterior soft palate develop first, during embryogenesis,
while the vallate and foliate papillae develop postnatally
[18].

Taste buds are innervated by gustatory neurons of the
geniculate ganglion via the chorda tympani nerve, while
the remaining tongue epithelium is innervated by soma-
tosensory neurons of the trigeminal ganglion via the lingual
nerve [19]. The lingual nerve contains sympathetic and
parasympathetic nerve fibers. Well-defined numbers of gus-
tatory neurons innervate the taste buds in a region-specific
manner [19]. Nerve fibers reach the fungiform papillae pla-
codes shortly after exploring the nearby epithelium where
the taste papillae will develop. Later, fibers from the chorda
tympani start to branch and innervate the developing fungi-
form papillae [19]. It is believed that the pattern of the
taste papillae is established before innervation. However,
scattered sensory axons have been detected in the tongue
mesenchyme at earlier stages in its development [20], thus
preventing the complete exclusion of a role for innervation
in taste bud initiation [20]. In contrast, it has been shown
that innervation is essential for both later development and
regeneration of taste buds [20].

In rodents, bilateral resection of the glossopharyngeal
nerves impairs taste bud growth [21, 22], while re-estab-
lishment of innervation allows continuation of their devel-
opment [21]. Additionally, innervation is required for the
maintenance of taste buds: resection of the glossopharyn-
geal nerves in adult rodents leads to taste bud degeneration
within a few weeks [21, 22]. This effect is reversible since
the regeneration of nerve fibers permits the formation of
functional new taste buds [21, 22]. These results support
the notion that innervation is important for both homeosta-
sis and regeneration of taste buds.

Fibers innervating the taste buds require different com-
binations of trophic factors in order to develop and survive.
BDNF, NT-3, and NT-4 are produced by a variety of cell
subpopulations in taste buds, but also in the surrounding
non-gustatory epithelium (NT-3, NT-4) [19, 23, 24]. The
taste bud cells express BDNF that acts as a chemoattractant
molecule. NT-4 is mainly expressed by the non-gustatory
tongue epithelium and, although known to signal mainly
via the same receptor as BDNF, it repels growing nerve
fibers from the tongue epithelium [19]. Due to the differ-
ent responsiveness of these tissues to neurotrophins, their
genetic ablation in taste buds may lead to a selective loss of
specific neurons. Indeed, BDNF deletion results in a signif-
icant decrease of the gustatory innervation, while trigemi-
nal somatosensory innervation is less affected. Defective
gustatory innervation leads to an important reduction of

taste buds in foliate and circumvallate papillae, with a sub-
sequent impairment of taste [23]. Conversely, specifically
driven overexpression of BDNF in taste buds of adult ani-
mals increases gustatory innervation, which results in wider
taste buds with supernumerary cells when compared to
those of wild-type animals [25]. A less severe loss of gusta-
tory innervation and taste buds has been observed in NT-4
knockout mice [24]. BDNF and NT-4 signal through the
same cell surface receptors, TrkB and p75NTR. The simul-
taneous ablation of BDNF and NT-4 results in the most
severe loss of neurons and taste buds, a phenotype compa-
rable to that observed in TrkB knockout mice. These mice
lose more than 90 % of the gustatory innervation and most
of their taste buds [26]. NT-3 signals via TrkB and TrkC
and is required for the somatosensory innervation of the
taste buds [27]. Although NT-3 deletion leads to a massive
reduction of somatosensory neurons, taste bud develop-
ment and taste perception were not affected [27]. Neverthe-
less, the loss of taste buds in BDNF/NT-3 knockout mice
was larger when compared to that of BDNF mutant mice
[27]. In vitro studies have also shown that taste buds cannot
develop without innervation [20]. Although the different
types of papillae can develop in the tongue of the rat when
cultured in vitro in the absence of innervation, the devel-
opment of functional taste buds is compromised [20, 28].
Taken together, these in vivo and in vitro data suggest that
innervation is essential for the development of taste buds.

The relationship between stemness-related genes and
innervation in taste buds has been explored recently. A link
between Sox2 expression and innervation has been reported
for taste buds [29]. Sox2 is expressed in taste buds and the
surrounding epithelial cells [18]. Molecules of the BMP
and WNT signaling pathways regulate Sox2 expression in
these tissues [30]. Taste bud epithelial cells differentiate
into keratinocytes instead of sensory cells after Sox2 dele-
tion [18]. Interestingly, this phenotype closely resembles
that obtained after surgical denervation [31]. Up-regulation
of BMP-7 induces Sox2 expression, which leads to the for-
mation of ectopic taste buds and papillae in the tongue.
Under these conditions, Sox2 expression is induced ectopi-
cally through a process that is independent of innervation
[30]. However, Sox2 expression is lost after denervation of
taste buds [29]. All these observations indicate crosstalk
between innervation and taste bud progenitor cells through
a BMP/Sox2/WNT regulatory loop.

Innervation and salivary glands
Salivary glands are responsible for the synthesis and secre-
tion of serous, mucous, or both types of proteins that

facilitate food chewing, swallowing, and further diges-
tion. Two types of salivary glands exist in mammals: the

@ Springer



2246

P. Pagella et al.

Fig. 3 Schematic representa- a
tion of the salivary glands.

Structure and cellular composi-

tion of mature salivary glands

(a) and parasympathetic inner-

vation during salivary gland

development (b) - 2., -

secretory
canaliculus

major glands, which produce 90 % of the saliva, and the
minor glands [32, 33]. All major salivary glands originate
from the embryonic ectoderm and include the parotid, sub-
lingual, and submandibular glands. However, these three
glands differ in their structure: parotid glands have elon-
gated ducts, while sublingual and submandibular glands
are compacted. Similar to other organs of ectodermal ori-
gin, salivary glands develop through epithelial-mesenchy-
mal interactions [6]. Their development starts as epithelial
thickenings that invaginate into the mesenchyme and give
rise to epithelial buds that progressively branch [33]. At
this stage (the pseudoglandular stage), the lumen is formed
in the primary duct. During the next stage (called canalicu-
lar stage) the lumen appears in most of the ducts. However,
the lumen reaches the developing epithelial buds later, dur-
ing the terminal bud stage. At more advanced developmen-
tal stages, terminal tubular cells and proacinar cells, which
undergo further differentiation, contribute to the salivary
gland epithelium. The mature salivary gland is composed
of ductal, acinar, and myoepithelial cells. Based on the duct
type in which they reside, the ductal cells can be distin-
guished into three different lineages: intercalated, striated,
and granular cells. Similarly, depending on the composi-
tion of their secretion, acinar cells are divided into serous
or mucous cells [33] (Fig. 3a).

Salivary secretion is a reflex mediated by the autonomic
innervation. Innervation regulates not only the secretory
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function of the gland but also its morphogenesis and dif-
ferentiation. Sympathetic denervation in rodents causes
hypotrophic alterations of the acinar cells and decreases
their granule content [34]. In mice, parasympathetic axons
surrounding the salivary epithelial bud are first detected at
E12 [35]. These parasympathetic axons follow the branch-
ing pattern of the developing salivary gland epithelium
(Fig. 3b). This concomitant axonal outgrowth from the
submandibular ganglion regulates epithelial salivary gland
branching, and thus gland morphogenesis. Indeed, isolated
Ell mouse submandibular epithelia cultured in vitro in
absence of parasympathetic ganglia develop glands with a
reduced number of branches [36]. The development of the
appropriate number of terminal epithelial buds is depend-
ent on acetylcholine and its muscarinic receptor M1 that
is located on the surface of epithelial cells. This has been
evidenced after addition of inhibitors of acetylcholine/
M1 signaling in the medium of an in vitro culture system
of salivary glands [36]. The reduced number of progenitor
epithelial gland cells, assessed by quantification of cells
expressing progenitor/stem cell markers, is mainly respon-
sible for the diminished number of branches [36]. In the
absence of parasympathetic ganglia, the expression of sali-
vary gland progenitor/stem cell markers such as keratin5,
keratinl5, and aquaporin3 decreases significantly. Thus, the
parasympathetic innervation affects salivary epithelial mor-
phogenesis by regulating the pool of gland progenitor/stem
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cells. A potential therapeutic role of parasympathetic inner-
vation in salivary gland regeneration could be suggested,
since increased expression of the stemness markers kera-
tin5 and keratinl5 was observed in denervated adult sali-
vary glands treated with carbachol, which is an equivalent
of acetylcholine [36]. Salivary glands produce high quanti-
ties of NGF and express all neurotrophin receptors [37-39].
Genetic ablation of either NGF [40, 41] or TrkA receptor
[42] leads to defective sympathetic innervation of the sali-
vary gland parenchyma. Taken together, these data suggest
that the molecular crosstalk between salivary glands and
neurons is important for the correct development of both
structures.

Innervation and cornea

Cornea is an avascular and transparent tissue located in the
most anterior part of the eye (Fig. 4a). Cornea development
starts shortly after the detachment of the lens vesicle from
the surface ectoderm. At this stage, ectomesenchymal cells
migrate into the space between the anterior epithelium of
the lens vesicle and the surface ectoderm [43]. This mesen-
chyme progressively condenses to form several layers that
are separated by a loose extracellular matrix. The posteri-
orly located mesenchymal cells flatten and form the corneal
endothelium. The surface ectoderm forms the corneal epi-
thelium that is separated from the mesenchyme by a thin
layer of collagen fibers known as the Bowman’s layer [43].
Mesenchymal cells between the corneal endothelium and

eye

Fig. 4 Schematic representa-
tion of the cornea. The stratified
multilayer corneal epithelium
is separated from the stroma by
the Bowman’s layer (a). During
corneal development, nerve
bundles are projected from the
corneal periphery towards the
presumptive cornea, thereafter
bifurcate and innervate the
corneal stroma and finally their
branches penetrate into the
corneal epithelium (b)

optic
nerve

lens iris

cornea

sclera
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epithelium differentiate into the highly specialized cor-
neal stromal fibroblasts. The corneal epithelium thickens
and forms a multilayer after the opening of the eye-lids
(Fig. 4a). Corneal opacity or scarring is a major cause for
blindness worldwide [44] and it occurs as a consequence
of a disrupted wound-healing process. Molecules that are
expressed in the corneal epithelium such as Notchl play
a key role during corneal wound healing [45]. However, it
is also possible that neighboring tissues may be involved
in the regulation of the corneal epithelium healing capac-
ity and thus in the maintenance of cornea physiology. For
instance, innervation of the cornea is indispensable for the
maintenance of its transparency, which allows for the pen-
etration of the external light onto the retina [46]. The cor-
nea is densely innervated (300400 times greater than skin)
by sensory fibers from the ophthalmic nerve of the trigemi-
nal ganglion and to a lesser degree by sympathetic neurons
[47]. Nerve bundles are initially projected into the corneal
periphery and radially innervate the anterior third of the
mesenchymal stroma and the corneal epithelium only later
[48]. Subsequently, stromal nerves ramify into radial pat-
terns at the points of entry that directly innervate the devel-
oping epithelial layer. Finally, the nerve bundles branch and
project towards the center of the cornea and the epithelium
(Fig. 4b).

Trigeminal specific denervation of the cornea can be
caused after chemical and/or physical injury of the ocular
surface (e.g., surgeries for cataract or trigeminal neuralgia
treatment), systemic or central nervous system disorders
and viral infections (e.g., Herpes simplex or Zoster) [46,
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47]. Corneal denervation triggers a defective differentia-
tion of epithelial corneal cells as well as an unsatisfactory
healing process after corneal injury. This pathology of the
corneal epithelium, known as neurotrophic keratopathy,
severely reduces vision. Several treatments have been pro-
posed for the reparation of these corneal epithelial defects,
including the application of molecules such as substance
P, insulin-like growth factor and NGF, which can facili-
tate the closure of the wound [47]. It has been shown that
the levels of NGF are increased in the cornea after injury.
This NGF increase is impaired in denervated cornea, which
shows a delayed healing [49]. NGF treatment of dener-
vated cornea improved corneal healing and increased the
expression levels of the corneal stem cell marker p63 [50].
It has been proposed that the number of corneal stem cells
decrease after corneal denervation [50]. Taken together,
these data suggest that innervation may be essential to acti-
vate or maintain corneal epithelial stem cells after injury
by up-regulating NGF signaling. On the other hand, TrkA
deletion severely affects corneal innervation [51]. Thus, a
crosstalk between corneal epithelium and neurons might be
necessary for cornea development and homeostasis.

Innervation and teeth

Teeth are organs that develop as a result of sequential and
reciprocal interactions between the oral ectoderm and cra-
nial neural crest-derived mesenchyme. Epithelial-derived
ameloblasts synthesize the organic components of the
enamel and mesenchyme-derived odontoblasts secrete
the matrix of dentin [52]. Tooth development starts with a
thickening in the oral epithelium that invaginates into the
underlying mesenchyme and progressively forms a bud,
around which the mesenchyme condenses. During the
cap and bell stages, the epithelium folds around the mes-
enchyme that forms the dental follicle and dental pulp
(Fig. 5). Pulp cells adjacent to the dental epithelium differ-
entiate into odontoblasts and secrete dentin, while epithe-
lial cells adjacent to the pulp differentiate into ameloblasts
and secrete enamel [52].

Fig. 5 Schematic illustration initiation

showing innervation during
embryonic tooth development

@ Springer

Both unmyelinated and myelinated sensory nerves, as
well as unmyelinated sympathetic neurons, innervate the
mature tooth. Sensory nerves originate from the trigeminal
ganglion, while sympathetic adrenergic nerves project from
the superior cervical ganglion [53]. Myelinated and unmy-
elinated axons are mixed and enter the tooth pulp from the
apex. Although most of these fibers innervate the pulp,
some of them project into the dentin through the dentinal
tubules. Sensory fibers convey sensory information to the
central nervous system, while sympathetic nerves regulate
blood flow into the pulp and are involved in the process of
dentinogenesis [54]. Initially, fibers from the trigeminal
nerve are located below the dental placode or tooth primor-
dium [55] (Fig. 5). At the bud and cap stages, nerve fibers
are absent in dental epithelium and papilla, in contrast to
the developing dental follicle that is highly innervated [55].
The first axons penetrate the dental pulp when dentin depo-
sition starts. A massive neuronal ingrowth will contribute to
the rich pulp innervation that is completed soon after tooth
eruption [55].

Different neurotrophins and axon guidance molecules
regulate tooth innervation. Neurotrophic factors such
as NGF, NT-3, NT-4, and BDNF and their receptors are
already expressed in both dental epithelium and mesen-
chyme before the bud stage [56, 57]. These molecules gen-
erally attract the growth cones. Nerve ingrowth towards the
dental epithelium and the dental papilla is actively inhibited
and regulated by semaphorins, and by semaphorin3a in par-
ticular [58]. Semaphorin3a is expressed in the dental folli-
cle and directs the growth of trigeminal axons along precise
paths [58]. Tooth innervation is therefore actively inhibited
throughout the early stages of development.

The role of innervation in tooth initiation and develop-
ment is controversial. Nerve fibers are absent in the prox-
imity of the developing tooth epithelium from the earli-
est stages of its development [53, 59]. In this context, the
mouse toothless region (called diastema) has been used to
study the role of innervation in tooth formation. The dias-
temal area contains three rudimentary tooth structures
that develop until the bud stage. This region is not inner-
vated at the initiation and bud stages [60], thus excluding

bud

cap bell
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innervation from the process of tooth initiation. Neverthe-
less, it cannot be excluded that individual nerve fibers may
contact the presumptive tooth epithelium before tooth ini-
tiation. In fact, several studies have shown that nerve fibers
exist in close proximity to the oral epithelium before dental
placode formation [61, 62]. However, organotypic in vitro
and ex vivo cultures have suggested that tooth initiation
and development can proceed without any neuronal con-
tribution [63]. Indeed, entire teeth have been developed in
ex vivo cultures regardless of the presence or absence of
trigeminal ganglia [63].

In contrast, innervation is clearly necessary for tooth
development in fishes [64]. Denervation of the lower jaw
in teleost fishes leads to the complete arrest of tooth forma-
tion and substitution [64]. Tooth germs were not detectable
in denervated jaws, indicating that innervation is essential
for tooth initiation [64]. Although significant, all informa-
tion regarding the role of innervation in tooth development
is based on descriptions of nerve fiber localization and ex
vivo and in vitro experiments. This information cannot be
considered fully representative of the actual developmental
processes in vivo, and need confirmation through in vivo
manipulation of tooth development. Fishes and other non-
mammalian vertebrates regrow teeth throughout their life.
In these models, it is possible to observe the effects of den-
ervation on the initiation and development of the successive
generations of teeth. In contrast, most mammals have only
one or two generations of teeth. The initiation and develop-
ment of teeth in these animals occur during embryogenesis,
making surgical denervation before or during tooth initiation
and development impossible. The ideal approach would con-
sist of the ablation of nerve fibers innervating the tooth using
genetic tools such as knocking out different neurotrophins.

Conclusions: perspectives

Regeneration of human tissues and organs that would
restore their physiological function is the ultimate goal of
regenerative medicine. This could be achieved by trans-
plantation of stem cells to the injured sites. Stem/progeni-
tor cells are the driving force of morphogenesis and organ
homeostasis due to their ability to self-renew and give rise
to a variety of cell types. These cells are strongly influ-
enced by the surrounding environment, which is commonly
referred to as niche. A key challenge in regenerative medi-
cine consists of recreating the ideal cellular and molecular
environment where stem/progenitor cells will be able to
fulfill their function. Suitable scaffolds in combination with
specific signaling molecules could mimic the appropriate
niche. For this purpose, it is fundamental to understand the
mechanisms that influence the physiology of the various
stem cells niches as well as organ development, renewal,

and repair. Several studies have demonstrated the active
role of innervation in the development and maintenance
of orofacial organs/tissues. Denervation of these structures
affects their development, maintenance, and regenerative
potential. In many tissues of the body, innervation regu-
lates the proliferation and differentiation of stem/progeni-
tor cells, providing molecular signals that are necessary for
their functions [65, 66]. These mechanisms have clinical
relevance. Injured adult organs, including salivary glands,
do not regenerate after damage by therapeutic irradiation,
despite the presence of stem and progenitor cells. In these
patients, parasympathetic innervation of salivary glands
is strongly compromised; its restoration through the addi-
tion of specific neurotrophic factors resulted in salivary
gland regeneration in vitro. [67]. Proper innervation is also
needed to obtain fully functional organs. Bioengineered
salivary glands, for example, require specific innervation
from parasympathetic, sympathetic, and afferent fibers in
order to respond correctly to stimuli and produce saliva
[68]. However, the vast majority of research on regenera-
tive medicine has neglected the important role of inner-
vation in the regulation of the stem cell fate and behavior
after transplantation. In this context, better knowledge of
the molecules involved in the crosstalk between nerves and
tissue-specific stem cells might provide crucial information
that would significantly improve stem cell-based regenera-
tive therapies.
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