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The innervation of the zebrafish pharyngeal jaws and
teeth
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Abstract

Zebrafish (Danio rerio) teeth are increasingly used as a model to study odontogenesis in non-mammalians.
Using serial semi-thin section histology and immunohistochemistry, the nerves innervating the pharyngeal jaws
and teeth have been identified. The last pair of branchial arches, which are non-gill bearing but which carry
the teeth, are innervated by an internal branch of a post-trematic ramus of the vagal nerve. Another, external,
branch is probably responsible for the motor innervation of the branchiomeric musculature. Nerve fibres
appear in the pulp cavity of the teeth only late during cytodifferentiation, and are therefore likely not involved
in early steps of tooth formation. The precise role of the nervous system during continuous tooth replacement
remains to be determined. Nonetheless, this study provides the necessary morphological background

information to address this question.
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Introduction

Over the last decades, extensive knowledge has been built
up regarding the molecular mechanisms that govern tooth
development (Jernvall & Thesleff, 2000; Thesleff, 2003,
2006; Jackman et al. 2004; Bei, 2009). However, apart from
the presence of the correct developmental cues, teeth also
need the appropriate environment to support develop-
ment and growth. In particular, the presence of sensory
and motor innervation is of vital importance for both the
function and the protection of the tooth. Nonetheless,
functional studies focussing on the role of nerves during
tooth development and replacement are scarce (Lumsden
& Buchanan, 1986; Harputluoglu, 1990; Tuisku & Hilde-
brand, 1994). This is remarkable given that the idea of a
neuronal influence on the initiation of tooth development
and replacement is not a new concept and has already
been raised in the past (Pearson, 1977; Kollar & Lumsden,
1979; Lumsden, 1982; Chiego, 1995). This hypothesis is
based on two observations. First, prospective dental nerves
enter the mammalian jaw long before the development of
teeth (Fried & Hildebrand, 1982). Second, early axons have
a close spatial relationship to future sites of tooth develop-
ment (Mohamed & Atkinson, 1983). Nevertheless, Lumsden
& Buchanan (1986) have challenged this hypothesis
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through studies involving in vitro culture of mouse man-
dibular arch fragments, with or without trigeminal gan-
glion explants. Their results have led to the conclusion that
tooth initiation does not involve a nervous component, at
least during early steps of odontogenesis (Lumsden &
Buchanan, 1986). However, a more recent study by Tuisku
& Hildebrand (1994) in a polyphyodont teleost fish, Tilapia
mariae, has demonstrated arrest of tooth replacement after
denervation of the trigeminal nerve, hence providing evi-
dence in favour of a neuronal influence on tooth develop-
ment and replacement. In addition, a recent study in mice
has also highlighted the possible importance of nerves dur-
ing odontogenesis, by identifying peripheral nerve-associ-
ated glia as a possible source of multipotent mesenchymal
stem cells that produce pulp cells and odontoblasts in the
continuously growing incisor (Kaukua et al. 2014). These
apparent conflicting results, and the wish of the authors to
explore exactly how tooth replacement is initiated, have
been the incentive for the current study. Using the zebra-
fish (Danio rerio), this study explores the role of nerves dur-
ing tooth development and replacement. However, prior
to studying a functional relationship between nerves and
developing teeth, the morphological baseline information
regarding the innervation of zebrafish teeth must first be
established.

The zebrafish is a small teleost fish belonging to the
cyprinids, and is widely used as a vertebrate model organ-
ism for genetic, molecular and developmental research
(Lele & Krone, 1996; Roush, 1996). Similar to most other
tooth-bearing non-mammalian vertebrates, zebrafish
replaces its teeth throughout life. The zebrafish has no
oral dentition; its teeth are restricted to the pharyngeal
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region and are implanted on the fifth, i.e. last, branchial
arch (Huysseune et al. 1998; Van der Heyden et al. 2000;
Stock, 2007). The complete pharyngeal dentition consists
of three rows of teeth on each side: a ventral row (V) of
five teeth (1V-5V); a mediodorsal row (MD) of four teeth
(1IMD-4MD); and a dorsal row (D) of two teeth (1D-2D;
Van der Heyden & Huysseune, 2000). The first tooth bud
starts to develop at around 48 hpf (hours post-fertiliza-
tion) at position 4V (Van der Heyden & Huysseune, 2000).
The replacement of first-generation teeth starts already at
80 hpf (position 4V). First-generation teeth develop
directly from the pharyngeal epithelium, whereas replace-
ment teeth develop from an epithelial outgrowth at the
base of the epithelial crypt surrounding the tip of the
erupted functional tooth. This outgrowth is called the suc-
cessional lamina (Huysseune, 2006).

The innervation of the teleost branchial arches has been
described in several seminal papers and books (Goodrich,
1930; Grassé & Tetry, 1963; Nilsson, 1983; Beaumont & Cas-
sier, 1994), albeit with inconsistent terminology and inter-
pretation. In general, out of the 11 pairs of cranial nerves
present, only numbers VII (facial), IX (glossopharyngeal)
and X (vagus) are of major importance for branchial inner-
vation, and are therefore called the branchial nerves (Nils-
son, 1983, 1984; Sundin & Nilsson, 2002). These three
nerves enter the branchial (or gill) arches dorsally and
form large nerve trunks (Jonz & Nurse, 2008). The facial
nerve (N.VIl) projects efferent (motor) fibres to the most
anterior pharyngeal arch, and receives afferent (sensory)
fibres from the taste buds in the mouth region, gills, and
in some species from large areas of the body surface (Lau-
rent & Dunel, 1966; Ezeasor, 1982; Morita & Finger, 1985).
The glossopharyngeal nerve (N.IX) receives sensory infor-
mation from the pseudobranch, and contains both sensory
and motor fibres innervating the first gill arch (third pha-
ryngeal arch). The vagal nerve (N.X) innervates the other
gill arches with afferent and efferent fibres (Nilsson,
1984). Upon entering the branchial region, these branchial
nerves subdivide into a pre-trematic and post-trematic
ramus that enclose the gill slits, rostrally and caudally,
respectively (Nilsson, 1983, 1984; Sundin & Nilsson, 2002).
The pre-trematic ramus carries sensory information,
whereas the post-trematic nerve branch contains both sen-
sory and motor fibres (Nilsson, 1984).

Because branchial arches one—four bear the gills, consid-
erable information is available on their innervation (Good-
rich, 1930; Grassé & Tetry, 1963; Nilsson, 1983, 1984;
Dunelerb et al. 1993; Beaumont & Cassier, 1994; Chandr-
asekhar et al. 1997; Sundin & Nilsson, 2002; Jonz & Zac-
cone, 2009; Young etal. 2011). Data regarding the
innervation of the fifth arch are lacking, yet this is the
arch that carries the pharyngeal teeth in zebrafish and in
many other teleosts (Huysseune & Sire, 1997; Huysseune
et al. 1998; Sire et al. 2002). Thus, there is also a complete
lack of knowledge regarding the nervous supply of the
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teeth in zebrafish. In order to study the function of nerves
during tooth development and replacement, first the
nerves responsible for innervating the fifth ceratobranchi-
als must be identified, whether or not the teeth them-
selves become innervated must be established, and the
precise timing of these events must be determined. It is
hypothesized that branches of the vagal nerve innervate
the pharyngeal jaws and teeth; however, this needs to be
confirmed.

Materials and methods

Animal husbandry

Wild-type zebrafish (Danio rerio) were bred and raised according to
the methods described in Westerfield (1993). Briefly, fish were
raised in a 14 h/10 h light/dark cycle at 28.5 °C. Embryos were
obtained via natural mating and raised in egg water. Embryos, lar-
vae, juvenile and adult fish were killed according to the Belgian law
on the protection of laboratory animals (KB d.d. 13 September
2004) by an overdose of MS222 (3-aminobenzoic acid ethyl ester).
Embryos/larvae aged 2, 3, 4, 5, and 6 days post-fertilization, juvenile
zebrafish with standard length 6.0, 7.3, 8.0, 8.3, 9.5 and 11.0 mm,
and five adult fish were used.

Histology

Fish were fixed and embedded in epon following Huysseune &
Sire (1992). Briefly, they were fixed in a mixture of 1.5% glutaral-
dehyde and 1.5% paraformaldehyde buffered with 0.2 m cacody-
late (pH 7.4) for 2 h at room temperature. Juvenile zebrafish
were decalcified by adding 0.1 m EDTA to the fixative solution
for one to several weeks at 4 °C. The decalcifying solution was
refreshed every 2 days. After fixation, animals were rinsed in 0.2
M cacodylate buffer containing 10% sucrose, and post-fixed for 2
h at room temperature with 1% OsO,4 in 0.2 m cacodylate buffer
containing 8% sucrose. After rinsing in the same buffer, speci-
mens were dehydrated through a graded series of ethanol and
embedded in epon. Serial semi-thin (1 pm) sections were made
using a Reichert-Jung Ultra-cut ultramicrotome (Leica, Vienna,
Austria). These sections were stained with toluidine blue, and
mounted in DePeX (Gurr, BDH Laboratory, UK). All sections were
examined using a Zeiss Axio Imager Microscope and photo-
graphed using an Axiocam MRC video camera. Reconstructions
were made using the software program amira® (v5.3.3.). Finally,
3D models were photographed from different perspectives using
RHINOCEROS® (V5.0).

Tissue processing for immunohistochemistry

Adult fish were killed using a lethal dose of MS222, and the
heads were fixed in 4% paraformaldehyde for 48 h. The heads
were decalcified in Morse's solution for 2-4 weeks, and rinsed for
12 h in running tap water. Subsequently, they were dehydrated in
an ascending series of ethanol (30%, 50%, 70% ethanol, 12 h
each), and three times for 2 h in 96% ethanol. Next, the heads
were immersed in three baths of Ultraclear (J.T. Baker, Deventer,
the Netherlands) for 12 h and subsequently in three paraffin
baths for 8 h at 60-70 °C. Heads were embedded in peel-away
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moulds [Ted Pella, Redding (CA), USA]. Transverse sections (5 um)
were made on a MicromHM360 microtome (Prosan, Merelbeke,
Belgium).

Immunohistochemistry and visualization

The slides with paraffin sections were placed on a hot plate (70 °C)
for 5 min, cooled down for 5 min, and heated again for 5 min. The
paraffin was removed in two Ultraclear baths for 15 and 10 min,
respectively, and the sections rehydrated in a descending ethanol
series. The slides were next rinsed in 1 x phosphate-buffered saline
(PBS)/1% dimethylsulphoxide (DMSO) three times for 5 min. Block-
ing in 3% bovine serum albumin/1% milk/1 x PBS/1% DMSO for 2 h
at room temperature reduced the background signal. After block-
ing, the sections were demarcated with a hydrophobic pen (Dak-
open, Heverlee, Belgium) to limit the amount of antibody needed.
Per group of serial sections, one section was marked out and was
incubated with pure block-solution to serve as a negative control.
The monoclonal anti-acetylated alpha tubulin antibody produced
in mouse (T5168; Sigma, Diegem, Belgium) was dissolved in block-
solution at a 1/300 concentration. The antibody-covered slides were
placed overnight in a wet chamber at 4 °C. The slides were next
rinsed in 1 x PBS/1% DMSO three times for 5 min. The polyclonal
anti-mouse antibody produced in goat (IgGDyLight 594- ab96881,
Abcam, Cambridge, UK) was dissolved in blocking solution at a 1/
300 concentration and was placed on the tissue for 2 h at room
temperature, sheltered from light. The tissue was rinsed with 1 x
PBS/1% DMSO and DAPI (1 mL/mL distilled water) was added for 5
min. Finally, the slides were rinsed with 1 x PBS/ 1% DMSO three
times for 5 min, and mounted with Vectashield (Vector Laborato-
ries, Peterborough, UK). Immunofluorescence was visualized using
a NIKON eclipse TE2000-S confocal laser-scanning microscope
[Nikon, Melville (NY), USA].

Results

The innervation pattern of the pharyngeal jaws and teeth
was studied using both semi-thin sections and immunohis-
tological staining of nerve fibres.

Vagal sensory ganglion and its branches

Study of toluidine blue-stained sections of 8.3 mm SL zebra-
fish revealed the presence of a large ganglion on each
body side. Based on earlier publications of the zebrafish
nervous system (Higashijima et al. 2000; Holzschuh et al.
2005), and the position of the ganglion on the postero-dor-
sal side of the dentition, just lateral of the inner ear, and
dorsal of the posterior cardinal vein (Fig. 1A,B), this gan-
glion could be identified as the large sensory ganglion of
the vagal nerve. For complete visualization of the ganglion
and its different branches, a 3D reconstruction of 111 con-
secutive semi-thin (1 um) sections was made. A total of six
different branches could be identified (Fig. 1C,D). Two
branches emerge from a common root and course ventrally
towards the dentigerous region. The more anterior of these
two branches was termed internal (branch 2 on Fig. 1C,D),
and the more posterior one external (branch 1 on Fig. 1C,
D). Three separate branches run medially towards the pha-
ryngeal epithelium, and a final sixth branch extends cau-
dally. The ganglion connects to the rhombencephalon
more antero-dorsally (data not shown). These findings
were confirmed in three different specimens.

Fig. 1 (A, B) Toluidine blue-stained transverse
sections of 8.3 mm SL zebrafish showing the
presence of two large ganglia (G) (A,
arrowheads) dorsal to the developing
dentition, lateral to the inner ear, and
apposed to the posterior cardinal vein (arrow,
A, B). Larger magnification of the area
indicated in (A) clearly shows the cluster of
neuronal cell bodies (B, arrowheads). (C, D)
3D reconstruction of the ganglion shown in
(A) on the right body side. Note the six
different branches, two of which (1, 2) have
a common origin and course ventrally, three
branches run medially (3, 4, 5), and a final
branch runs caudally (6). C, caudal; D, dorsal;
R, rostral; V, ventral. Scale bars: 200 um (A);
50 um (B-D).
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Branches of the vagal innervate the

pharyngeal jaws

nerve

To study the innervation of the dentition, an in-depth light
microscopical study of both transverse and sagittal toluidine
blue-stained sections of 9.5 mm SL zebrafish was performed.
Individual nerve bundles could be clearly traced and identi-
fied. A 3D reconstruction was made of 188 consecutive semi-
thin (1 pm) sections for visualization and interpretation.
Both on the anterior and posterior side of the dentigerous
area, the nerve branches issuing from the vagal sensory
ganglion could be clearly observed and visualized (Fig. 2A).

Fig. 2 (A) 3D visualization of a 9.5 mm SL
zebrafish dentition demonstrating the main
nerve branches (blue) in the vicinity of the
developing teeth (white). The internal and
external branches emerge from a common
stem on the postero-dorsal side of the
dentition. Note that the internal branch is
split up in two bundles on one body side. The
teeth are organized in a ventral (1V-5V),
mediodorsal (1MD-4MD) and dorsal (1D-2D)
row. (B-E) Consecutive sagittal toluidine blue-
stained sections of a wild-type zebrafish (SL =
8.3 mm) showing how the internal and
external branch (pseudocoloured green)
course in relation to both internal and
external pharyngoclavicularis muscles (phar.
int./ phar. ext.), and the fifth ceratobranchials
(cb. V). The external branch extends ventrally
and bends in a medial direction along the
ventral side of the dentition. The internal
branch on the other hand, bends medially
almost instantly thus running along the dorsal
side of the dorsal tooth row. C, caudal; D,
dorsal; R, rostral; V, ventral. Scale bars: 50
um (A); 100 pm (B-E).
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The internal and external nerve branch issue from a com-
mon stem connected to the vagal ganglion, as described
earlier (Fig. 2B). The external branch runs ventrally along-
side the branchial musculature positioned posteriorly from
the fifth ceratobranchials (Fig. 2C). Eventually it bends
medially and runs along the ventral side of the ventral
tooth row and ceratobranchials (Fig. 2D). The second, inter-
nal branch courses ventrally over a short distance and soon
bends medially towards the teeth. Contrary to the external
branch, the internal branch runs along the dorsal side of
the ceratobranchials, and passes dorsally to the dorsal tooth
row (Fig. 2B,E). Surprisingly, in the specimen used for 3D
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reconstruction, the external branch bifurcated on one side,
as opposed to the other side. This could not be observed in
other specimens.

Next it was attempted to identify the targets that are
innervated by both the external and internal branch
(Fig. 3). On sagittal semi-thin sections, the external
branch can be seen running in very close proximity to
the pharyngoclavicularis externus muscle, positioned just
posteriorly of the fifth ceratobranchials (Fig. 3A), and
terminates at the pharyngoclavicularis internus muscle on
the cranio-ventral side of the dentition (Fig. 3B). The
internal branch on the other hand, continues running
anteriorly and, at tooth position 1D, penetrates the
bone. The internal branch now runs at the base of the

AT e M
g W

teeth in the cranio-ventral direction. Due to a decrease
in diameter of the nerve bundle, distinguishing it from
the surrounding tissue proved difficult on semi-thin sec-
tions. Hence, immunohistological staining was performed
to visualize the nerve bundles. This allowed us to iden-
tify the internal branch to be responsible for the pulpal
innervation of the teeth. As it passes at the base of the
functional teeth, it gives off branches running towards
the dental pulp (Fig. 3C). Smaller branches can also be
seen to ascend towards the pharyngeal epithelium
(Fig. 3D,E). These smaller branches likely innervate the
taste buds located at the crests between adjacent
epithelial crypts, and the oral mucosa that surrounds the
teeth (Fig. 3F).

Fig. 3 (A, B) Sagittal toluidine blue-stained
sections of a wild-type 9.5 mm SL zebrafish.
In both sections anterior is to the right. The
external branch (pseudocoloured green)
passes close to the external
pharyngoclavicularis muscle (phar. ext,
pseudocoloured red) at the posterior side of
the dentition (A). The external branch appears
to terminate (arrow) at the internal
pharyngoclavicularis (phar. int) muscle on the
cranioventral side of the dentition (B).(C—F)
Immunohistochemical detection of nerve
fibres in the dentition of zebrafish. Transverse
paraffin sections of adult fish were stained
with a primary antibody against acetylated
tubulin (act). Functional teeth are indicated
using dashed lines. (C) The internal branch
(arrow) passes at the very base of the
functional teeth (dashed line) after having
penetrated the ceratobranchial bone at tooth
position 1d (not shown). (C’) Enlargement of
the functional tooth indicated in (c) (*);
smaller branches appear to enter the pulp
cavity of the tooth. (D, E) Furthermore,
smaller axons (arrowheads) extend from the
internal branch (arrow) towards the
pharyngeal epithelium, where they probably
innervate the oral mucosa and taste buds
located between the epithelial crypts (F). PH.
C., pharyngeal cavity; RT, replacement tooth.
Scale bars: 100 um (A-E); 50 pum (F).
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Innervation of individual teeth

Immunohistological staining revealed nerve fibres in the
dental pulp but never in the dentine (Fig. 4A). This was con-
firmed in two different individuals. All functional teeth
studied in these two specimens (n = 44) showed specific
staining in the pulp. However, nerve fibres in replacement
teeth could not be detected, regardless of the stage of
differentiation (initiation, morphogenesis, early cytodiffer-
entiation; Fig. 4B). Only at stages of very late cytodifferenti-
ation, i.e. in teeth nearing attachment, could nerve fibres
be observed penetrating the pulp cavity at the tooth base
(Fig. 4Q).

Discussion

This study aimed to improve our knowledge on the nervous
supply of the fifth branchial, tooth-bearing, arch (pharyn-
geal jaw) in zebrafish, and the spatial relationship between
nerve bundles and developing teeth. Using both serial
semi-thin sections and immunohistochemistry, the main
nerve branches coursing along the tooth-bearing cerato-
branchials and the point from where they originate were
able to be identified. In addition, evidence was found of
nerve fibres penetrating the pulp.

Vagal sensory ganglion and its branches

A large vagal sensory ganglion on each body side gives off
branches running towards the dentigerous region. This is in
line with our hypothesis that the vagal nerve not only
innervates the other, gill-bearing, branchial arches 1-4 (also
termed pharyngeal arches 3-6), but also the fifth, tooth-
bearing, branchial arch. According to Beaumont & Cassier
(1994), a branchial nerve usually consists of a pharyngeal
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ramus, pre- and post-trematic ramus, and an intestinal
ramus. Because the teeth develop on the arch behind the
last gill slit (“trema’), the ramus concerned is necessarily a
post-trematic ramus. Therefore, the two branches running
towards the teeth were termed the internal and external
branch of the post-trematic ramus of the vagal nerve. The
three nerve bundles running medially are potentially the
pharyngeal branches, contradicting Beaumont & Cassier
(1994) who only describes one pharyngeal branch. Finally,
the bundle running caudally from the ganglion is probably
the intestinal ramus responsible for the innervation of the
gut, as described by several authors (Higashijima et al.
2000; Holzschuh et al. 2005; Jonz & Zaccone, 2009).

Branches of the innervate the

pharyngeal jaws

vagal nerve

Based on our light microscopical study and 3D reconstruc-
tions, and on published data (Higashijima et al. 2000; Holz-
schuh et al. 2005; Jonz & Zaccone, 2009), the vagal nerve
was identified as responsible for the innervation of both
the pharyngeal jaws and teeth (summarized in Fig. 5). The
fifth ceratobranchials in zebrafish appear to be innervated
solely by a post-trematic ramus of the vagal nerve, issuing
from a large sensory vagal ganglion. Several authors report
the presence of not just the large sensory ganglion but also
of several smaller sensory ganglia at the more anteriorly
positioned gill arches giving off pre-trematic and post-tre-
matic rami as well (Higashijima et al. 2000; Holzschuh et al.
2005; Jonz & Zaccone, 2009). However, contrary to what
was expected, the post-trematic ramus on either body side
is divided in both an internal and external branch. The
bifurcation in the external branch on one side, as opposed
to the other body side, was not observed in other specimens
and could therefore be an artefact of the 3D rendering.

Fig. 4 Immunohistochemical detection of nerve fibres in both functional teeth (full line) and replacement teeth (dashed line), on transverse paraf-
fin sections of adult zebrafish stained with a primary antibody against acetylated tubulin (act). (A) Functional teeth clearly contain many small nerve
fibres (arrowheads) in the dental pulp. (B) Replacement teeth (RT), however, are completely devoid of axons at all stages of differentiation. (C)
Only at stages of very late cytodifferentiation, i.e. nearing attachment, could nerves (arrowheads) be seen entering the tooth at the base. Scale

bars: 50 um (A); 150 um (B, C).
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Hindbrain

Forebrain

Midbrain

int. pst. br.

ext. pst.br.

Fig. 5 Schematic representation of the main nerve branches in the
vicinity of the dentition. The internal branch of the post-trematic
ramus (int. pst. br.) of the vagal nerve is responsible for the innerva-
tion of the teeth along with the taste buds. The external branch of
the post-trematic ramus (ext. pst. br.) on the other hand innervates
the branchial musculature, i.e. the internal and external pharyngocla-
vicularis (phar. int./ phar. ext.). Both internal and external branches
emerge from a large vagal ganglion (gX), which also gives rise to the
intestinal ramus (ins. rm.). Also note the smaller vagal sensory ganglia
(vs) positioned dorsally of gill slits two—four (G2-G4), which give rise
to both pre-trematic (prt. rm.) and post-trematic (pst. rm.) rami. The
first gill slit (G1) is innervated by branches of the glossopharyngeal
nerve (nIX) (not shown).

The internal branch of the post-trematic ramus probably
transmits sensory innervation from the teeth, taste buds
and oral mucosa. A similar innervation pattern has already
been observed in two other teleosts, the perch (Perca
fluviatilis) and the rainbow trout (Oncorhynchus mykiss;
Dunelerb et al. 1993), where taste buds are said to be
innervated by both post- and pre-trematic rami of the
vagal nerve. The external branch of the post-trematic
ramus on the other hand likely transmits motor informa-
tion to the branchiomeric musculature. This is also the
case for several species of Tetraodontiformes, where post-
trematic rami of the vagal nerve are involved in the inner-
vation of the internal and external pharyngoclavicularis
muscles (Nakae & Sasaki, 2008).

Both internal and external branches of the post-tremat-
ic ramus emerge directly from their dorsal ganglion.
Therefore, one could assume these nerves to contain
solely viscero-afferent fibres, as somato-efferent fibres
have been described in zebrafish to emerge directly from
nuclei in the central nervous system and to course
directly towards their targets, i.e. branchiomeric muscula-
ture (Beaumont & Cassier, 1994; Chandrasekhar et al.
1997). However, given the possible involvement of the
external branch of the post-trematic ramus in delivering
motor information to both the internal and external
pharyngoclavicularis, it was assumed these post-trematic
branches not only transmited sensory information, but
also motor signals. In humans, motor fibres of the tri-
geminal nerve likewise pass through the trigeminal gan-

glion without having their cell bodies in the ganglion;
rather they are located in nuclei in the central nervous
system (Nilsson, 1983).

The combination of motor and sensory nerve fibres has
also been described in the light of vasomotoric control of
the vasculature in the gills (Nilsson, 1983; Beaumont &
Cassier, 1994; Jonz & Zaccone, 2009). In mammals, axons
present in the pulp take part in the regulation of pulpal
blood flow (Kim, 1990; Kerezoudis et al. 1992; Olgart,
1996; Pagella et al. 2014). Given a possible role of motor
fibres in regulating blood flow, it is important to note
that the dentigerous area in zebrafish is richly supplied
with blood (Crucke & Huysseune, 2013). The hypothesis
has recently been raised that blood vessels act instruc-
tively to initiate tooth development in zebrafish (Crucke
& Huysseune, 2013). However, in a follow-up study, it
was demonstrated that blood vessels are not required for
tooth initiation, but rather allow the teeth to further
grow and develop (Crucke & Huysseune, 2015). Nerves in
the dentigerous region could be involved in influencing
the vascular elements present through secretion of so-
called angioneurins, i.e. signalling molecules affecting
both neural and vascular functions (Zacchigna et al.
2008a). Moreover, it has been shown in the skin of mice
that peripheral nerves provide a template for developing
arteries to guide their growth and development toward
their target (Mukouyama et al. 2002). This cross-talk
between vascular and neural networks is termed ‘the
neurovascular link’ (Carmeliet, 2003; Zacchigna et al.
2008b; Ulrich et al. 2011). To what degree the nervous
system influences the vascular network and vice versa
during the process of tooth development, still needs to
be determined.

Innervation of individual teeth

Apart from studies performed on the cichlid Tilapia mariae
(Holje et al. 1986; Tuisku & Hildebrand, 1994, 1996), little
information is available on innervation of teleost teeth.
Here, for the first time, the presence of nerve fibres in the
pulp cavity of functional teeth in zebrafish has been clearly
demonstrated. While this may be expected based on a
comparative basis (e.g. data from mouse, rat, human; Zmi-
jewska et al. 2003; Luukko et al. 2005, 2008), it may be
somewhat surprising considering the continuous turnover
of the teeth and their short functional lifetime. Therefore,
nerves are probably more involved in concepts such as va-
somotoric control rather than pain sensation (teeth are
replaced anyway). The nerve fibres in the pulp of zebrafish
issue from an internal branch of the post-trematic ramus
of the vagal nerve. In T. mariae and mammals, on the
other hand, dental nerves originate from the trigeminal
nerve (Holje et al. 1986) and the inferior/superior alveolar
nerve (Hildebrand et al. 1995), respectively. Given the
location of zebrafish teeth deep within the oral cavity, a
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difference in innervation when compared with oral teeth
is to be expected. Furthermore, different from what is
known for mice and humans, the dental nerves in zebra-
fish appear to be limited to the pulp cavity, whereas in
mammals, nerve fibres penetrate into the dentine as well
(Fearnhead, 1957; Byers, 1980).

Interestingly, no evidence was found for nerve fibres in
developing replacement teeth. All stages of differentiation
were devoid of nerve fibres. Only at very late stages of
cytodifferentiation, i.e. nearing attachment, were nerves
seen entering at the base of the replacement tooth. At
this stage, teeth become functional allowing nerves to
serve their function for the tooth. Likewise, blood vessels
could only be seen penetrating at the base of replacement
teeth at very late stages of differentiation (Crucke & Hu-
ysseune, 2013), further suggesting a developmental and/or
functional link between both. Moreover, the initiation of
a replacement tooth (i.e. upon attachment of the prede-
cessor) might then be potentially achieved through the
secretion of certain growth factors by sensory neurons
that in turn could activate mesenchymal stem cells, for
example, periarterial cells as was shown for the neurovas-
cular bundle present in the mouse incisor (Zhao et al.
2014). In mice as well, nerves enter the dental pulp only
at late bell stage, i.e. after the onset of enamel formation
(Moe et al. 2008).

The late penetration of nerves into the dental pulp,
both in mice and zebrafish, suggests a relative indepen-
dence between the establishment of the innervation on
the one hand, and the process of tooth development on
the other hand. Yet, prior to the penetration of nerves in
the dental pulp, growth of the dental trigeminal axons in
mice occurs concomitantly with advancing tooth forma-
tion (Hildebrand et al. 1995). This coordinated develop-
ment between nerves and teeth hints towards a possible
neuronal influence on tooth development as was already
suggested by Pearson (1977). Nonetheless, only two stud-
ies have yet been able to show a direct influence of
nerves on the processes of tooth development and
replacement. In T. mariae, unilateral denervation of the
trigeminal nerve ceased tooth turnover on the operated
side (Tuisku & Hildebrand, 1994). Removing inferior alveo-
lar neurovascular structures in puppies with erupted decid-
uous teeth stopped the eruption of permanent teeth
(Harputluoglu, 1990; Tuisku & Hildebrand, 1994). These
two studies suggest an instructive role of dental nerves in
tooth development and replacement. The arrest in tooth
development in these studies might have succeeded
through removing the potential source of mesenchymal
stem cells (e.g. nerve-associated glia) or in removing the
inductive signal produced by sensory nerves to induce the
differentiation of periarterial cells as was demonstrated in
the mouse incisor (Zhao et al. 2014).

In conclusion, having established the essential morpho-
logical background information on innervation of zebra-

© 2015 Anatomical Society

Innervation of zebrafish teeth, J. Crucke et al. 69

fish teeth, it can now be investigated whether or not
dental nerves in zebrafish fulfil an instructive or rather
permissive role during odontogenesis. It is clear that apart
from investigating direct effects on tooth development,
future research should also focus on mutual interactions
of the nerves with the vascular system (i.e. the neurovas-
cular link).
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