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a

RESEARCH ARTICLE

Hedgehog Signaling Regulates Dental Papilla Formation
and Tooth Size During Zebrafish Odontogenesis
Jeffrey C. Yu, Zachary D. Fox, James L. Crimp, Hana E. Littleford, Andrea L. Jowdry, and William R. Jackman*

Biology Department, Bowdoin College, Brunswick, Maine

Background: Intercellular communication by the hedgehog cell signaling pathway is necessary for tooth development
throughout the vertebrates, but it remains unclear which specific developmental signals control cell behavior at different
stages of odontogenesis. To address this issue, we have manipulated hedgehog activity during zebrafish tooth development
and visualized the results using confocal microscopy. Results: We first established that reporter lines for dlx2b, fli1, NF-jB, and
prdm1a are markers for specific subsets of tooth germ tissues. We then blocked hedgehog signaling with cyclopamine and
observed a reduction or elimination of the cranial neural crest derived dental papilla, which normally contains the cells that
later give rise to dentin-producing odontoblasts. Upon further investigation, we observed that the dental papilla begins to
form and then regresses in the absence of hedgehog signaling, through a mechanism unrelated to cell proliferation or apo-
ptosis. We also found evidence of an isometric reduction in tooth size that correlates with the time of earliest hedgehog inhi-
bition. Conclusions: We hypothesize that these results reveal a previously uncharacterized function of hedgehog signaling
during tooth morphogenesis, regulating the number of cells in the dental papilla and thereby controlling tooth size. Develop-
mental Dynamics 244:577–590, 2015. VC 2015 Wiley Periodicals, Inc.
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Introduction

Soon after Sonic hedgehog (Shh) was identified as the key signal-
ing molecule responsible for the zone of polarizing activity in the
developing vertebrate limb bud (Riddle et al., 1993), much atten-
tion was given to understanding other important signaling roles
the hedgehog pathway might be playing in vertebrate organo-
genesis, including in tooth development (Bitgood and McMahon,
1995; Chiang et al., 1996). Hedgehog signaling has since been
found to be an essential part of odontogenesis in evolutionarily
diverse vertebrate species (Fraser et al., 2008; Smith et al., 2009;
Handrigan and Richman, 2010; Jackman et al., 2010), and defects
in the pathway are responsible for human pathologies that
include holoprosencephaly (Nanni et al., 1999), the related Soli-
tary median maxillary central incisor syndrome (Nanni et al.,
2001), and odontogenic keratocysts (Lench et al., 1997). Thus,
learning more about how hedgehog signaling functions during
tooth development has the potential to enhance both our under-
standing of vertebrate dental organogenesis and its evolution.

In both mammals and teleost fish, only the Shh ligand, or its
teleost duplicate semi-ortholog shha, is expressed in developing
dental tissues (Kronmiller et al., 1995; Cobourne et al., 2004;
Jackman et al., 2010). In very early stages of tooth development,
Shh expression is widespread in the epithelial layer that later

gives rise to ameloblasts that secrete the enamel of the mature,
mineralized tooth (Bitgood and McMahon, 1995; ten Berge et al.,
1998), or enameloid in nontetrapods (Huysseune and Sire, 1998;
Kawasaki et al., 2005). At these early stages, Shh expression is
absent from the adjacent cranial neural crest-derived mesenchy-
mal cells that form an embryonic structure called the dental
papilla (Rothova et al., 2012) and later differentiate into odonto-
blasts that make the dentin layer of the mature tooth. However,
expression of Patched hedgehog receptors are widespread in
developing dental tissues (Thomas et al., 1997; Motoyama et al.,
1998; Jackman et al., 2010), indicating that many different types
of cells within a tooth germ are likely capable of responding to a
hedgehog signal. It is thus interesting to consider whether hedge-
hog cell signaling may control multiple functions during different
stages of odontogenesis.

Several different kinds of overall effects on tooth development
have been recorded when hedgehog signaling has been inhibited
in different species and at different developmental stages. The
initial mouse Shh knockout mutant had no teeth but also lacked
the surrounding tissues, leaving the specificity of a tooth hedge-
hog requirement unresolved (Chiang et al., 1996). Later mouse
experiments revealed that chemical hedgehog pathway inhibition
just after tooth initiation resulted in early developmental arrest
(Cobourne et al., 2001), and a conditional knockout disabling Shh
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activity during dental morphogenesis resulted in smaller than
normal tooth germs that gave rise to severely malformed teeth
(Dassule et al., 2000). Outside of mammals, chemical inhibition of
hedgehog signaling with the antagonist cyclopamine (Chen et al.,
2002) has been reported to cause tooth developmental malforma-
tions in species ranging from teleost fish (Fraser et al., 2008;
Jackman et al., 2010) to snakes (Buchtova et al., 2008). However,
the cellular mechanisms responsible for these dental effects of
hedgehog inhibition remain largely uncharacterized.

While there is some evidence that hedgehog signaling prevents
apoptosis during odontogenesis (Cobourne et al., 2001), research
has focused more extensively on its role in controlling cell prolif-
eration as a cellular developmental mechanism of its action. Sev-
eral of the developmental arrest and morphogenesis defects
resulting from hedgehog inhibition have been associated with a
decrease in cell proliferation (Gritli-Linde et al., 2002; Nakatomi
et al., 2006; Buchtova et al., 2008). A compelling model of tooth
cusp formation in mammalian molars places Shh in a role of con-
trolling morphogenesis by regulating epithelial proliferation sur-
rounding its expression in a signaling center known as the
enamel knot (Jernvall et al., 1994; Vaahtokari et al., 1996;
Salazar-Ciudad, 2012). Similarly, cell signaling from the enamel
knot to the underlying mesenchymal cells may be involved in the
formation of the molar dental papilla by means of localized stim-
ulation of cell proliferation (Rothova et al., 2012). However, more
empirical data on how hedgehog signaling affects developmental
cellular behaviors at all stages of odontogenesis is needed to test
these models and expand their scope to account for other possible
hedgehog signaling functions during tooth development.

It has previously been shown that hedgehog signaling by
means of the shha ligand is required for tooth initiation in the
easily visualized embryos of zebrafish and that hedgehog require-
ments in zebrafish teeth continue throughout odontogenesis
(Jackman et al., 2010). However, the resolution of these experi-
ments was insufficient to distinguish cellular mechanisms of
hedgehog action. Here, we visualize developing zebrafish tooth
germs at high resolution with fluorescence confocal microscopy
and report the effects of chemical hedgehog signaling inhibition
on their morphogenesis. We find that hedgehog inhibition just
after tooth initiation results in the later specific loss of the dental
mesenchyme-derived dental papilla, and that this loss completely
prevents mature tooth formation. Further characterizing this
effect, we find that the dental papilla begins to form and then
regresses after early hedgehog signaling inhibition, but that nei-
ther cell proliferation nor apoptosis appear to mediate this pheno-
type. We also report that later hedgehog inhibition results in the
formation of a dental papilla with a lower-than-normal cell
count, which correlates with an isometric reduction in tooth size.
We propose that a normal function of hedgehog signaling after
the initiation of odontogenesis is to maintain cells in the dental
papilla, ultimately controlling tooth size.

Results

Fluorescence Imaging of Zebrafish Tooth
Morphogenesis

To better understand how manipulating hedgehog signaling alters
tooth development and thus learn more about how the pathway
controls normal odontogenesis, we first developed a system to
view gene expression and morphology at high resolution in

developing zebrafish tooth germs (Fig. 1). We define stages of
tooth development based on previous descriptive work in zebra-
fish (Huysseune and Sire, 1998; Van der heyden et al., 2000; Lau-
renti et al., 2004), modified slightly by our own observations. For
simplicity, the first tooth to form on each side of the midline we
refer to as tooth #1 (4V1 in Laurenti et al., 2004), and the next
two subsequently forming teeth as #2 (3V1) and #3 (5V1). The
stages of development for tooth germ #1 are: initiation placode
(36 hr postfertilization [hpf]), early morphogenesis (44–48 hpf),
mid-morphogenesis (52–54 hpf), late morphogenesis (56–60 hpf),
cell differentiation (72 hpf), and attachment/eruption (96 hpf).

From the analysis of a reporter line and fluorescent histological
markers we have composed a summary of tooth morphogenesis
for orientation (Fig. 1D,H,L). At the early morphogenesis stage at
48 hpf, the inner and outer layers of the dental epithelium of
tooth germ #1 are broadly curved and surround a group of dental
mesenchyme cells that are beginning to assume the shape of the
dental papilla (Fig. 1D). By 56 hpf, the late morphogenesis stage
tooth germ is elongated in both the dental epithelium and the
dental papilla along the long axis of the incipient tooth (Fig. 1H).
By the cellular differentiation stage of 72 hpf, tooth #1 has
almost fully elongated and is starting to mineralize, growing
close to the bone to which it will attach by 96 hpf (ceratobran-
chial #5; Fig. 1L). Also at 72 hpf, tooth #2 is in mid-
morphogenesis and tooth #3, if visible, is still at an initiation pla-
code or early morphogenesis stage. We could often distinguish
between the inner and outer dental epithelial layers, but because
we could not always do so, we sometimes refer to these two epi-
thelial layers together as a single dental epithelium.

To provide a context in which to view reporter transgenic
expression during tooth morphogenesis, we used a combination
of fluorescent labels. An antibody against laminin was used to
visualize basal lamina (Thesleff et al., 1981), and clearly indicated
the pharyngeal arches and the interface between the dental epi-
thelium and dental mesenchyme at relatively early stages of tooth
formation (Fig. 1). An f-actin label was also used to visualize the
cortical cytoplasm of cells in the tooth-forming pharyngeal
region (Gaete and Tucker, 2013), and was particularly helpful in
helping to highlight cellular morphology at later stages (e.g., Fig.
1I,J). Additionally, a DNA stain indicated the size and position of
cell nuclei in tooth germs and surrounding tissues. These markers
in combination with the dlx2b:GFP reporter expression provided
a clear picture of the developing tooth and surrounding tissues.
dlx2b:GFP reporter expression was mostly localized to the inner
dental epithelium during morphogenesis stages (Fig. 1A–G), but
by 72 hpf was expressed both in the inner dental epithelium and
in the dental papilla of tooth #1 (Fig. 1I–K).

Because the shha gene was previously identified as the only
hedgehog ligand expressed during zebrafish tooth development
(Jackman et al., 2010), we wanted to visualize it at higher resolu-
tion in this system. During morphogenesis stages, shha mRNA
expression was observed in the dental epithelium (primarily in
the inner dental epithelium) and at relatively lower levels in
nearby nondental pharyngeal epithelium (Fig. 2A,B). Expression
of shha appeared lower by the cellular differentiation stage but
was still present in the dental epithelium (Fig. 2C). We addition-
ally identified three other green fluorescent protein (GFP) trans-
genic reporter lines that help to demarcate the dental epithelium
and mesenchyme at these stages of development (Fig. 2D–L).
Similarly to shha mRNA, NF-jB:GFP reporter expression had an
epithelium-restricted expression pattern, except that at 48 and 56
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hpf it was expressed both in the inner and outer dental epithelium
(Fig. 2D,E), and by 72 hpf a small amount of expression was seen
in the dental papilla of tooth germ #1 (Fig. 2F). Conversely,
fli1:GFP, a marker of cranial neural crest cells (Lawson and
Weinstein, 2002), was expressed in both dental and nearby non-
dental mesenchyme and the dental papilla at all stages examined,
but was completely absent from the dental epithelium (Fig. 2G–I).
A fourth reporter, prdm1a:GFP, was localized to developing tooth
germs with an expression pattern resembling a partial composite
of the previous two (Fig. 2J–L). prdm1a:GFP was expressed both
in the dental mesenchyme and nearby cranial neural crest cells,
but levels appeared relatively higher in the dental mesenchyme
especially at the early morphogenesis stage (Fig. 2J). This reporter
was also expressed in the dental epithelium, with expression con-
centrated in the distal portion of both the inner and outer dental
epithelium surrounding the tooth tip at all stages examined.

Together these data reveal the specific location of shha signal-
ing during odontogenesis and provide markers of tooth germ tis-
sue subtypes to help interpret experimental manipulations.

Hedgehog Signaling is Required for Dental Papilla
Formation

It has been previously reported that inhibition of hedgehog sig-
naling in zebrafish using 50 lM cyclopamine (CyA) results in the
complete loss of a mineralized tooth if treatment begins at or
before the initiation placode stage of 36 hpf (Jackman et al.,
2010). However, this study provided only a gross view of miner-
alized tooth morphology and gene expression after such treat-
ment, so we used the visualization methods described above to
pinpoint more specific developmental phenotypes that result
from hedgehog signaling disruption.
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Fig. 1. Fluorescence visualization of cellular details during tooth germ morphogenesis. A,E,I: Ventral views, anterior to the left, of the zebrafish
pharyngeal region. B,C,F,G,J,K: Closeups of right-side tooth germs. A,B,E,F,I,J: Four-color stains of dlx2b:GFP reporter expression (green), laminin
protein (yellow), f-actin (red), and DNA (blue). C,G,K: Two-color stains with dlx2b:GFP (green) and DNA (magenta). A,B: Laminin expression at 48
hpf and 56 hpf stages at the boundaries of the pharyngeal arches (a3–a5) as well as the interface between the dental epithelium and dental mes-
enchyme of tooth germ #1 (B, arrow). C: dlx2b:GFP reporter expression mostly in the inner dental epithelium (arrow). D: Schematic drawing of a
early morphogenesis stage tooth germ #1 at 48 hpf. E,F: Laminin expression highlighting the outer dental epithelium in a late morphogenesis
stage tooth germ #1 at 56 hpf (F, arrow). G,H: dlx2b:GFP expression in the inner dental epithelium and schematic drawing. I,J: F-actin staining
along with dlx2b:GFP expression in cell differentiation stage tooth germ #1 at 72 hpf. Tooth germs #2 and #3 are also present. K: dlx2b:GFP
expression in the inner dental epithelium and the dental papilla (arrow) at 72 hpf. Tooth germs #2 and #3 are mostly outside the focal plane in this
specimen. L: Schematic drawing of typical orientations of the tooth germs at 72 hpf. Scale bars 5 10 lm in A–C.
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Fig. 2. Cellular details of hedgehog epithelial expression and tooth germ morphogenesis. Ventral views, anterior to the left, of right-side tooth
germs. DNA is stained in magenta. A–C: shha mRNA FISH (green) with expression visible in the inner dental epithelium (arrow) and nearby pha-
ryngeal epithelium (asterisk). D–F: NF-jB:GFP reporter expression in both the inner (arrow) and outer dental epithelium (arrowhead). G–I:
fli1:GFP expression in the dental papilla (arrow) and nearby nondental mesenchyme (asterisk). J–L: prdm1a:GFP expression in both the dental
papilla (arrow) and in distal parts of the dental epithelium (arrowhead), with papilla expression appearing relatively higher at 48 hpf. Scale
bar 5 10 mm in L.
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Later hedgehog inhibition from 48 to 72 hpf produced similar
results, except that tooth germ #1 was always visible in both
reporter lines (Fig. 6J,N). Tooth germ GFP expression was typi-
cally absent from the region of tooth #2 after this later CyA treat-
ment (GFP-: n 5 20/22 dlx2b:GFP; 12/19 NF-jB:GFP), and when
it was present, it consisted of only a few GFP1 cells with no
obvious organization (Fig. 6J,N; GFP1: n 5 2/22 dlx2b:GFP; 7/
19 NF-jB:GFP).

These results are consistent with there being a similar hedge-
hog signaling requirement for the initiation of the first tooth and
subsequently forming tooth germs.

Later Stage Hedgehog Signaling is Required for
Isometric Tooth Growth

It was previously reported that CyA treatment starting at 36 hpf
completely inhibited mineralized tooth formation but that later
exposures resulted in small, possibly misshapen teeth (Jackman
et al., 2010). To better understand the morphological changes to

tooth mineralization associated with hedgehog inhibition, we col-
lected 3D data of tooth #1 using confocal microscopy of alizarin
red stained teeth and performed a simple morphometric analysis
(Fig. 7). Three unambiguous landmarks identified in all teeth
examined were the tip of the tooth, and the uppermost and lower-
most aspects of the base of the tooth relative to the downward
curvature of the tooth toward the tip (Fig. 7A). The base of the
tooth was distinguishable from sometimes-present, adjacent
attachment bone by discontinuities and differences in shape
when viewed in 3D. We measured the distance from the tooth tip
to the upper base as a proxy for tooth length, and between the
upper and lower base to estimate the width. The degree of miner-
alization varied, especially in the earlier CyA treatment group
(Fig. 7C), and we only included in the dataset measurements from
renderings where all three landmarks were unambiguously
identifiable.

We compared the shape of tooth #1 after CyA or control treat-
ments starting at 40 or 48 hpf and with visualization at the
attachment/eruption stage of 96 hpf. The shape of control teeth
were all very similar (40–96 hpf n 5 8; 48–96 hpf n 5 6), with a
mean length of 45.51 mm (n 5 14; 2.797 SD) and width of 21.77
mm (2.298 SD). Teeth exposed to CyA from 48–96 hpf were sig-
nificantly shorter in length than controls (mean 37.00 mm; n 5 8;
6.239 SD; t-test P 5 0.0003), but not significantly different in
width at the base (mean 22.48 mm; 2.918 SD; t-test P 5 0.5).
Teeth exposed to CyA from 40–96 hpf were significantly shorter
than controls in both length (mean 28.57 mm; n 5 6; 4.537 SD; t-
test P< 0.0001) and in width (mean 14.45 mm; 2.648 SD; t-test
P< 0.0001; Fig. 6D).

Plotting the length vs. width measurements from this experi-
ment (Fig. 7E), there is a linear correlation between length and
width for all CyA treatment time points (linear regression
R2 5 0.46; P< 0.0001), suggesting that hedgehog inhibition start-
ing at earlier stages is causing teeth to become generally smaller
in an isometric manner. We did not observe severely deformed
teeth after CyA exposure as reported previously (Jackman et al.,
2010). We speculate that this is because at low resolution it is dif-
ficult to distinguish between the attachment bone and the miner-
alized tooth itself, which was quite apparent when visualized
with these methods (e.g., Fig. 6A), and we suspect that this bone
was previously mistaken for a deformed tooth.

Discussion

Hedgehog Signaling Requirement for Dental Papilla
Formation

Based on the hedgehog inhibition experiments described above,
we propose that there are at least two separate phases during
tooth development where hedgehog signaling has a required
function (Fig. 8). The first “initiation” phase is at the very start of
odontogenesis and is involved in the establishment of the dental
epithelium. The second “papilla-maintenance” phase takes place
during tooth germ morphogenesis, where hedgehog signaling is
required for maintaining the cells within the dental papilla. There
are several potential alternatives for how hedgehog signaling
may be acting on the cells of the developing tooth germ to pro-
mote the establishment of the dental papilla in this latter phase.

When we first observed that hedgehog inhibition at the early
initiation placode stage resulted in the formation of a later tooth
germ lacking a dental papilla (Fig. 3), we suspected that an
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Fig. 7. Reduction in mineralized tooth size associated with hedgehog
inhibition. A–C: 3D renderings of 96 hpf mineralized tooth #1 using aliz-
arin red staining and confocal microscopy. A: 40–96 hpf EtOH treated
control tooth #1. B: 48–96 hpf CyA exposed tooth. C: 40–96 hpf CyA
treated tooth. Labels: tp, tooth tip; ub, upper point of base; lb, lower
base; ab, attachment bone. D: Graph of measurement means. Error
bars 5 standard deviation. E: XY plot of all measurements. Best fit line
is shown (R2 5 0.46; P< 0.0001). Significance tests: ***P< 0.001;
****P< 0.0001; ns 5 not significant.
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elimination of mesenchymal cell proliferation might be responsi-
ble, especially given the long history of hedgehog signaling regu-
lating cell division in tooth development and in other systems
(Gritli-Linde et al., 2002; Nakatomi et al., 2006; Buchtova et al.,
2008). Particularly relevant to this idea was a recent study exam-
ining cell fate in the development of the mouse molar dental
papilla, where cell proliferation was invoked as a key mechanism
for the formation of this structure, although cell movement was
also observed (Rothova et al., 2012). We were thus surprised
when we carefully examined intermediate stages after hedgehog
inhibition and found that the early stages of dental papilla for-
mation appeared relatively normal (Fig. 4). In addition, we
detected very little cell proliferation in control tooth germs in
stages between when the papilla has started to form during mor-
phogenesis and when the cells begin differentiating into odonto-
blasts (Fig. 5). We have occasionally observed dividing cells in
the dental papilla when we have visualized tooth germs in other
contexts, but it is a rare occurrence. Together, these observations
suggest that during morphogenesis stages there is relatively little
cell proliferation in the zebrafish dental papilla, and thus a reduc-
tion in proliferation is not a likely mechanism for the papilla loss
we see after initiation placode stage hedgehog inhibition.

Another explanation might be that hedgehog signaling nor-
mally inhibits apoptosis in the dental papilla during the papilla-
maintenance phase, leading to papilla loss through programmed
cell death when this signaling is blocked. In support of this idea,
activation of apoptosis has been observed in mouse tooth germs
when hedgehog signaling was inhibited (Cobourne et al., 2001),
but this cell death was reported to be in epithelial tissues. We
observed apoptosis after hedgehog inhibition, but primarily at
later stages when the papilla had already completely regressed
(Fig. 5). We also did not observe apoptosis localized to the dental

papilla itself, except possibly at the base of the tooth germ at 72
hpf after most or all of the papilla was already gone (Fig. 5J).
The apoptosis we did observe was almost exclusively seen in the
dental epithelium or surrounding nondental tissues. Thus, we
conclude that preventing apoptosis is an unlikely normal func-
tion of hedgehog signaling during the papilla-maintenance
phase.

However, a developmental cell behavior we have not yet been
able to test in this system is cell movement. As mentioned above,
when fate-mapping dental papilla cells in mouse, a certain
amount of cell migration both into and out of the forming dental
papilla has been observed, although cell proliferation was focused
on as a likely more important mechanism of dental papilla for-
mation (Rothova et al., 2012). These authors speculated that cell
signals from the epithelium, including Shh, are controlling the
formation of the dental papilla by regulating proliferation and
eventual odontoblast differentiation. These thoughts are congru-
ent with classic dental tissue transplantation experiments demon-
strating that odontoblast differentiation requires a signal from
the dental epithelium (Thesleff and Hurmerinta, 1981), and later
speculation that this signal is Shh (Koyama et al., 1996). We sug-
gest that our results are generally consistent with this model,
except that in zebrafish tooth germs hedgehog signaling may be
controlling cell movement instead of cell proliferation in the den-
tal papilla. We hypothesize that shha signaling from the dental
epithelium prevents cells from migrating out of the dental papilla
before they differentiate into odontoblasts. Mammals may also
use this mechanism during the formation of the dental papilla, in
addition to extensive cell proliferation to enable larger teeth. The
development of methods for live cell imaging and lineage tracing
in zebrafish tooth germs will allow for this cell movement
hypothesis to be tested in the future.
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Fig. 8. Summary of proposed hedgehog functions in zebrafish tooth development. Top row: timeline of the development of the first two teeth.
The dental epithelium (DE) is shown in yellow, and the dental mesenchyme (DM) and dental papilla (DP) in blue. Stages with respect to tooth #1:
preinitiation (30 hpf), initiation placode (36 hpf), early morphogenesis (48 hpf), cell differentiation (72 hpf), and attachment/eruption (96 hpf). Bottom
rows: observed results after hedgehog inhibition with cyclopamine. Arrows ending in a bar represent arrest of tooth development. Time windows
of hedgehog signaling requirements for initiation (green) and dental papilla maintenance (magenta) are indicated.
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Establishment of Subsequent Tooth Germs

In addition to the loss of the dental papilla from tooth germ #1,
we also observed that subsequent teeth fail to form after hedge-
hog inhibition beginning at 36 hpf. We looked for but never
observed tooth #2 or #3 in individuals used for the calcium stain
morphometric analysis (Fig. 7), and we found no evidence for the
presence of organized tooth germs #2 or #3 using reporter trans-
genics and histological analysis (Fig. 6). It has been suggested
that tooth germ #1 might serve as a trigger for the initiation of
subsequent tooth germs (Verstraeten et al., 2013). This notion
comes partly from observations that some aspects of gene expres-
sion differ between tooth germ #1 and subsequently forming
teeth (Laurenti et al., 2004), and it has been proposed that subse-
quent teeth form by means of Fgf signaling from the first tooth
germ, mediated by N-cadherin proteins (Verstraeten et al., 2013).
Given these ideas, it follows that only the first tooth germ may
require hedgehog signaling, and that subsequent tooth germ ini-
tiation is hedgehog independent. However, we see very similar
hedgehog dependence for at least the first three teeth that form
and we suggest that hedgehog signaling is required for the early
epithelial development of each of them, as well as later for the
dental papilla maintenance of at least tooth #1.

Hedgehog Regulation of Tooth Size

The decrease in tooth size that we observe after morphogenesis
stage hedgehog inhibition is reminiscent of results from Dassule
et al. (2000), in which a Shh conditional knockout mouse was
observed to produce smaller than normal tooth germs after path-
way inactivation. However, contrary to our findings, this study
did not note any particular effect on the dental papilla and also
reported severe morphological changes to mature teeth after inhi-
bition. These discrepancies may result from the previous study’s
restriction of hedgehog inhibition to a single stage and/or from
the growth of tooth germs in kidney capsules that may have
influenced their normal development. Overall, the results of Das-
sule et al. (2000) are very similar to the early morphogenesis stage
(48 hpf) hedgehog inhibition experiments we report here, which
resulted in small tooth size. It is, therefore, possible that the same
late hedgehog signaling mechanism has been evolutionarily con-
served between teleost fish and mammalian tooth development.

We observed both a reduction in the number of dental papilla
cells after hedgehog inhibition and an overall reduction in tooth
size under identical treatments; however, there are several ways
in which these two observations may be interrelated. It is possible
that a reduction of cell number in the dental papilla limits the
number of odontoblasts that eventually differentiate in the tooth
germ. Unlike in mammalian teeth, teleost odontoblasts contribute
extracellular matrix to both the inner dentin and outer enameloid
layers of the mature tooth (Poole, 1967). Enameloid is similar to
tetrapod enamel in that ameloblasts from the inner dental epithe-
lium contribute to its hypermineralized matrix, but it differs sub-
stantially in that odontoblasts also make a collagen contribution
to its initial matrix as it develops (Shellis and Miles, 1974; Sasa-
gawa, 1995; Sire et al., 2009). However, it has also been shown in
teleosts that ameloblasts themselves exhibit gene expression sug-
gesting that they also make a large collagen contribution to the
enameloid matrix (Huysseune et al., 2008). Despite this, because
there is some connection between odontoblasts and both major
layers of the mature teleost tooth, it is possible that changes to

odontoblast numbers in a teleost fish tooth germ would have a
more profound effect on overall tooth size than similar changes
in a mammalian tooth. Thus if hedgehog inhibition is either
directly or indirectly limiting odontoblast cell number, it could
merely represent a side effect that the resulting mature tooth is
smaller than normal.

However, an interesting extension of this idea is the possibility
that hedgehog signaling controls dental papilla/odontoblast cell
number for the express purpose of regulating tooth size. The valid-
ity and evolutionary breadth of this hypothesis could be investi-
gated by performing hedgehog inhibition experiments similar to
those described here in vertebrate species that normally make
teeth of substantially differing sizes, such as Astyanax mexicanus
(Seritrakul et al., 2012). The window of Shh expression in the nor-
mal tooth germs of these species could be carefully characterized
to look for a correlation between the timing of hedgehog signaling
activity and the size of the resulting tooth. From a broad perspec-
tive, the regulation of organ size has been one of the enduring
puzzles of developmental biology (Bryant and Simpson, 1984;
Stanger et al., 2007), and a late hedgehog signaling function dur-
ing tooth morphogenesis may represent part of its solution.

Experimental Procedures

Animal Husbandry and Lines

Zebrafish (Danio rerio, Hamilton 1822) used in this study were
from an in-house stock originally derived from the T€u inbred line
(Zebrafish International Resource Center) outcrossed with fish
from a commercial supplier (LiveAquaria.com, Rhinelander, WI).
Embryos were raised at 28.5�C in an embryo medium consisting
of 30% Danieu’s medium with 0.002% methylene blue to inhibit
fungal growth. Embryo and larval staging was performed as
described previously (Kimmel et al., 1995) with developmental
time reported as hours postfertilization (hpf). Green fluorescent
protein (GFP) reporter lines used: dlx2b:GFP 5 Tg(dlx2b:EGFP)cs1

(Jackman and Stock, 2006), fli1:GFP 5 Tg(fli1:EGFP)y1 (Lawson
and Weinstein, 2002), prdm1a:GFP 5 Tg(260prdm1a:EGFP)i111

(Elworthy et al., 2008), and NF-jB:GFP 5 Tg(NF-jB:GFP)nc1

(Kanther et al., 2011). Animal care was in accordance with the
Institutional Animal Care and Use Committee at Bowdoin College.

Immunohistochemistry, In Situ Hybridization, and
Histology

All staining was performed on intact, whole embryos or larvae.
Primary antibodies used for immunohistochemistry were anti-
GFP (A10260 or 332600, Life Technologies), phospho-Histone H3
(06–570, EMD Millipore), Lhx6 (GTX127337, GeneTex), Laminin
(L9393, Sigma-Aldrich), and active Caspase 3 (559565, BD Bio-
sciences). Secondary antibodies were horseradish peroxidase
(HRP) anti-mouse (626520, Life Technologies), HRP-anti-rabbit
(A10547, Life Technologies), and Alexa Fluor 633 anti-rabbit
(A21071, Life Technologies). Fluorescence from HRP-conjugated
antibodies was developed using the TSA Plus system for tyramide
signal amplification (PerkinElmer), with either fluorescein or Cy5
as the fluorophore. F-actin staining was with Alexa Fluor 555
Phalloidin (A34055, Life Technologies). DNA staining was with
Sytox Orange or Sytox Blue (Life Technologies). Combinations
were as follows: 2-color: anti-GFP-HRP/fluorescein TSA, and
Sytox Orange; 3-color: anti-GFP-HRP/fluorescein TSA, anti-
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Caspase 3 or anti-phospho-histone H3/HRP-anti-rabbit/Cy5 TSA,
and Sytox Orange; 4-color: anti-GFP/HRP-anti-mouse/
fluorescein TSA, anti-Laminin/Alexa Fluor 633 anti-rabbit, Alexa
Fluor 555 Phalloidin, and Sytox Blue.

For immunohistochemistry, embryos were fixed overnight at
4�C in 4% formaldehyde in phosphate buffered saline (PBS),
blocked 1 hr in PBS 1 10% blocking reagent (Roche Diag-
nostics) 1 10% heat inactivated sheep serum 1 1% dimethyl
sulfoxide 1 0.1% Tween-20, and incubated overnight in 1:200
dilution of primary antibody. For double antibody labels, the pri-
mary antibodies were incubated simultaneously if derived from
different species. Embryos were then washed 30 min PBS 1 0.1%
Tween-20 (PBST). If the anti-GFP-HRP direct conjugate primary
antibody was used (A10260, Life Technologies), embryos were
developed 30 min in TSA amplification diluent 1 substrate, and
washed 30 min PBST. When doing a double-label with two HRP
conjugated antibodies, HRP activity was quenched with a 1 hr
incubation in PBST 1 2% H2O2. Secondary antibodies were then
applied at 1:200 dilution and incubated overnight in the same
manner as for the primaries. We found that we could also add the
DNA stain (1:50,000 Sytox Orange or Blue) as well as the f-actin
stain (1:200 Alexa Fluor 555 Phalloidin) to this step and it did
not seem to interfere with secondary antibody binding. Embryos
were then washed 30 min PBST, and a second TSA reaction was
performed as above if appropriate. Finally, embryos were washed
briefly with PBST, equilibrated for 5 min in 50% glycerol 50%
PBST, and then overnight in 100% glycerol to clear for
visualization.

Fluorescence mRNA in situ hybridization (FISH) was performed
as described in Talbot et al. (2010) with the addition of an over-
night incubation in a 1:50,000 dilution of Sytox Green DNA stain
(Life Technologies) to visualize cell nuclei. Cy3 TSA was used for
developing.

Mineralized teeth were visualized by alizarin red staining.
Embryos were fixed as described above, incubated in 0.5% KOH
for 10 min, stained in 0.5% KOH 1 0.0005% alizarin red for 2 hr,
washed in 0.5% KOH until background staining was eliminated
(0–3 hr), and then equilibrated into glycerol as above.

Mounting and Microscopy

For confocal microscopy, whole embryos or larvae were first dis-
sected with 1.5 mm insect pins to remove the yolk and heart, and
to cut off the lower trunk and tail just posterior to the pectoral
fins to facilitate positioning of the head. Heads were then placed
ventral side up on a microscope slide in a very small drop of glyc-
erol (�5–10 ml) and a 9-mm coverslip with modeling clay feet at
each corner was placed on top. The coverslip was then pressed
down slightly with fine forceps and moved from side to side if
necessary to immobilize the head and position the tooth-forming
region just beneath the coverslip in a level orientation.

Images were captured with a Zeiss 510 Meta laser scanning
confocal microscope using a Plan-Neofluar 403 1.3 n.a. oil
objective. All images presented were cropped to 225 3 225 mm or
75 3 75 mm, and represent either the entire posterior pharyngeal
region or a closeup of the tooth-forming region on one side of
the midline. 3D stacks for cell counts were taken at optimum z
resolution as determined by the Zeiss software, typically �0.5
mm. Brightness/contrast levels and color lookup tables were
adjusted independently for each channel but evenly across the
images with Fiji/ImageJ (Schindelin et al., 2012). Colors are

presented in 2- and 3-color experiment figures as green (primary
stain) and magenta (nuclear stain or second antibody) with
double-label appearing white, as recommended to aid in visual-
ization for color-blind readers (Wong, 2011). Four-color panels
are presented with colors matching the fluorophores as accurately
as possible, with the exception of the nonvisible, far-red, 633 nm
emission for laminin staining being represented as yellow.

Cyclopamine Treatment, Cell Counts, and Tooth
Measurements

Embryos were dechorionated and placed into 12-well plates in
1 ml of embryo medium just before chemical treatment. Cyclop-
amine (CyA) dissolved in EtOH, or EtOH alone as a control, was
added to the medium to a final concentration of 50 mM CyA and/
or 0.2% EtOH. Surrounding wells were filled with water to greatly
reduce or eliminate evaporation. Treatment and control wells
were made in randomized locations within the plates between
experiments to control for possible position effects.

Dental papilla cells were quantified from confocal stacks, and
tooth germ cell nuclei were counted from several different slice
orientations using Volocity software (PerkinElmer). Cells of the
dental papilla at 72 hpf in all treatments were found to have faint
dlx2b:GFP expression which aided in their identification. This
was especially helpful at the base of the dental papilla, where
dlx2b:GFP-positive cells often bulged out slightly away from the
dental epithelium and took on a flattened and slightly curved
nuclear morphology that would have been difficult to distinguish
as part of the dental papilla without the transgene marker.

To measure mineralized tooth morphology, confocal stacks
were viewed with the Fiji/ImageJ 3D Viewer (Schmid et al., 2010;
Schindelin et al., 2012). Landmarks were assigned with the points
tool while freely rotating the 3D image, coordinates were
recorded, and measurements were calculated separately by
spreadsheet. Saved points files were later reloaded into the 3D
images and the position of all landmarks double-checked.

Computation

Statistics and graphs were done with the assistance of Prism 6
(GraphPad Software, Inc.) and with spreadsheets from the Hand-
book of Biological Statistics (McDonald, 2009). Comparison of
means were with unpaired, two-tailed Student’s t-tests. Sche-
matic diagrams were composed in iDraw (Indeeo Inc.), and figures
were assembled with Keynote (Apple Inc.) and Pixelmator (Pixel-
mator Team Ltd.).
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