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ABSTRACT

Alcohol consumption during pregnancy can negatively affect
fetal development. Prenatal alcohol exposure (PAE) has
been associated with various birth defects and has shared
numerous dental deficits with individuals with Fetal Alcohol
Spectrum Disorder (FASD), such as Decayed, Missing, and
Filled Teeth (DMFT), malocclusion, caries, speech impairment,
and enamel defects. While distinct developmental defects
have been established, less is known about the mechanisms
leading to such phenotypes in tooth development. A possible
explanation could be that Alcohol interacts with signaling
pathways in tooth development; thus, using zebrafish (Danio
rerio), we aimed to investigate the histological arrangement
and cellular changes in dental defects caused by the Alcohol
and Wnt signaling pathway interaction. We treated zebrafish
embryos with 1% Alcohol, 2mM LiCl (Wnt activator), 10nM
WNT-C59 (Wnt inhibitor), and a combination of Alcohol

and Wnt modulators. Whole mount staining and histological
analysis across experimental groups revealed differential
tooth/tooth germ numbers, sizes, shapes, mineralization
pattern, as well as Wnt10a and Wnt10b expression levels.
Interestingly, combined treatments of Alcohol with LiCl
showed similarities to Alcohol alone, whereas Alcohol with
WNT-C59 acted synergistically to disrupt tooth development.

Keywords : Zebrafish; teeth; Fetal alcohol spectrum disorder;
alcohol; Wnt signaling pathway.

INTRODUCTION

Addictive substances are known to cause developmental
defects when exposed to the fetus in utero’. Ethanol (Alcohol)
is a widely used psychoactive substance whose societal
prevalence can be attributed to its ease of production, cultural
and social acceptance as a beverage, and traditional use*
4 It is also a potent teratogen in fetal development. Alcohol
consumptionduringpregnancycanexposethedevelopingfetus
to the teratogen and cause significant harm to the developing
fetus®. Various fetal birth defects have been observed from
prenatal alcohol exposure (PAE). The first observations were
made in 1968 by Lemoine et al. who identified a set of birth
defects in 127 children exposed prenatally to Alcohol®. In 1973,
Jones and Smith coined the term Fetal Alcohol Syndrome
(FAS) to describe the constellation of birth defects resulting
from PAE, including growth impairments, developmental
delays, craniofacial dysmorphology, central nervous system
abnormalities, heart, limb, and kidney anomalies’®. Since
then, a broad range of morphological and organ deformities
as well as cognitive deficits have been added to the list of
birth defects linked to PAE. Specifically, individuals with Fetal
Alcohol Spectrum Disorder (FASD) have presented with various
oral abnormalities and dental deficits, with a high prevalence
of Decayed, Missing, and Filled Teeth (DMFT), malocclusion,
caries, speech impairment, and enamel defects®.

Tooth development takes place via specific and complex
interactionsbetweenthefirstbranchialarch’ssurfaceectoderm
and its underlying neural crest-derived mesenchyme’®.
Ectodermal cells differentiate into ameloblasts, the enamel-
secreting cells; while odontoblasts lining the tooth pulp arise

fromthe mesenchyme andareinvolvedin dentin formation' 2.
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Primary regulatory mechanisms involving communication
between the epithelium and the mesenchyme are key events
for epithelial placode formation and budding, mesenchyme
condensation, epithelium folding and growth, all of which
guide tooth morphogenesis''. Such regulatory mechanisms
involve the secretion of signaling molecules and growth
factors, namely the transforming growth factor beta (TGF(),
bone morphogenetic protein (BMP), fibroblast growth factor
(FGF), hedgehog, and Wnt families'>. The Wnt gene family in
particular is crucial for cell development and differentiation™.
Secreted as ligands, the Wnt proteins activate downstream
receptor-mediated pathways that play a key role in the
development of ectodermal appendages, such as teethe,
The canonical Wnt signaling pathway acts at multiple stages of
tooth development and morphogenesis'. Experiments with
a Wnt antagonist and agonist have shown that inhibition of
the Wnt pathway has been associated with tooth anomalies,
such as oligodontia, tooth agenesis, and crown and root
dysmorphologies'%; whereas constitutive activation of this
pathway causes large, mishappen tooth buds and ectopic
teeth'®. Many Wnt genes are widely expressed in the oral and
dental epithelia, as well as in developing teeth'. These genes
include Wnt4, Wnt5a, Wnt6, Wnt10a, Wnt10b, to name a few?°.
In particular, mutations in Wnt10a are linked to impaired
tooth development, such as hypodontia, taurodontism, and
ectodermal dysplasia syndromes'”2'. Furthermore, changes
in its gene expression affect other tooth development genes,
suggesting that Wnt10a may have direct and indirect effects
on tooth development’s.

While tooth development is under genetic control, it is
also subject to environmental factors. There is evidence of
Alcohol affecting various stages of tooth development by
interacting with ectodermal and mesodermal cells that give
rise to dentofacial structures??. For example, animal studies
have demonstrated that the presence of Alcohol can lead to
alterations in the basal layer of the tooth germ epithelium/
inner enamel epithelium, decrease calcification of the dentin
matrix, and slow down cell differentiation in the tooth germ
as well as eruption®?25, Moreover, human studies on PAE
have revealed dental alterations, malocclusions, agenesis,
and twisted teeth?. More studies are required to assess
the prevalence and significance of dental caries and enamel
structural anomalies in this population®?. In addition to its
effects on odontogenic cells, Alcohol has also been shown to
disrupt cell signaling, which may lead to cleft lip with or without
cleft palate or cleft palate only?*2%. One mechanism through
which Alcohol disrupts signaling pathways is by suppressing
the Wnt signaling pathway, and indeed Alcohol interacts with
the gene expression of Wnt10a by reducing its expression in
the craniofacial region and around the pharyngeal cavity?.

While various craniofacial defects have been associated with
PAE, and Alcohol can negatively affect tooth development as
seen in FASD, the mechanism through which these processes
occur is still largely unknown’°22, Due to the complexities
and limitations of PAE in human research, we have turned to
the use of zebrafish as animal models3%32, Zebrafish (Danio
rerio) has emerged as a popular and viable model organism
in biological research, offering reproducible experiments with
genetic and environmental control®34, Its advantages include
rapid development, external fertilization, easy maintenance,
and evolutionarily conserved Alcohol metabolizing genes®>37.
Zebrafish share genetic and physiological similarities
with humans, with 70% of functional genes related to
human diseases®%. Despite differences in morphology
and histology from mammals, the transparency and rapid
development of zebrafish embryos facilitate observation
and experimentation?. Thus, zebrafish can model human
development and allow researchers to study the teratogenic
effects of Alcohol®”. Our lab has previously published the
effect of Alcohol on zebrafish tooth development*. Key
findings demonstrated that embryonic Alcohol exposure
caused abnormal tooth formation, defects
cartilage development and differentiation, and disruptions
in the patterning of melanocytes, suggesting the possible
teratogenic effects of Alcohol on neural crest cell-derived
structures*. However, the mechanisms leading to such
phenotypic changes require further investigation as they
may result from Alcohol-induced changes, Alcohol and gene
interactions, or activation or inhibition of complex metabolic
mechanisms in cells*'. In this study, we aim to investigate the
Alcohol and Wnt signaling pathway interaction in zebrafish
tooth development at the histological level.

in palatal

MATERIALS/METHODS

Zebrafish Rearing and Breeding

Wild-type zebrafish (WT-AB) were maintained in the water
parameter regulated by the Tecniplast rack system at the
Bannatyne campus, University of Manitoba, and the zebrafish
breeding colony was originally purchased from The Hospital
for Sick Children (SickKids), University of Toronto. The fish
colonies were maintained according to the established
institutional guidelines. Adult zebrafish were fed a diet of
Gemma 300-supplemented live shrimp and maintained on a
14/10 day/night cycle. Embryos were obtained from natural
spawning. The eggs were transferred into a clean Petri dish
containing embryo media and raised in an incubator at
28.5°C for five days. At 5 days post fertilization (dpf), they
were transferred into the larval-rearing nursery tanks of the
rack system.
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Alcohol and Wnt pathway modulators Treatment and
Embryo Fixation

For this study, samples were treated with five different
chemicals, including 1% Alcohol (Cat. No. HC13001GL, Fisher
Scientific, USA), 2 mM Lithium chloride (LiCl, Cat. No. 866405-
64-3, TCl, USA), 10 nM WNT-C59 (Cat. No. 500496, Sigma
Aldrich, USA), and a combined treatment of 1% Alcohol with 2
mM LiCl and 1% Alcohol with 10 nM WNT-C59 at the age of 10
hours post fertilization (hpf). The concentrations used were
previously determined to be effective in fish research*“,
After 12 hr.,, the treatments were terminated, and the
embryos were washed several times in fish raring water and
raised according to the standard operating procedures. At
differenttime points, embryos were euthanised by 1% tricaine
methanesulphonate (MS222) (Cat. No. 118000500; Acros
Organics, USA) and fixed overnight in 4% paraformaldehyde
(PFA), then stored in phosphate-buffered saline (PBS) for
analysis.

Whole-Mount Double Staining

Acid-free double cartilage and bone staining was performed
for tooth analysis. Standard protocol for Alcian blue and
Alizarin red staining was used for the experiment. All
specimens were processed through an ascending series
of glycerol in 1% KOH and then transferred to the storage
solution (100% glycerol)*.

Electron Microscopy (EM)

6 dpf zebrafish were treated with 1% Alcohol, 2mM LiCl,
10nM WNT-C59, and 1% Alcohol combined with 2mM LiCl or
10nM WNT-C59. Fixed fishes were placed in the fixative of
3% Glutaralde in 0.1M Sorensen’s buffer. The samples were
prepared and sectioned, for toluidine blue and TEM sections.
Images of the morphology, degree of enameloid and dentin
mineralization, and pulp cells of the functional tooth and
tooth germs were assessed.

Wnt10a Immunofluorescence Protocol for Whole-Mount
Staining of 10dpf Zebrafish

The above treated 10 dpf zebrafish were processed for
whole mount immunofluorescence staining with Wnt10a
antibodies according to standard protocol with the following
modifications. The PBS was replaced with PBS-Tween (0.1
Tween 20) and stored in 4°C overnight. The samples were
rinsed with distilled water for less than Tmin. and stored in
acetonein-20°C for 20mins to be fixed. They were rinsed again
with distilled water for Tmin. Samples were transferred into
1% DMSO/1% TritonX in PBS (PBSDT) in room temperature
(RT) overnight to be perforated, allowing the infiltration of
antibodies later on. PBSDT was replaced with 5% Normal Goat
Serum in PBSDT blocking solution for 1h. Tubes with positive
control, Alcohol, LiCl, WNT-C59, Alcohol + LiCl, and Alcohol +

WNT-C59 were incubated with primary Wnt10a antibodies
(1:1000 dilution in PBSDT), and negative control was kept in
PBSDT. All samples were stored in 4°C for 5 days. They were
then washed 8 times (approximately 15mins) with PBSDT and
incubated with secondary Alexa488 antibodies (1:800 dilution
in PBSDT) for 3 days in 4°C on a shaker. Over labelled samples
were washed with PBS-Tween for an additional 15mins.
Samples were stored in 35% glycerol in PBS-Tween in 4°C.

All immunostained 10 dpf zebrafish samples were dissected
with fine glass/tungsten needles to expose the pharyngeal
tooth bearing regions. They were then observed in PBS-
Tween on a fluorescence microscope with the ZEN Microscopy
Software.

Whole-Mount In Situ Hybridisation (WMISH)

Probes were prepared according to the manufacturer's
instructions (DIG RNA Labeling kit, SP6/T7, Cat. No.
11175025910; Roche). The probe strength was detected using
the dot blot techniques according to the standard procedure
4. WMISH was performed on 48 hpf wild-type zebrafish
embryos®. After incubating in Hyb (-) solution, samples were
exposed overnight to Wnt70a and Wnt10b probes in Hyb
(+) solution at 70 °C. Colourimetric detection of RNA was
achieved using NBT/BCIP staining, and images were captured
using a stereomicroscope in a 50% Alcohol and 50% glycerol
solution (Zeiss Discovery V8).

Tooth measurements

The above Alcohol and Wnt modulator treated 15, 20, 25,
and 30 dpf zebrafish were dissected using a Nikon-SMZ 10A
dissecting microscope to expose the lower pharyngeal jaw.
The tooth number counts and measurements were carried
out according to the established protocols.

Statistical Analysis

The data were subjected to the independent-samples t-test,
one-way analysis of variance (ANOVA), Tukey's pair-wise
comparison, and chi-square analysis using SPSS Statistics
version 21 (IBM Corp., USA). A P-value < 0.05 was considered
statistically significant.

RESULTS

Differences of Tooth Mineralization between Control and
Chemical Treatment Samples in 15, 20, 25 and 30 dpf

The acid-free double-stained tooth-bearing pharyngeal jaws
of zebrafish and stereomicroscope observation of color
intensity was performed to study the effect of different
chemicals on tooth mineralization (Fig. 1). The Alcohol-treated
samples showed a reduction in the intensity of alizarin red
staining at 15 and 20 dpf compared to control (Fig. 1 E, F),
while it was the same at 25 and 30 dpf (Fig. 1 G, H). The

www.directivepublications.org


https://www.directivepublications.org/

Research Article

The Journal of Anatomy (ISSN 2995-6552)

reduction in color intensity indicates teeth were not fully mineralized until 25 dpf. More intensity reduction was observed in
LiCl-treated (Fig. 1 1, J) and Alcohol + LiCl-treated samples (Fig. 1 M, N) compared to control at 15 and 20 dpf. These results
showed that tooth mineralization was not complete until 25 dpf in these two treatment groups. In WNT-C59-treated samples,
the color intensity reduction was observed at 15, 20, and 25 dpf (Fig. 1 Q, R, S), and tooth mineralization started to complete at
30 dpf (Fig. 1 T) compared to control. In the Alcohol + WNT-C59 treatment, alizarin red was scarce and limited to the tip of the
teeth at 15 and 20 dpf (Fig. 1 U, V). At 25 dpf, tooth mineralization was observed in most of the teeth but was not completed
at 30 dpf (Fig. T W, X).

Figure 1

15 dpf | -

20 dpf

25 dpf

30 dpf

Figure 1: Acid-free double-stained tooth-bearing pharyngeal bones of zebrafish at 15, 20, 25, and 30 dpf. (A-D) Control samples that show
tooth-bearing lower pharyngeal bones with six teeth in each bone. These teeth are unicuspid and directly attached to the underlying bone.
The teeth are fully mineralized at this stage. (E-H) Samples exposed to 1% Alcohol, (I-L) 2mM LiCl, (M-P) 1% Alcohol + 2mM LiCl, (Q-T) 10nM
WNT-C59, and (U-X) 1% Alcohol + 10nM WNT-C59 at 10 hpf show malformed and hypo-mineralized teeth. Scale bar: 20 pm.

Analysis of Tooth Number between Control and Chemical Treatment Samples in 15, 20, 25, and 30 dpf Zebrafish

By counting the attached teeth in the acid-free double-stained sections of the pharyngeal jaw at each time points, we found
that Alcohol-treated samples had significantly less teeth than the control at 15 dpf (Fig. 2). Interestingly, while hypodontia
was observed at 15 dpf in Alcohol-treated samples, tooth numbers at 20, 25, and 30 dpf (Fig. 2) were similar to the control.
An increase in tooth number was observed in the LiCl treatment group at 25 dpf, while this parameter was significantly less
than the control at 15 and 20 dpf (Fig. 2). This finding revealed that LiCl may regulate the tooth number. The Alcohol + LiCl
treatment group showed a significant decrease in tooth number compared to the control at 30 dpf but not at 15, 20 and 25 dpf
(Fig. 2). Notably, the WNT-C59 treatment decreased the tooth number significantly at 25 and 30 dpf (Fig. 2), while the Alcohol
+ WNT-C59 samples had decreased tooth numbers at all time points compared to the control, making it the most severely
affected (Fig. 2).
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Figure 2 : Comparing tooth number between the control and different chemically treated samples at 15, 20, 25, and 30 dpf. Asterisks show
P<0.05.

Analysis of Toluidine Blue Staining-Functional Teeth

Erupted functional teeth are directly attached to 5" ceratobranchial arch in zebrafish. The hard tissues and pulp of the different
experimental groups can be visualized by toluidine blue stain, which has a high affinity for acidic tissue components as well
as glycosaminoglycans in mineralized tissues*. Compared to the control (Fig. 3 A), all treatment groups presented a larger
pulp with increased vacuoles. Significant changes in the tooth size, shape, and stain intensity of hard tissues can be seen
across each group. Alcohol-treated samples showed lighter staining of cusp tips (Fig. 3 B). In the LiCl group (Fig. 3 C), the stain
intensity in the functional tooth was comparable to the control, though a wider and longer pulp with increased vacuoles as
well as a change in tooth shape can be appreciated. When LiCl was combined with Alcohol (Fig. 3 D), however, the functional
tooth became larger while maintaining a similar shape as the control. The staining in WNT-C59 samples (Fig. 3 E) was less
intense at the cusp tip. When WNT-C59 was combined with Alcohol (Fig. 3 F), the tooth shape was significantly changed and
blunted. Furthermore, the stain intensity in hard tissues was decreased. In all the chemically treated groups, mineralization
was disrupted, resulting in either a thin collar enameloid or an overall less intense staining in hard tissues. More notably, the
attachment to bone was interrupted in some cases (Fig. 3B, C, D, F).
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Figure 3

Figure 3: Toluidine blue cross sections of functional tooth (bracketed) and tooth germs (circled) of zebrafish at 6 dpf. (A) Control sample with
minimal spaces in the pulp and high intensity staining in hard tissues. Samples exposed to (B) 1% Alcohol, (C) 2mM LiCl, (D) 1% Alcohol + 2mM
LiCl (E) 10nM WNT-C59, (F) 1% Alcohol + 10nM WNT-C59 show altered pulp density, tooth size and shape, and stain intensity in hard tissues.
pb: pharyngeal bone, p: pulp, d: dentin, e: enameloid, asterisk marks interrupted tooth attachment to bone, arrowhead marks vacuoles/matrix

vesicles in pulp. Scale bar: 1000nm. A-F images were enlarged for clarity.

Analysis of Toluidine Blue Staining and EM Images-Developing Tooth Germs

Cross sections of the pharyngeal region in 6 dpf zebrafish further allowed us to visualize the developing tooth germs.
Additional analysis of tooth germs under EM permitted us to observe the hard tissue mineralization pattern and layers. The
tooth germs in untreated fish samples showed a double layer epithelial cells surrounding the dental papilla (Fig. 4 A). At
higher magnification revealed a high-density mineralization front with an intense mineralized outer enameloid (Fig. 4 C). The
Alcohol-treated samples had a similar likeness under the light microscope, though the tooth germ sizes were decreased while
the dental papilla sizes were increased. Furthermore, the tooth germs were more numbered compared to the control (Fig. 4
B). EM images showed differences including a thicker predentin and a thicker mineralization front of moderate density (Fig.
4 D). A notable feature of LiCl-treated samples was an increased proliferation and disorganization of epithelial cells along
with increased number of tooth germs of comparable size to the control (Fig. 4 E). This disorganized pattern was also seen
in the thicker mineralization front (Fig. 4 G). The mineralization in the periphery was significantly denser, while the predentin
in the innermost layer was relatively thinner. Similarly, Alcohol + LiCl samples showed increased epithelial proliferation and
tooth germ numbers but of smaller size compared to control (Fig. 4 F), having a similar likeness to Alcohol-treated samples.
This attribute was consistent in the EM sections with a slightly lower density mineralization front (Fig. 4 H). The tooth germs
in WNT-C59-treated samples were scattered, smaller, and more numerous (Fig. 4 I). A closer look revealed a dense enameloid
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periphery and a large mineralization front of very low density (Fig. 4 K). Consistently showing the most significant changes,
the combined Alcohol and WNT-C59 treatment led to considerably smaller tooth germs with a single layer epithelial cells
surrounding the dental papilla. Epithelial proliferation was also disrupted, leading to more scattered cells, which may appear
to increase tooth germ numbers (Fig. 4 J). Furthermore, its innermost layer of predentin around the pulp was the thinnest
among all groups. Within the low-density mineralization front, an irregular mineralization pattern with few protein particles
and a lower density enameloid periphery can be observed (Fig. 4 L).

Figure 4

Figure 4: Toluidine blue and EM cross sections of tooth germs (circled) of zebrafish at 6 dpf. (A, C) Control sample with double layer epithelial
cells surrounding dental papilla and a high-density mineralization front with a highly mineralized outer enameloid. Samples exposed to (B, D)
1% Alcohol, (E, G) 2mM LiCl, (F, H) 1% Alcohol + 2mM LiCl, (I, K) T0nM WNT-C59, (J, L) 1% Alcohol + 10nM WNT-C59 show altered epithelial cell
organization, tooth germ size and numbers, as well as mineralization pattern and density in hard tissues. dp: dental papilla, e: enameloid, p:
pulp, pd: predentin, arrow marks hard tissues, bracket marks mineralization front. Scale bar: 1000nm (toluidine blue), 6 Om (EM). A-L images
were enlarged for clarity.

WMISH

We utilised WMISH to evaluate the impact of different treatments on the expression of the Wnt70a and Wnt10b genes in
zebrafish larvae. We observed Wnt70a and Wnt10b expression, denoted by purple colouration, in the developing craniofacial
region and pharyngeal cavity of 48 hpf larvae (Fig. 5). The negative control sample, without the Wnt70a and Wnt10b probes,
showed no such colouration (Fig. 5 A). Specifically, the LiCl-treated sample demonstrated increased expression (Fig. 5 F, G),
while the other treatments led to a reduction, underlining the influence of the treatments on Wnt signaling genes in the
context of tooth development (Fig. 5B, C, D, E, H, |, J, K, L, M).
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Figure 5
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Figure 5: Whole-Mount in situ Hybridization of 48 hpf zebrafish for Wnt10a and Wnt10b probe detection around the pharyngeal cavity and
developing craniofacial regions. (B, D, F, H, J, L) Samples of Wnt10a probe. (C, E, G, |, K, M) Samples of Wnt10b probe. (A) Negative control, (B,
C) positive control, (D, E) 1% Alcohol, (F, G) 2mM LiCl, (H, ) 10nM WNT-C59, (], K) 1% Alcohol + 2mM LiCl, (L, M) 1% Alcohol + 10nM WNT-C59. e:
eye, pr: pharyngeal region, fm: future mouth, y: yolk sac. Scale bars: 50 um.

Analysis of Wnt10a Immunofluorescence in Dissected 10 dpf Zebrafish

Using Alexa488 antibodies against Wnt10a and exposing the zebrafish pharyngeal region, we could visualize the expression
of this gene via immunofluorescence in the tooth-bearing areas. All treatment groups excluding the negative control, which
provided baseline fluorescence (Fig. 6 A), were incubated with Wnt10a antibodies and showed varying degrees of fluorescence
intensity. The positive control showed fluorescent tooth-bearing regions and pharyngeal bones (Fig. 6 B), in which other
Wnt genes have been reported to be expressed (https://www.sciencedirect.com/science/article/pii/S0925477310000833).
This fluorescence was strongly increased in the LiCl-treated sample, revealing the most intense fluorescence level out of all
the treatment groups (Fig. 6 D). Contrarily, the remaining treatment groups demonstrated either a reduced or comparable
fluorescence intensity as the negative control (Fig. 6 C, E, F, G).
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Figure 6

Figure 6: Whole-Mount Immunohistochemistry of 10 dpf zebrafish in the pharyngeal tooth-bearing regions. (A) Negative control, (B) positive
control, (C) 1% Alcohol, (D) 2mM LiCl, (E) 1% Alcohol + 2mM LiCl, (F) 10nM WNT-C59, (G) 1% Alcohol + 10nM WNT-C59. Arrowheads indicate
pharyngeal bone with teeth. Scale bar: 50 ym.

DISCUSSION

PAE has detrimental effects onvarious organs and body systems, including teeth'>4'. While mechanisms leading to presentations
of various tooth anomalies are not known, it has been hypothesized that Alcohol may act directly or indirectly on cells by
interacting with cell signaling pathways important in tooth development*'. In this study, we utilized zebrafish treated with
Alcohol, LiCl (Wnt activator), and WNT-C59 (Wnt inhibitor), as well as combinations of Alcohol with the Wnt modulators to
investigate the mechanisms by which Alcohol interacts with the Wnt signaling pathway to impart the tooth defects seen in
individuals with PAE.

Whole mount staining of Alcohol groups revealed a reduced stain intensity of alizarin red (Fig. 1 E-H) and toluidine blue (Fig.
3 B). This indicates a reduced production of calcium and glycosaminoglycans, to which alizarin red and toluidine blue bind to,
respectively*®4®. Furthermore, our results showed a lower density mineralization front in developing tooth germs (Fig. 4 D) and
a delayed point of complete mineralization at 25 dpf (Fig. 1 E-H). Contrarily, untreated zebrafish samples begin mineralization
in their first pair of teeth at 82 hpf and attain full mineralization at 4-6 dpf*-'. Notably, these observations are consistent with
the existing literature documenting the negative impact of in vivo PAE on the secretory function of ameloblasts and dentin
matrix formation®?2. Therefore, we can infer that Alcohol has an inhibitory effect on tooth mineralization, thereby delaying
and decreasing the overall degree of mineralization in functional teeth. Consequently, this may disrupt their attachment to the
pharyngeal bone (Fig. 3 B, C, D, F), which correlates with early tooth exfoliation*'. This inhibitory effect further extends to the
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sizes of tooth germs and functional teeth. Our previous study
reported Alcohol-treated samples showing straight tooth
cusps with a decreased tooth height and width*'. Similarly,
the tooth numbers at 15 dpf were also reduced (Fig. 2). A
return of tooth numbers to normal levels at subsequent time
points (Fig. 2) supports the hypothesis that adverse effects of
Alcohol are especially significant in first-generation teeth and
gradually decrease through successive tooth replacement
cycles*32,

The Wnt signaling pathway is of particular importance in
the early tooth development process, and mutations of
this pathway result in various tooth anomalies'”'. Indeed,
experimentation with WNT-C59, showed a greater inhibitory
effect than Alcohol alone. We report an increased reduction
(Fig. 3 E) and delay in functional tooth mineralization, only
beginning to attain complete mineralization at 30 dpf (Fig.
1 Q-T). Further supporting this finding, the developing
tooth germ displayed a thick mineralization front of very
low density (Fig. 4 K). Therefore, WNT-C59 may suppress
ameloblast secretion as well. Interestingly, the histological
results of all chemically treated groups revealing enlarged
pulps (Fig. 3) may provide insight into our previous finding of
reduced cusp length to tooth length ratio in WNT-C59-treated
samples. Finally, the noticeable hypodontia at 25 dpf and 30
dpf (Fig. 2) as well as a study on the chronological difference
in tooth length and width indicate that the inhibitory role
of WNT-C59 becomes more pronounced with successive
tooth replacement cycles. Our experimentation with LiCl
revealed an overall increase in cellular activity and Wnt gene
expression (Fig. 5 F, G, Fig. 6 D). Continuous activation of the
Wnt signaling pathway led to a disordered proliferation of
epithelial cells (Fig. 4 E). This correlates with an observation
by Handrigan et al. who stated that the dental epithelial cell
proliferation may be promoted by canonical Wnt signaling,
thus enabling tooth replacement in snakes®3. Furthermore,
a gradual increase in tooth number to hyperdontia at 25dpf
in LiCl-treated samples (Fig. 2) is consistent with a study that
observed an eruption delay in multiple teeth after treating
cichlid embryos with LiCI**. Interestingly, while LiCl functional
teeth also showed enlarged pulps (Fig. 3 C), the cusp length to
tooth length ratio was increased instead. This indicates that
the increase in tooth length was in fact the result of increase
in cusp length. Indeed, EM analysis of LiCl-treated tooth germs
revealed a haphazard high-density mineralization front and
a significantly denser enameloid periphery (Fig. 4 G). Thus,
we can infer that LiCl acts as an activator by stimulating the
epithelial and odontoblast-like dental hard tissue secreting
cells and augmenting enameloid secretion. Previous studies
found the role of Wnt signaling in controlling dentin thickness,
and Wnt10b specifically regulating odontoblast differentiation
and expression of noncollagenous dentin proteins>>*’.

Our results from the combined treatments of Alcohol

and Wnt modulators conclude that there is an interaction
between Alcohol and the Wnt signaling pathway in PAE tooth
development. With the inhibitory effect of Alcohol and the
activating effect of LiCl, one would expect the combined
treatment to present an average of the two. However, these
samples displayed a resemblance to the Alcohol-treated
zebrafish. An explanation for this manifestation could be
that Alcohol increases Tyr phosphorylation of GSK3b, which
promotes the degradation of B-catenin, a key downstream
Wnt signaling pathway protein®®. Another study showed that
chronic high-dose Alcohol exposure inhibits Wnt signaling>.
In fact, the Wnt10a and Wnt10b expression levels were
significantly reduced (Fig. 5 J, K, Fig. 6 E). Similarly, Alcohol +
LiCl tooth germs revealed a shared likeness with the Alcohol
group (Fig. 4 B, F) but with a lower density mineralization
front (Fig. 4 H), leading to an increased disruption of tooth
mineralization (Fig. 1 M-P). The functional tooth number
and cusp shape were found to be affected in later tooth
replacement cycles in Alcohol + LiCl samples compared to the
early presentation in Alcohol-treated samples (Fig. 2), which
explains the relatively larger, yet normally shaped teeth (Fig.
3 D). It is contradicting, however, that the tooth length and
width have previously been observed to be increasingly less
than the control at all time points.

These parameters were observed to be consistently
decreased in Alcohol + WNT-C59 treatment groups. Contrary
to the dominant effect of Alcohol in Alcohol + LiCl samples,
Alcohol combined with WNT-C59 appears to produce a
synergistic inhibitory effect on zebrafish teeth and developing
tooth germs, causing more developmental defects than
their individual parts. We observed severe hypodontia
and hypomineralization at all time points (Fig. 2, Fig 1 U-X).
Histologically, an irregular epithelial organization (Fig. 4 J)
and mineralization pattern (Fig. 4 L) can be seen. EM analysis
revealed not only a consistently thin predentin around
the pulp, but also a low-density mineralization front with a
hypomineralized enameloid (Fig. 4 L), further indicating that
the ameloblast secretion is suppressed. This may provide
insightinto the possibility that the inhibition resulting from the
Alcohol and Wnt signaling pathway interaction affects both
dentin and enameloid formation. In fact, a study stated that
Wnt10b was mainly detected in the inner dental epithelium
at the late bell stage®. Furthermore, upon histological
examination of the morphology, functional teeth presented
with distorted cusps and pulps (Fig. 3 F) as well as reduced
cusp length to tooth length ratios. Indeed, misshapen teeth
have been observed as one of the adverse effects of PAE®".
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CONCLUSION

Fromourresearch findings and correlating them with previous
studies, we can conclude that Alcohol interacts with the Wnt
signaling pathway to develop the dental anomalies as seen
in PAE. Interestingly, Alcohol has a strong inhibitory role that
can neutralize the activating effects of LiCl, and Alcohol and
WNT-C59 act together to synergistically disrupt development.
Our EM analyses were limited by low magnification; thus,
future assessment at a higher magnification would allow
for better visualization of odontogenic processes and the
collagen matrix, accounting for the temporal and spatial
process of tooth development and its gene expression.

Key findings

1. Tooth development,
mineralization pattern, was stimulated by Wnt agonist
LiCl and inhibited by Alcohol, Wnt antagonist WNT-C59,
and combined treatments.

2. Alcohol and Wnt modulators significantly altered the
shapes and sizes of functional teeth and developing
tooth germs.

3. Alcohol neutralized the activating effects of LiCl on Wnt
expression and synergistically enhanced the inhibitory
effects of WNT-C59 on Wnt expression.

Author contributions

such as tooth number and

DA planned the study, assisted with interpreting the results,
and revised and finalized the manuscript. PA conducted the
chemical treatment and analysis the bone stained and insitu
hybridization data. SC conducted the histological analysis,
EM and immunofluorescence  drafted and revised the
manuscript.

Acknowledgements

This study was partially funded by the Natural Sciences and
Engineering Research Council, Canada (NSERC) in the form
of a NSERC Discovery grant RGPIN 05364-2019 to DA. SC
was supported by the BSc dent program at the Dr. Gerald
Niznick College of Dentistry. We acknowledge the University
of Manitoba for supporting the Atukorale lab.

Conflicting interest

The authors have no conflicting interests.

REFERENCES

1. Meyyazhagan A, Kuchi Bhotla H, Tsibizova V, et al.
Nutrition paves the way to environmental toxicants
and influences fetal development during pregnancy.
Best Pract Res Clin Obstet Gynaecol 2023;89(102351,
doi:10.1016/j.bpobgyn.2023.102351

2. Ornoy A, Ergaz Z. Alcohol abuse in pregnant women:
effects on the fetus and newborn, mode of action and

10.

11.

13.

www.directivepublications.org

. Chapter 8 -

maternal treatment. Int ] Environ Res Public Health
2010;7(2):364-79, doi:10.3390/ijerph7020364

Dangardt F, Chikritzhs T. Is foetal alcohol syndrome in
children as old as alcohol consumption? Acta Paediatr
2020;109(10):1926-1927, doi:10.1111/apa.15416

Gupta KK, Gupta VK, Shirasaka T. An Update on Fetal
Alcohol Syndrome-Pathogenesis, Risks, and Treatment.
Alcohol Clin Exp Res 2016;40(8):1594-602, doi:10.1111/
acer.13135

Silva P, Azimian Zavareh P, Atukorallaya D. Teleost Fish
as Model Animals to Understand Alcohol Teratology. In:
Fetal Alcohol Spectrum Disorder: Advances in Research
and Practice. (Chudley AE, Hicks GG. eds.) Springer US:
New York, NY; 2022; pp. 31-48.

Lemoine P, Harousseau H, Borteyru JP, et al. Children
of alcoholic parents--observed anomalies: discussion
of 127 cases. Ther Drug Monit 2003;25(2):132-6,
doi:10.1097/00007691-200304000-00002

Jones KL, Smith DW, Ulleland CN, et al. Pattern of
malformation in offspring of chronic alcoholic mothers.
Lancet 1973;1(7815):1267-71, doi:10.1016/s0140-
6736(73)91291-9

Da Silva K, Wood D. The oral health status and treatment
needs of children with fetal alcohol spectrum disorder.
Clin Oral Investig 2021;25(6):3497-3503, doi:10.1007/
s00784-020-03671-0

Blanck-Lubarsch M, Dirksen D, Feldmann R, et al. Tooth
Malformations, DMFT Index, Speech Impairment and
Oral Habits in Patients with Fetal Alcohol Syndrome. Int
J Environ Res Public Health 2019;16(22), doi:10.3390/
ijerph16224401

Chapter 3 - Embryology of the Head, Face, and Oral
Cavity. 2013;26-47, doi:https://doi.org/10.1016/B978-0-
323-07846-7.00003-3

Chapter 5 - Development of the Tooth and Its Supporting
Tissues. 2013;70-94, doi:https://doi.org/10.1016/B978-
0-323-07846-7.00005-7

Dentin-Pulp Complex. 2013;165-204,
doi:https://doi.org/10.1016/B978-0-323-07846-7.00008-
2

Thesleff I. The genetic basis of tooth development and


https://www.sciencedirect.com/science/article/pii/S1521693423000512?via=ihub
https://www.sciencedirect.com/science/article/pii/S1521693423000512?via=ihub
https://www.sciencedirect.com/science/article/pii/S1521693423000512?via=ihub
https://www.sciencedirect.com/science/article/pii/S1521693423000512?via=ihub
https://www.sciencedirect.com/science/article/pii/S1521693423000512?via=ihub
https://pmc.ncbi.nlm.nih.gov/articles/PMC2872283/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2872283/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2872283/
https://pmc.ncbi.nlm.nih.gov/articles/PMC2872283/
https://onlinelibrary.wiley.com/doi/10.1111/apa.15416
https://onlinelibrary.wiley.com/doi/10.1111/apa.15416
https://onlinelibrary.wiley.com/doi/10.1111/apa.15416
https://onlinelibrary.wiley.com/doi/10.1111/acer.13135
https://onlinelibrary.wiley.com/doi/10.1111/acer.13135
https://onlinelibrary.wiley.com/doi/10.1111/acer.13135
https://onlinelibrary.wiley.com/doi/10.1111/acer.13135
https://link.springer.com/protocol/10.1007/978-1-0716-2613-9_3
https://link.springer.com/protocol/10.1007/978-1-0716-2613-9_3
https://link.springer.com/protocol/10.1007/978-1-0716-2613-9_3
https://link.springer.com/protocol/10.1007/978-1-0716-2613-9_3
https://link.springer.com/protocol/10.1007/978-1-0716-2613-9_3
https://journals.lww.com/drug-monitoring/abstract/2003/04000/children_of_alcoholic_parents_observed_anomalies_.2.aspx
https://journals.lww.com/drug-monitoring/abstract/2003/04000/children_of_alcoholic_parents_observed_anomalies_.2.aspx
https://journals.lww.com/drug-monitoring/abstract/2003/04000/children_of_alcoholic_parents_observed_anomalies_.2.aspx
https://journals.lww.com/drug-monitoring/abstract/2003/04000/children_of_alcoholic_parents_observed_anomalies_.2.aspx
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(73)91291-9/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(73)91291-9/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(73)91291-9/fulltext
https://www.thelancet.com/journals/lancet/article/PIIS0140-6736(73)91291-9/fulltext
https://link.springer.com/article/10.1007/s00784-020-03671-0
https://link.springer.com/article/10.1007/s00784-020-03671-0
https://link.springer.com/article/10.1007/s00784-020-03671-0
https://link.springer.com/article/10.1007/s00784-020-03671-0
https://www.mdpi.com/1660-4601/16/22/4401
https://www.mdpi.com/1660-4601/16/22/4401
https://www.mdpi.com/1660-4601/16/22/4401
https://www.mdpi.com/1660-4601/16/22/4401
https://www.mdpi.com/1660-4601/16/22/4401
https://www.sciencedirect.com/science/article/abs/pii/B9780323078467000033?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/B9780323078467000033?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/B9780323078467000033?via=ihub
https://pdf.sciencedirectassets.com/270593/1-s2.0-S1879981723X00035/1-s2.0-S1879981723000372/am.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEDQaCXVzLWVhc3QtMSJGMEQCIAreMvM0PWG%2FU5tJdu55WnPrNy6A9K0PISnHvNIglYuAAiA%2Fp9LOUSoQ%2FhM3lg%2Bfn3M%2FnCcQAlt1OZurjBlyWMfD5Sq8BQic%2F%2F%2F%2F%2F%2F%2F%2F%2F%2F8BEAUaDDA1OTAwMzU0Njg2NSIMyiNVfuDILZLtck0rKpAFHI9qb2Bzic2qWVoPe4ROdZo517KIZyYdh6%2FlLTywzQXyztKnXFoGswJVhM8bo75oXXtowQgurkBVUpL5RzWnV6MGBCcwWmLChKzlIi56tdyc%2F2lsXKsXvERvILpa%2BqvladSKgSQDg0YXq97PSHM8TF4NP1bcEjAa23WBHIWHf6XjxOhTp1i0chZVs8wKVP4%2BKDbj5LBVP9t3qwCju7jaNU9f%2Fh60k%2FoZCt%2Bsh0WetyeqetV6O25M7sS3SaVjUPNXMM3oH4URZpM9EbZABkhiGyCXzM1YV5sFVSqwC2zKoNwBebP%2BrJRf%2FKaON7bqE2N%2B2uJfymaoy9Md%2FKztuuqUblbFnHbNKHzqNJ1anoUPLas47o8sH8omUvzlDFAUSAULZiEiWEW6j5BuqnqXQ8oLKCg9GDBwR8fp7Yg2ruusQcTxdn39yHd5qZq3IuS%2Fa5ca%2FDKKhYNFzLfY6FP%2FXbtDiIRHJ2IzjTlcWrFhJf1LNtep8OLeB0BQA%2Bg4dhsA5ghqfDviT3MGWt%2Bhy0YuaZ1uhGOO9t0RLReatX6KbLrLkoOAHc8zaNblTXK4zREPLeJMWW%2Bb3Nye71bdMQE6lr3WuCSaAWaToxm12sas36kLnoDHLOhHMvlb1FFpYPu5S8IFr0IreCuCamNwRDZ9isgmCv00qBSqkavmL%2BDt%2BTigwFavHM0CxHbipOPkd9tvdPhdGhqITUCToytrYa7pKyzlzpwGW02lMy8tOmhCGHAOME3O5Qf4uQlVa7640BlrgVZzDf1%2BQzfhKkoVzljDWce%2B7CU1KP%2Bk1P1cFQLN%2B3MvY0mmmkqx%2BdZWZOjUhBKQwxTva5Xri3ejgvCcPzFs427kltjloc3mGzmo6Zee7EKUZ0cwi7DcuAY6sgERpu7xgp2vOJR2IfED1YXMKLBD%2BhVPnfpMOLUdWiqlcd1Q31N%2FlTw%2BIfo0VaGYGO9I8gQRZ3Xa3EG0yOfzQd7lyFg%2FnhTB09oM2pzpkaiqFSo%2FgNya2FziEmzJu9FFalcW2UMn9D%2BkYGGPckncseyxFMIDEPShvvU4TrmIL4d4KLQ16P%2F9J27Yiu6muwLb7Uaz9SI8ITnggf5PyWTpnY965EvPonVpW1TJpiIs7rHMtAEI&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20241022T042227Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYT3L5RXXB%2F20241022%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=722660ae63022f2b8a4dff623d1f781aabca060b13704c4b65b27a003a5cbea0&hash=f453083fac3ae159a89c93bf4d9fa91b6d54cb207df50551b2e0ee156513651b&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S1879981723000372&tid=pdf-2d06732c-3ff5-45b0-98db-19c2faa12a36&sid=f43323be60d69942775938e10450958c42d1gxrqb&type=client
https://pdf.sciencedirectassets.com/270593/1-s2.0-S1879981723X00035/1-s2.0-S1879981723000372/am.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEDQaCXVzLWVhc3QtMSJGMEQCIAreMvM0PWG%2FU5tJdu55WnPrNy6A9K0PISnHvNIglYuAAiA%2Fp9LOUSoQ%2FhM3lg%2Bfn3M%2FnCcQAlt1OZurjBlyWMfD5Sq8BQic%2F%2F%2F%2F%2F%2F%2F%2F%2F%2F8BEAUaDDA1OTAwMzU0Njg2NSIMyiNVfuDILZLtck0rKpAFHI9qb2Bzic2qWVoPe4ROdZo517KIZyYdh6%2FlLTywzQXyztKnXFoGswJVhM8bo75oXXtowQgurkBVUpL5RzWnV6MGBCcwWmLChKzlIi56tdyc%2F2lsXKsXvERvILpa%2BqvladSKgSQDg0YXq97PSHM8TF4NP1bcEjAa23WBHIWHf6XjxOhTp1i0chZVs8wKVP4%2BKDbj5LBVP9t3qwCju7jaNU9f%2Fh60k%2FoZCt%2Bsh0WetyeqetV6O25M7sS3SaVjUPNXMM3oH4URZpM9EbZABkhiGyCXzM1YV5sFVSqwC2zKoNwBebP%2BrJRf%2FKaON7bqE2N%2B2uJfymaoy9Md%2FKztuuqUblbFnHbNKHzqNJ1anoUPLas47o8sH8omUvzlDFAUSAULZiEiWEW6j5BuqnqXQ8oLKCg9GDBwR8fp7Yg2ruusQcTxdn39yHd5qZq3IuS%2Fa5ca%2FDKKhYNFzLfY6FP%2FXbtDiIRHJ2IzjTlcWrFhJf1LNtep8OLeB0BQA%2Bg4dhsA5ghqfDviT3MGWt%2Bhy0YuaZ1uhGOO9t0RLReatX6KbLrLkoOAHc8zaNblTXK4zREPLeJMWW%2Bb3Nye71bdMQE6lr3WuCSaAWaToxm12sas36kLnoDHLOhHMvlb1FFpYPu5S8IFr0IreCuCamNwRDZ9isgmCv00qBSqkavmL%2BDt%2BTigwFavHM0CxHbipOPkd9tvdPhdGhqITUCToytrYa7pKyzlzpwGW02lMy8tOmhCGHAOME3O5Qf4uQlVa7640BlrgVZzDf1%2BQzfhKkoVzljDWce%2B7CU1KP%2Bk1P1cFQLN%2B3MvY0mmmkqx%2BdZWZOjUhBKQwxTva5Xri3ejgvCcPzFs427kltjloc3mGzmo6Zee7EKUZ0cwi7DcuAY6sgERpu7xgp2vOJR2IfED1YXMKLBD%2BhVPnfpMOLUdWiqlcd1Q31N%2FlTw%2BIfo0VaGYGO9I8gQRZ3Xa3EG0yOfzQd7lyFg%2FnhTB09oM2pzpkaiqFSo%2FgNya2FziEmzJu9FFalcW2UMn9D%2BkYGGPckncseyxFMIDEPShvvU4TrmIL4d4KLQ16P%2F9J27Yiu6muwLb7Uaz9SI8ITnggf5PyWTpnY965EvPonVpW1TJpiIs7rHMtAEI&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20241022T042227Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYT3L5RXXB%2F20241022%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=722660ae63022f2b8a4dff623d1f781aabca060b13704c4b65b27a003a5cbea0&hash=f453083fac3ae159a89c93bf4d9fa91b6d54cb207df50551b2e0ee156513651b&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S1879981723000372&tid=pdf-2d06732c-3ff5-45b0-98db-19c2faa12a36&sid=f43323be60d69942775938e10450958c42d1gxrqb&type=client
https://pdf.sciencedirectassets.com/270593/1-s2.0-S1879981723X00035/1-s2.0-S1879981723000372/am.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEDQaCXVzLWVhc3QtMSJGMEQCIAreMvM0PWG%2FU5tJdu55WnPrNy6A9K0PISnHvNIglYuAAiA%2Fp9LOUSoQ%2FhM3lg%2Bfn3M%2FnCcQAlt1OZurjBlyWMfD5Sq8BQic%2F%2F%2F%2F%2F%2F%2F%2F%2F%2F8BEAUaDDA1OTAwMzU0Njg2NSIMyiNVfuDILZLtck0rKpAFHI9qb2Bzic2qWVoPe4ROdZo517KIZyYdh6%2FlLTywzQXyztKnXFoGswJVhM8bo75oXXtowQgurkBVUpL5RzWnV6MGBCcwWmLChKzlIi56tdyc%2F2lsXKsXvERvILpa%2BqvladSKgSQDg0YXq97PSHM8TF4NP1bcEjAa23WBHIWHf6XjxOhTp1i0chZVs8wKVP4%2BKDbj5LBVP9t3qwCju7jaNU9f%2Fh60k%2FoZCt%2Bsh0WetyeqetV6O25M7sS3SaVjUPNXMM3oH4URZpM9EbZABkhiGyCXzM1YV5sFVSqwC2zKoNwBebP%2BrJRf%2FKaON7bqE2N%2B2uJfymaoy9Md%2FKztuuqUblbFnHbNKHzqNJ1anoUPLas47o8sH8omUvzlDFAUSAULZiEiWEW6j5BuqnqXQ8oLKCg9GDBwR8fp7Yg2ruusQcTxdn39yHd5qZq3IuS%2Fa5ca%2FDKKhYNFzLfY6FP%2FXbtDiIRHJ2IzjTlcWrFhJf1LNtep8OLeB0BQA%2Bg4dhsA5ghqfDviT3MGWt%2Bhy0YuaZ1uhGOO9t0RLReatX6KbLrLkoOAHc8zaNblTXK4zREPLeJMWW%2Bb3Nye71bdMQE6lr3WuCSaAWaToxm12sas36kLnoDHLOhHMvlb1FFpYPu5S8IFr0IreCuCamNwRDZ9isgmCv00qBSqkavmL%2BDt%2BTigwFavHM0CxHbipOPkd9tvdPhdGhqITUCToytrYa7pKyzlzpwGW02lMy8tOmhCGHAOME3O5Qf4uQlVa7640BlrgVZzDf1%2BQzfhKkoVzljDWce%2B7CU1KP%2Bk1P1cFQLN%2B3MvY0mmmkqx%2BdZWZOjUhBKQwxTva5Xri3ejgvCcPzFs427kltjloc3mGzmo6Zee7EKUZ0cwi7DcuAY6sgERpu7xgp2vOJR2IfED1YXMKLBD%2BhVPnfpMOLUdWiqlcd1Q31N%2FlTw%2BIfo0VaGYGO9I8gQRZ3Xa3EG0yOfzQd7lyFg%2FnhTB09oM2pzpkaiqFSo%2FgNya2FziEmzJu9FFalcW2UMn9D%2BkYGGPckncseyxFMIDEPShvvU4TrmIL4d4KLQ16P%2F9J27Yiu6muwLb7Uaz9SI8ITnggf5PyWTpnY965EvPonVpW1TJpiIs7rHMtAEI&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20241022T042227Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYT3L5RXXB%2F20241022%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=722660ae63022f2b8a4dff623d1f781aabca060b13704c4b65b27a003a5cbea0&hash=f453083fac3ae159a89c93bf4d9fa91b6d54cb207df50551b2e0ee156513651b&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S1879981723000372&tid=pdf-2d06732c-3ff5-45b0-98db-19c2faa12a36&sid=f43323be60d69942775938e10450958c42d1gxrqb&type=client
https://www.mdpi.com/2218-273X/12/2/285
https://www.mdpi.com/2218-273X/12/2/285
https://www.mdpi.com/2218-273X/12/2/285
https://onlinelibrary.wiley.com/doi/10.1002/ajmg.a.31360
https://www.directivepublications.org/

Research Article

The Journal of Anatomy (ISSN 2995-6552)

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

www.directivepublications.org

dental defects. Am ] Med Genet A 2006;140(23):2530-5,
doi:10.1002/ajmg.a.31360

Tamura M, Nemoto E. Role of the Wnt signaling
molecules in the tooth. Jpn Dent Sci Rev 2016;52(4):75-
83, d0i:10.1016/j.jdsr.2016.04.001

Mikkola ML, Millar SE. The mammary bud as a skin
appendage: unique and shared aspects of development.
J Mammary Gland Biol Neoplasia 2006;11(3-4):187-203,
doi:10.1007/s10911-006-9029-x

Liu F, Chu EY, Watt B, et al. Wnt/beta-catenin signaling
directs multiple stages of tooth morphogenesis. Dev Biol
2008;313(1):210-24, doi:10.1016/j.ydbio.2007.10.016

Yang J, Wang SK, Choi M, et al. Taurodontism, variations
in tooth number, and misshapened crowns in Wnt10a
null mice and human kindreds. Mol Genet Genomic
Med 2015;3(1):40-58, doi:10.1002/mgg3.111

Yuan Q, Zhao M, Tandon B, et al. Role of WNT10A
in failure of tooth development in humans and
zebrafish. Mol Genet Genomic Med 2017;5(6):730-741,
doi:10.1002/mgg3.332

Ruiz-Heiland G, Lenz S, Bock N, et al. Prevalence of
WNT10A gene mutations in non-syndromic oligodontia.
Clin Oral Investig 2019;23(7):3103-3113, doi:10.1007/
s00784-018-2731-4

SarkarL, Sharpe PT.Expression of Wntsignalling pathway
genes during tooth development. Mech Dev 1999;85(1-
2):197-200, doi:10.1016/50925-4773(99)00095-7

Yu M, Liu'Y, Wang Y, et al. Epithelial Wnt10a Is Essential
for Tooth Root Furcation Morphogenesis. | Dent Res
2020;99(3):311-319, doi:10.1177/0022034519897607

Sant’/Anna LB, Tosello DO. Fetal alcohol syndrome and
developing craniofacial and dental structures--a review.
Orthod Craniofac Res 2006;9(4):172-85, doi:10.1111/
j.1601-6343.2006.00377.x

Sant’/Anna LB, Tosello DO, Pasetto S. Effects of maternal
ethanol intake on immunoexpression of epidermal
growth factor in developing rat mandibular molar.
Arch  Oral Biol 2005;50(7):625-34, doi:10.1016/j.
archoralbio.2004.12.010

Sant’ Anna L, Tosello D, Salgado M. Histomorphometric
study of the effects of ethanol on the enamel formation

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

of rat mandibular molars during pregnancy. Braz Den |
2005;22(105-111

Bowden DM, Weathersbee PS, Clarren SK, et al. A
periodic dosing model of fetal alcohol syndrome in the
pig-tailed macaque (Macaca nemestrina). Am ] Primatol
1983;4(2):143-157, doi:10.1002/ajp.1350040206

Church MW, Eldis F, Blakley BW, et al. Hearing, language,
speech, vestibular, and dentofacial disorders in fetal
alcoholsyndrome.Alcohol ClinExpRes1997;21(2):227-37

Naidoo S, Norval G, Swanevelder S, et al. Foetal alcohol
syndrome: a dental and skeletal age analysis of
patients and controls. Eur ] Orthod 2006;28(3):247-53,
doi:10.1093/ejo/cji109

Raterman ST, Metz JR, Wagener F, et al. Zebrafish

Models of Craniofacial Malformations: Interactions
of Environmental Factors. Front Cell Dev Biol
2020;8(600926, doi:10.3389/fcell.2020.600926
Vangipuram SD, Lyman WD. Ethanol affects
differentiation-related pathways and suppresses Wnt
signaling protein expression in human neural stem cells.
Alcohol Clin Exp Res 2012;36(5):788-97, doi:10.1111/

j.1530-0277.2011.01682.x

Almeida L, Andreu-Fernadndez V, Navarro-Tapia E, et al.
Murine Models for the Study of Fetal Alcohol Spectrum
Disorders: An Overview. Front Pediatr 2020;8(359,
doi:10.3389/fped.2020.00359

Fainsod A, Hicks G. Special issue on fetal alcohol
spectrum disorder. Biochem Cell Biol 2018;96(2):v-vi,
doi:10.1139/bcb-2018-0087

Eichler A, Grunitz J, Grimm J, et al. Did you drink alcohol
during pregnancy? Inaccuracy and discontinuity of
women's self-reports: On the way to establish meconium
ethyl glucuronide (EtG) as a biomarker for alcohol
consumption during pregnancy. Alcohol 2016;54(39-44,
doi:10.1016/j.alcohol.2016.07.002

Barkley-Levenson AM, Crabbe JC. Bridging Animal
and Human Models: Translating From (and to) Animal
Genetics. Alcohol Res 2012;34(3):325-35

Kitson JE, Ord ], Watt P). Maternal Chronic Ethanol
Exposure Decreases Stress Responses in Zebrafish
Offspring. Biomolecules 2022;12(8), doi:10.3390/
biom12081143


https://onlinelibrary.wiley.com/doi/10.1002/ajmg.a.31360
https://onlinelibrary.wiley.com/doi/10.1002/ajmg.a.31360
https://www.sciencedirect.com/science/article/pii/S1882761616300059?via=ihub
https://www.sciencedirect.com/science/article/pii/S1882761616300059?via=ihub
https://www.sciencedirect.com/science/article/pii/S1882761616300059?via=ihub
https://link.springer.com/article/10.1007/s10911-006-9029-x
https://link.springer.com/article/10.1007/s10911-006-9029-x
https://link.springer.com/article/10.1007/s10911-006-9029-x
https://link.springer.com/article/10.1007/s10911-006-9029-x
https://www.sciencedirect.com/science/article/pii/S0012160607014601?via=ihub
https://www.sciencedirect.com/science/article/pii/S0012160607014601?via=ihub
https://www.sciencedirect.com/science/article/pii/S0012160607014601?via=ihub
https://onlinelibrary.wiley.com/doi/10.1002/mgg3.111
https://onlinelibrary.wiley.com/doi/10.1002/mgg3.111
https://onlinelibrary.wiley.com/doi/10.1002/mgg3.111
https://onlinelibrary.wiley.com/doi/10.1002/mgg3.111
https://onlinelibrary.wiley.com/doi/10.1002/mgg3.332
https://onlinelibrary.wiley.com/doi/10.1002/mgg3.332
https://onlinelibrary.wiley.com/doi/10.1002/mgg3.332
https://onlinelibrary.wiley.com/doi/10.1002/mgg3.332
https://link.springer.com/article/10.1007/s00784-018-2731-4
https://link.springer.com/article/10.1007/s00784-018-2731-4
https://link.springer.com/article/10.1007/s00784-018-2731-4
https://link.springer.com/article/10.1007/s00784-018-2731-4
https://www.sciencedirect.com/science/article/pii/S0925477399000957?via=ihub
https://www.sciencedirect.com/science/article/pii/S0925477399000957?via=ihub
https://www.sciencedirect.com/science/article/pii/S0925477399000957?via=ihub
https://journals.sagepub.com/doi/10.1177/0022034519897607
https://journals.sagepub.com/doi/10.1177/0022034519897607
https://journals.sagepub.com/doi/10.1177/0022034519897607
https://onlinelibrary.wiley.com/doi/10.1111/j.1601-6343.2006.00377.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1601-6343.2006.00377.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1601-6343.2006.00377.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1601-6343.2006.00377.x
https://www.sciencedirect.com/science/article/abs/pii/S0003996905000063?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0003996905000063?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0003996905000063?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0003996905000063?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0003996905000063?via=ihub
https://www.researchgate.net/publication/285456400_Histomorphometric_study_of_the_effects_of_ethanol_on_the_enamel_formation_of_rat_mandibular_molars_during_pregnancy
https://www.researchgate.net/publication/285456400_Histomorphometric_study_of_the_effects_of_ethanol_on_the_enamel_formation_of_rat_mandibular_molars_during_pregnancy
https://www.researchgate.net/publication/285456400_Histomorphometric_study_of_the_effects_of_ethanol_on_the_enamel_formation_of_rat_mandibular_molars_during_pregnancy
https://www.researchgate.net/publication/285456400_Histomorphometric_study_of_the_effects_of_ethanol_on_the_enamel_formation_of_rat_mandibular_molars_during_pregnancy
https://onlinelibrary.wiley.com/doi/10.1002/ajp.1350040206
https://onlinelibrary.wiley.com/doi/10.1002/ajp.1350040206
https://onlinelibrary.wiley.com/doi/10.1002/ajp.1350040206
https://onlinelibrary.wiley.com/doi/10.1002/ajp.1350040206
https://pubmed.ncbi.nlm.nih.gov/9113257/
https://pubmed.ncbi.nlm.nih.gov/9113257/
https://pubmed.ncbi.nlm.nih.gov/9113257/
https://pubmed.ncbi.nlm.nih.gov/16644851/
https://pubmed.ncbi.nlm.nih.gov/16644851/
https://pubmed.ncbi.nlm.nih.gov/16644851/
https://pubmed.ncbi.nlm.nih.gov/16644851/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7701217/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7701217/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7701217/
https://pmc.ncbi.nlm.nih.gov/articles/PMC7701217/
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://www.frontiersin.org/journals/pediatrics/articles/10.3389/fped.2020.00359/full
https://www.frontiersin.org/journals/pediatrics/articles/10.3389/fped.2020.00359/full
https://www.frontiersin.org/journals/pediatrics/articles/10.3389/fped.2020.00359/full
https://www.frontiersin.org/journals/pediatrics/articles/10.3389/fped.2020.00359/full
https://cdnsciencepub.com/doi/10.1139/bcb-2018-0087
https://cdnsciencepub.com/doi/10.1139/bcb-2018-0087
https://cdnsciencepub.com/doi/10.1139/bcb-2018-0087
https://www.sciencedirect.com/science/article/abs/pii/S0741832916300428?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0741832916300428?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0741832916300428?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0741832916300428?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0741832916300428?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0741832916300428?via=ihub
https://pubmed.ncbi.nlm.nih.gov/23134048/
https://pubmed.ncbi.nlm.nih.gov/23134048/
https://pubmed.ncbi.nlm.nih.gov/23134048/
https://www.mdpi.com/2218-273X/12/8/1143
https://www.mdpi.com/2218-273X/12/8/1143
https://www.mdpi.com/2218-273X/12/8/1143
https://www.mdpi.com/2218-273X/12/8/1143
https://www.directivepublications.org/

Research Article

The Journal of Anatomy (ISSN 2995-6552)

35.

36.

37.

38.

39.
40.

41.

42.

43.

44,

45.

www.directivepublications.org

Lovely CB, Fernandes Y, Eberhart JK. Fishing for Fetal
Alcohol Spectrum Disorders: Zebrafish as a Model for
Ethanol Teratogenesis. Zebrafish 2016;13(5):391-8,
doi:10.1089/zeb.2016.1270

Reimers MJ, Hahn ME, Tanguay RL. Two zebrafish
alcohol dehydrogenases share common ancestry with
mammalian class |, II, IV, and V alcohol dehydrogenase
genes but have distinct functional characteristics. |
Biol Chem 2004;279(37):38303-12, doi:10.1074/jbc.
M401165200

Fernandes Y, Buckley DM, Eberhart JK. Diving into the
world of alcohol teratogenesis: a review of zebrafish
models of fetal alcohol spectrum disorder. Biochem Cell
Biol 2018;96(2):88-97, doi:10.1139/bcb-2017-0122

Howe K, Clark MD, Torroja CF, et al. The zebrafish
reference genome sequence and its relationship to
the human genome. Nature 2013;496(7446):498-503,
doi:10.1038/nature12111

Barbazuk WB, Korf I, Kadavi C, et al. The syntenic
relationship of the zebrafish and human genomes.
Genome Res 2000;10(9):1351-8, doi:10.1101/gr.144700

Lewis KE, Eisen JS. From cells to circuits: development of
thezebrafish spinal cord. Prog Neurobiol 2003;69(6):419-
49, doi:10.1016/s0301-0082(03)00052-2

Azimian Zavareh P, Silva P, Gimhani N, et al. Effect
of Embryonic Alcohol Exposure on Craniofacial
and Skin Melanocyte Development: Insights from
Zebrafish (Danio rerio). Toxics 2022;10(9), doi:10.3390/
toxics10090544

Parsons KJ, Trent Taylor A, Powder KE, et al. Wnt
signalling underlies the evolution of new phenotypes
and craniofacial variability in Lake Malawi cichlids.
Nature communications 2014;5(1):1-11

Dlugos CA, Rabin RA. Ethanol effects on three strains
of zebrafish: model system for genetic investigations.
Pharmacology Biochemistry
2003;74(2):471-480

and Behavior

Erickson T, Nicolson T. Identification of sensory hair-
cell transcripts by thiouracil-tagging in zebrafish. BMC
genomics 2015;16(1):1-10

Thisse B, Thisse C. In situ hybridization on whole-
mount zebrafish embryos and young larvae. In: In situ

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

56.

57.

hybridization protocols. Springer: 2014; pp. 53-67.

Walker MB, Kimmel CB. A two-color acid-free cartilage
and bone stain for zebrafish larvae. Biotech Histochem
2007;82(1):23-8, doi:10.1080/10520290701333558

Sadeghi F, Amoli JS, poor HG, et al. Modified double
skeletal staining protocols with Alizarin red and Alcian
blue in laboratory animals. 2015.

Sridharan G, Shankar AA. Toluidine blue: A review of
its chemistry and clinical utility. ] Oral Maxillofac Pathol
2012;16(2):251-5, doi:10.4103/0973-029x.99081

Huysseune A, Sire J-Y. The role of epithelial remodelling
in tooth eruption in larval zebrafish. Cell and tissue
research 2004;315(1):85-95

Huysseune A, SireJ-Y. Early development of the zebrafish
(Daniorerio)pharyngealdentition(Teleostei, Cyprinidae).
Anatomy and embryology  1998;198(4):289-305
Jackman WR, Draper BW, Stock DW. Fgf signaling is
required for zebrafish tooth development. Dev Biol
2004;274(1):139-57, doi:10.1016/j.ydbio.2004.07.003

Atukorala ADS, Ratnayake RK. Cellular and molecular
mechanisms in the development of a cleft lip and/or
cleft palate; insights from zebrafish (Danio rerio). Anat
Rec (Hoboken) 2021;304(8):1650-1660, doi:10.1002/
ar.24547

Handrigan GR, Richman JM. A network of Wnt,
hedgehog and BMP signaling pathways regulates tooth
replacement in snakes. Dev Biol 2010;348(1):130-41,
doi:10.1016/j.ydbio.2010.09.003

Fraser GJ, Bloomquist RF, Streelman JT. Common
developmental pathways link tooth shape to
regeneration. Dev Biol 2013;377(2):399-414,
doi:10.1016/j.ydbio.2013.02.007

Lim WH, Liu B, Cheng D, et al. Wnt signaling regulates
pulp volume and dentin thickness. Journal of Bone and
Mineral Research 2014;29(4):892-901

Yamashiro T, Zheng L, Shitaku Y, et al. Wnt10a regulates
dentin sialophosphoprotein mRNA expression and
possibly links odontoblast differentiation and tooth
morphogenesis. Differentiation 2007;75(5):452-462

Vogel P, Read R, Hansen G, et al. Dentin dysplasia


https://www.liebertpub.com/doi/10.1089/zeb.2016.1270
https://www.liebertpub.com/doi/10.1089/zeb.2016.1270
https://www.liebertpub.com/doi/10.1089/zeb.2016.1270
https://www.liebertpub.com/doi/10.1089/zeb.2016.1270
https://www.jbc.org/article/S0021-9258(20)72871-1/fulltext
https://www.jbc.org/article/S0021-9258(20)72871-1/fulltext
https://www.jbc.org/article/S0021-9258(20)72871-1/fulltext
https://www.jbc.org/article/S0021-9258(20)72871-1/fulltext
https://www.jbc.org/article/S0021-9258(20)72871-1/fulltext
https://www.jbc.org/article/S0021-9258(20)72871-1/fulltext
https://cdnsciencepub.com/doi/10.1139/bcb-2017-0122
https://cdnsciencepub.com/doi/10.1139/bcb-2017-0122
https://cdnsciencepub.com/doi/10.1139/bcb-2017-0122
https://cdnsciencepub.com/doi/10.1139/bcb-2017-0122
https://www.nature.com/articles/nature12111
https://www.nature.com/articles/nature12111
https://www.nature.com/articles/nature12111
https://www.nature.com/articles/nature12111
https://genome.cshlp.org/content/10/9/1351
https://genome.cshlp.org/content/10/9/1351
https://genome.cshlp.org/content/10/9/1351
https://linkinghub.elsevier.com/retrieve/pii/S0301008203000522
https://linkinghub.elsevier.com/retrieve/pii/S0301008203000522
https://linkinghub.elsevier.com/retrieve/pii/S0301008203000522
https://www.mdpi.com/2305-6304/10/9/544
https://www.mdpi.com/2305-6304/10/9/544
https://www.mdpi.com/2305-6304/10/9/544
https://www.mdpi.com/2305-6304/10/9/544
https://www.mdpi.com/2305-6304/10/9/544
https://www.nature.com/articles/ncomms4629
https://www.nature.com/articles/ncomms4629
https://www.nature.com/articles/ncomms4629
https://www.nature.com/articles/ncomms4629
https://www.sciencedirect.com/science/article/abs/pii/S0091305702010262?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0091305702010262?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0091305702010262?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0091305702010262?via=ihub
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-015-2072-5
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-015-2072-5
https://bmcgenomics.biomedcentral.com/articles/10.1186/s12864-015-2072-5
https://link.springer.com/protocol/10.1007/978-1-4939-1459-3_5
https://link.springer.com/protocol/10.1007/978-1-4939-1459-3_5
https://link.springer.com/protocol/10.1007/978-1-4939-1459-3_5
https://www.tandfonline.com/doi/full/10.1080/10520290701333558
https://www.tandfonline.com/doi/full/10.1080/10520290701333558
https://www.tandfonline.com/doi/full/10.1080/10520290701333558
https://www.semanticscholar.org/paper/Modified-double-skeletal-staining-protocols-with-in-Sadeghi-Amoli/564b38b07bfeefce51b7edc4c0f78feef4277fad
https://www.semanticscholar.org/paper/Modified-double-skeletal-staining-protocols-with-in-Sadeghi-Amoli/564b38b07bfeefce51b7edc4c0f78feef4277fad
https://www.semanticscholar.org/paper/Modified-double-skeletal-staining-protocols-with-in-Sadeghi-Amoli/564b38b07bfeefce51b7edc4c0f78feef4277fad
https://journals.lww.com/jpat/fulltext/2012/16020/toluidine_blue__a_review_of_its_chemistry_and.17.aspx
https://journals.lww.com/jpat/fulltext/2012/16020/toluidine_blue__a_review_of_its_chemistry_and.17.aspx
https://journals.lww.com/jpat/fulltext/2012/16020/toluidine_blue__a_review_of_its_chemistry_and.17.aspx
https://link.springer.com/article/10.1007/s00441-003-0818-x
https://link.springer.com/article/10.1007/s00441-003-0818-x
https://link.springer.com/article/10.1007/s00441-003-0818-x
https://link.springer.com/article/10.1007/s004290050185
https://link.springer.com/article/10.1007/s004290050185
https://link.springer.com/article/10.1007/s004290050185
https://www.sciencedirect.com/science/article/pii/S0012160604004634?via=ihub
https://www.sciencedirect.com/science/article/pii/S0012160604004634?via=ihub
https://www.sciencedirect.com/science/article/pii/S0012160604004634?via=ihub
https://anatomypubs.onlinelibrary.wiley.com/doi/10.1002/ar.24547
https://anatomypubs.onlinelibrary.wiley.com/doi/10.1002/ar.24547
https://anatomypubs.onlinelibrary.wiley.com/doi/10.1002/ar.24547
https://anatomypubs.onlinelibrary.wiley.com/doi/10.1002/ar.24547
https://anatomypubs.onlinelibrary.wiley.com/doi/10.1002/ar.24547
https://pmc.ncbi.nlm.nih.gov/articles/PMC4444311/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4444311/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4444311/
https://pmc.ncbi.nlm.nih.gov/articles/PMC4444311/
https://www.sciencedirect.com/science/article/pii/S0012160613000869?via=ihub
https://www.sciencedirect.com/science/article/pii/S0012160613000869?via=ihub
https://www.sciencedirect.com/science/article/pii/S0012160613000869?via=ihub
https://www.sciencedirect.com/science/article/pii/S0012160613000869?via=ihub
https://academic.oup.com/jbmr/article-abstract/29/4/892/7599090?redirectedFrom=fulltext&login=false
https://academic.oup.com/jbmr/article-abstract/29/4/892/7599090?redirectedFrom=fulltext&login=false
https://academic.oup.com/jbmr/article-abstract/29/4/892/7599090?redirectedFrom=fulltext&login=false
https://www.sciencedirect.com/science/article/abs/pii/S0301468109601389?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0301468109601389?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0301468109601389?via=ihub
https://www.sciencedirect.com/science/article/abs/pii/S0301468109601389?via=ihub
https://journals.sagepub.com/doi/10.1177/0300985815626778
https://www.directivepublications.org/

Research Article

The Journal of Anatomy (ISSN 2995-6552)

in  Notum knockout mice. Veterinary pathology
2016;53(4):853-862

58. Vangipuram SD, Lyman WD. Ethanol affects
differentiation-related pathways and suppresses Wnt
signaling protein expression in human neural stem
cells. Alcoholism: Clinical and Experimental Research
2012;36(5):788-797

59. Xu CQ, de la Monte SM, Tong M, et al. Chronic Ethanol-
Induced Impairment of Wnt/B-Catenin Signaling is
Attenuated by PPAR-& Agonist. Alcoholism: Clinical and
Experimental Research 2015;39(6):969-979

60. Nadiri A, Kuchler-Bopp S, Haikel Y, et al
Immunolocalization of BMP-2/-4, FGF-4, and
WNT10b in the developing mouse first lower
molar. ] Histochem Cytochem 2004;52(1):103-12,
doi:10.1177/002215540405200110

61. Whitehurst T. Foetal alcohol spectrum disorders:
the 21st century intellectual disability. In: Cognitive
Impairments: causes,diagnosis and treatment. Nova
Science Publishers: New York; 2010.

www.directivepublications.org


https://journals.sagepub.com/doi/10.1177/0300985815626778
https://journals.sagepub.com/doi/10.1177/0300985815626778
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1530-0277.2011.01682.x
https://onlinelibrary.wiley.com/doi/10.1111/acer.12727
https://onlinelibrary.wiley.com/doi/10.1111/acer.12727
https://onlinelibrary.wiley.com/doi/10.1111/acer.12727
https://onlinelibrary.wiley.com/doi/10.1111/acer.12727
https://journals.sagepub.com/doi/10.1177/002215540405200110
https://journals.sagepub.com/doi/10.1177/002215540405200110
https://journals.sagepub.com/doi/10.1177/002215540405200110
https://journals.sagepub.com/doi/10.1177/002215540405200110
https://journals.sagepub.com/doi/10.1177/002215540405200110
https://pmc.ncbi.nlm.nih.gov/articles/PMC3410672/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3410672/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3410672/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3410672/
https://www.directivepublications.org/

	Title
	Abstract
	Keywords
	Introduction
	Materials/Methods
	Zebrafish Rearing and Breeding
	Alcohol and Wnt pathway modulators Treatment and Embryo Fixation
	Whole-Mount Double Staining
	Electron Microscopy (EM)
	Wnt10a Immunofluorescence Protocol for Whole-Mount Staining of 10dpf Zebrafish
	Whole-Mount In Situ Hybridisation (WMISH)
	Tooth measurements
	Statistical Analysis

	Results
	Differences of Tooth Mineralization between Control and Chemical Treatment Samples in 15, 20, 25 and
	Analysis of Tooth Number between Control and Chemical Treatment Samples in 15, 20, 25, and 30 dpf Ze
	Analysis of Toluidine Blue Staining-Functional Teeth
	Analysis of Toluidine Blue Staining and EM Images-Developing Tooth Germs
	WMISH
	Analysis of Wnt10a Immunofluorescence in Dissected 10 dpf Zebrafish

	Discussion
	Conclusion
	Author contributions
	Acknowledgements
	Conflicting interest
	REFERENCES
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6

