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Valproic acid (VPA) is an anti-epileptic drug known to cause congenital craniofacial abnormalities, including
orofacial clefts (OFC). The exact mechanisms by which VPA leads to craniofacial skeletal malformations are
poorly understood. In this study, we investigated the effects of VPA on cartilage and bone formation in the
zebrafish larval head during 1–13 hpf (early) and 25–37 hpf (late) development in which cranial neural crest
cells (CNCCs) arise and then proliferate and differentiate, respectively. Double-staining for cartilage and bone at
5 dpf revealed that VPA reduced cartilage and bone formation in a dose-dependent manner after both early or
late exposure. Several different CNCC-derived cartilage and bone elements were affected in both groups. In the
early group (100 μM VPA), the posterior head length and the ethmoid plate were reduced in length (both
p < 0.01), while mineralization of 4 out of 9 bone elements was often lacking (all p < 0.01). In the late group
(100 μM VPA), also the posterior head length was reduced as well as the length of the ceratohyals (both
p < 0.01). Similar to early exposure, mineralization of 3 out of 9 bone elements was often lacking (all
p < 0.01). These results indicate that both CNCC formation (early) and differentiation (late) are hampered by
VPA treatment, of which the consequences for bone and cartilage formation are persistent at 5 dpf. Indeed, we
also found that the expression of several genes related to cartilage and bone was upregulated at 5 dpf. These data
indicate a compensatory reaction to the lack of cartilage and bone. Altogether, VPA seems to induce craniofacial
malformations via disturbed CNCC function leading to defects in cartilage and bone formation.

1. Introduction
Some of the most common birth defects in humans are craniofacial
malformations. These include orofacial clefts (OFC) and improperly
formed or even missing facial or skull bones. A large number of genetic
and environmental factors for craniofacial malformations have been
identified over the years, but the underlying mechanisms are poorly
understood. The intake of anti-epileptic drugs by the mother during
pregnancy is one of the factors known to increase the risk of craniofacial malformations in the newborn (Hill et al., 2010; Vajda et al., 2013).
One of the well-known anti-epileptic drugs to cause craniofacial
malformations is valproic acid (VPA), that significantly increases the
risk for cleft palate (odds ratio (OR) 5.2) and craniosynostosis (OR 6.8)
(Jentink et al., 2010). It has been widely used as an effective broadspectrum anti-epileptic drug, particularly to manage generalized epilepsies for which few alternatives exist (Perucca, 2002). However,
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congenital abnormalities in children of mothers exposed to VPA during
pregnancy have been reported, such as craniofacial malformations and
neural tube and heart defects, together called Fetal Valproate Syndrome
(FVS) (Dalens et al., 1980; Gomez, 1981; DiLiberti et al., 1984). Craniofacial malformations include OFCs, dysmorphic nose and lips and a
tall forehead (Clayton-Smith and Donnai, 1995, Meador et al., 2006,
Hernandez-Diaz et al., 2012, Jackson et al., 2016).
The main pathways in rodents and human embryonic cell lines that
are affected by VPA are the highly conserved Wnt pathway, the ERK
pathway and TGFβ signaling which are all involved in cell proliferation,
migration, differentiation and apoptosis (Castro et al., 2005; Wiltse,
2005; Jung et al., 2008; Schulpen et al., 2015; Zhang et al., 2017).
However, the effects of VPA on the development of the craniofacial
skeleton of zebrafish have not been studied.
The zebrafish is a good model to study the early developmental
effects of VPA. It is a vertebrate that shares many similarities in early
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craniofacial development with humans. In both human and zebrafish,
streams of cranial neural crest cells (CNCCs) migrate to the pharyngeal
arches to form cartilage and bone structures in the developing head
(Mork and Crump, 2015).
Our aim was to assess the effects of early VPA exposure on the
cartilage and bone skeleton of 5 dpf zebrafish larvae. Therefore, we first
performed a pilot experiment with concentrations of up to 100 μM VPA
during 5-72 h of development. The concentrations were similar to estimated tissue levels in fetuses of epilepsy patients treated with VPA.
This pilot showed a mortality of up to 100% in this time window.
Therefore, we chose to limit the exposure time to two shorter time
frames.
We selected two developmental time frames for the VPA exposure:
1–13 hour(s) post fertilization (hpf) and 25–37 hpf. In the first developmental period of 1–13 hpf, the neural plate is formed from which
CNCCs originate that eventually migrate towards the pharyngeal arches
to form the craniofacial skeleton in zebrafish (Schilling and Kimmel,
1994, Kague et al., 2012). In all vertebrates, cells at the border between
the neural plate and the surrounding tissue are induced to become
neural crest cells (Green et al., 2015). Neural crest cell formation involves multiple factors, including Wnt and FGF signaling factors
(Knecht and Bronner-Fraser, 2002, Hong et al., 2008, Yardley and
Garcia-Castro, 2012). VPA is known to affect Wnt and FGF signaling
and to inhibit HDAC activity, which are all essential for the formation
and maintenance of neural crest cells in vertebrates (Pennati et al.,
2001, Wiltse, 2005, Qin et al., 2016, Turner et al., 2016, Milstone et al.,
2017, Rao and LaBonne, 2018).
During the second period of 25–37 hpf, the CNCCs of the first and
second arch have condensated on and around the oral ectoderm and
start to differentiate into chondrocytes and osteoblasts that will form
the cartilage and bone elements of the craniofacial complex, respectively (Wada et al., 2005; Kague et al., 2012). VPA is known to inhibit
chondrogenesis and osteogenesis in vertebrates by downregulating
Runx2 (Pillai et al., 2004, Bradley et al., 2011, Paradis and Hales,
2013). As VPA is known to inhibit the expression of genes regulating
neural crest cell development and differentiation, we expected to find
malformations and gene expression changes at 5 dpf. Next to the
morphological effects of VPA we analyzed the relative expression of
several Wnt and FGF signaling genes together with genes related to
bone and cartilage formation at 5 dpf.

be noted that more than 90% of VPA is bound to proteins, which makes
the effective concentration roughly tenfold lower. As information on
the fetal concentration level of human fetuses after VPA intake is not
available, we take that of fetuses of pregnant cynomolgus monkeys as a
reference (Jeong et al., 2010).
After exposure, medium was removed and embryos were washed
and placed in fresh E3 and allowed to grow up to 5 dpf. A group of
untreated larvae from the same batch served as control group. The
medium was refreshed at days 1, 4 and 5 and any unfertilized eggs,
dead embryos and post-hatching chorions were removed.
2.3. Cartilage and bone staining
At 5 dpf, all larvae were euthanized with 0.1% 2-phenoxyethanol
and fixated for 30 min in 2% paraformaldehyde in PBS. After a washing
step of 10 mins with 100 mM Tris pH 7.5/10 mM MgCl2, larvae were
stained according to the modified Kimmel Lab protocol (Walker and
Kimmel, 2007). Only adjustments to this protocol were staining with
Alcian Blue for 2 h and staining with Alizarin Red overnight, with all
solutions as described. For imaging, larvae were transferred from the
destaining solution to 100% glycerol.
2.4. Zebrafish imaging
Larvae in 100% glycerol were loaded into round borosilicate glass
capillaries (CV6084-100, Vitrocom, USA), which were placed inside
square borosilicate capillaries (CV8290-100, Vitrocom, USA) also filled
with 100% glycerol. The capillaries were placed in a sample holder
with an axial rotating system (adapted from (Bruns et al., 2015)) and
images were acquired from dorsal, ventral and lateral sides of the larvae
with a binocular microscope (Leica DMRE) using Leica Application
Suite (LAS 3.3, Leica).
2.5. Cartilage and bone analysis
Pictures were imported in FIJI (Schindelin et al., 2012) and the
following craniofacial cartilage parameters were measured, partly
based on the morphometric landmarks used by Aceto et al., 2015 (Aceto
et al., 2015). 1) Length ceratohyal to Meckel's cartilage, 2) Length
ceratohyal to posterior end of the head (at the center of the line between the base of the two pectoral fins), 3) Width at Meckel's cartilage
and palatoquadrate joint, 4) Width between ceratohyal and palatoquadrate joint, 5) Length of ceratohyal superior, 6) Length of ceratohyal
inferior, 7) Length of ethmoid plate, 8) Length of Meckel's cartilage
from the lateral side. The straight-line tool in Fiji was used to measure
most parameters, but for curved elements the segmented-line tool was
used. We used the total head length (snout-posterior) to normalize the
size of the cartilage elements to rule out general growth retardation
(Parichy et al., 2009). Therefore, the size of all cartilage elements was
calculated relative to the total head length and expressed as percentage
of the control ratio.
For mineralized craniofacial tissue stained by alizarin red, nine
elements were scored for the presence or absence of mineralization: 1)
Parasphenoid, 2) Cleithrum, 3) Notochordal sheath, 4) Otoliths (all 4
present or not), 5) Teeth (on ceratobranchial 5), 6) Ceratobranchial 5,
7) Opercles, 8) Branchiostegal ray 1, 9) Entopterygoid bone.
All parameters are depicted in Fig. 1.

2. Materials and methods
2.1. Zebrafish breeding and husbandry
Zebrafish (Danio rerio) were raised and kept at ~28 °C under a 14 h
light/10 h dark cycle with twice a day feeding at the Radboud
University Zebrafish Facility. The AB line was obtained from the
European Zebrafish Resource Center (EZRC, Karlsruhe Institute of
Technology, Germany). Every two weeks, breeding tanks were set up
the day before mating, with males and females separated by a transparent wall. After turning on the lights at 9.00 h, the water was changed
for low conductivity, warm water of ~30 °C and the partitioning wall
was removed to induce mating and spawning. Eggs were collected approximately 60 min after spawning and transferred to Petri dishes with
E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM
MgSO4, 0.00001% Methylene Blue). Petri dishes with eggs were placed
in an incubator set at 28.5 °C with a 14 h light/10 h dark cycle to grow
up.

2.6. Gene expression analysis
At 5 dpf, individual euthanized larvae were transferred to 2-ml
Eppendorf tubes containing a plastic grinding ball and the total RNA of
each sample was isolated. To this end, the larvae were homogenized in
400 μl Trizol reagent (Invitrogen, Carlsbad, USA) using a grinding mill
for 20s at 20 Hz. Samples were incubated at room temperature for
5 min and 80 μl chloroform was then added. Tubes were shaken for

2.2. VPA treatment
Valproic acid (Sigma-Aldrich) was dissolved in E3 and zebrafish
larvae were incubated in 25, 50 and 100 μM during 1–13 and 25–37 h.
These concentrations were based on the therapeutic range, which
ranges from 350 to 700 μM (Bentué-Ferrer et al., 2010), though it must
2
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Fig. 1. 5 dpf zebrafish larva (wildtype) stained for cartilage (blue) and bone (red). A total of nine parameters for cartilage were assessed as shown in panels A (ventral
view) and B (lateral view): 1 Length ceratohyal to Meckel's cartilage, 2 Length ceratohyal to posterior end of the head, 3 Width at Meckel's cartilage and palatoquadrate joint, 4 Width at ceratohyal and palatoquadrate joint, 5 Length of ceratohyal superior, 6 Length of ceratohyal inferior, 7 Length of ethmoid plate, 8 Lateral
length of Meckel's cartilage. The long central arrow indicates total head length (THL). Scale bar is 200 μm. C: The nine mineralized parameters scored for presence or
absence (ventral view): 1) Parasphenoid, 2) Otoliths (4 in total), 3) Cleithrum, 4) Notochordal sheath, 5) Ceratobranchial 5, 6) teeth (on ceratobranchial 5), 7)
opercles, 8) Branchiostegal ray 1, 9) Entopterygoid bone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

15 s, followed by incubation at room temperature for 2 min. Samples
were centrifuged at 18,000g for 10 min in a cooled centrifuge (4 °C),
and 200 μl of the aqueous phase was transferred into a new tube.
Isopropanol (200 μl) was added and mixed by inversion of the tube. The
solution was stored at −20 °C for 1 h and then centrifuged for 15 min at
18,000g in a cooled centrifuge. The pellet was washed with 75%
ethanol, air-dried for 10 min at room temperature and dissolved in
100 μl DEPC-treated water. Ten μl 3 M sodium acetate (pH = 5.4) and
250 μl 100% ethanol were added. Samples were stored overnight at
−20 °C. The following day, the samples were centrifuged for 15 min at
18,000g, the supernatant was decanted and the pellet was washed and
dissolved in 10 μl DEPC-treated water. The RNA concentration and
purity of the samples were determined using a NanoDrop™ spectrophotometer at 260 nm wavelength (Thermo Fisher Scientific,
Wilmington, USA).
The thus isolated RNA was treated with DNase to remove traces of
genomic DNA. RNA (200 ng) was transferred into a PCR strip and
DEPC-treated water was added to a total volume of 8 μl. Two μl DNase
mix (1 μl 10× DNase I reaction buffer and 1 μl (1 U/μl) amplification
grade DNase I (both from Invitrogen, Carlsbad, USA)) was added and
the solution was incubated for 15 min at room temperature. After incubation, 1 μl 25 mM EDTA was added to stop the DNase reaction and
the reaction mix was incubated for 10 min at 65 °C and stored on ice.
Samples were used to synthesize cDNA by adding 1 μl random primers
(250 ng/μl), 1 μl 10 mM dNTP mix, 4 μl 5× 1st strand buffer, 1 μl 0.1 M
DTT, 1 μl RNase inhibitor (10 U/μl), 0.5 μl Superscript II (reverse

transcriptase 200 U/μl) (all from Invitrogen, Carlsbad, USA) and 0.5 μl
DEPC-treated water. The resulting mix was incubated for 10 min at
25 °C for annealing of the primers and then for 50 min at 42 °C for
reverse transcription. Enzymes were inactivated by incubation at 70 °C
for 15 min. Finally, the samples were diluted five times to serve as
template in the qPCR reaction.
A real-time qPCR was carried out for each gene of interest. For each
qPCR reaction, 4 μl of cDNA was mixed with 16 μl PCR mix (containing
10 μl SYBR green mix (2×) (BioRad, Hercules, USA), 0.7 μl of each
gene-specific primer (10 μM) and 4.6 μl water) was added to. Primers
used are listed in Table 1. The qPCR reaction (3 min 95 °C, 40 cycles of
15 s 95 °C and 1 min 60 °C) was performed using a CFX 96 (BioRad,
Hercules, USA) qPCR machine. Threshold cycles (Ct values) were assessed and relative expression was calculated based on a normalization
index of two reference genes: elongation factor alpha (elf1a) and ribosomal protein L13 (rpl13) (Vandesompele et al., 2002).
2.7. Statistical analysis
All statistical analyses were performed using GraphPad Prism
(version 5.03). Data for the cartilage elements were compared using a
Kruskal-Wallis test followed by a post-hoc Dunn's Multiple Comparison
test because they were not normally distributed. A Bonferroni correction was applied resulting in a significance limit of 0.05/
9 = p < 0.0056. The data of the mineralized elements were statistically analyzed with a Chi-Square test. Also here a Bonferroni correction
3
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Table 1
Forward and reverse primers used for real-time qPCR for 16 developmental and 2 reference genes (*).
Gene

Forward primer sequence

Reverse primer sequence

Accession number

runx2a
runx2b
sp7
col1a1a
col1a2
col2a1
col9a1a
col9a1b
dlx2
nkx3.2
fgf3
fgf8a
axin2
dkk1b
fzd4
wnt1
elf1a*
rpl13*

TGTGGCTATGGCGTCTAACA
GGGCCAAACGCAGATTACAG
GGATACGCCGCTGGGTCTA
TTGCTTAGACCTGCGCTTCA
GCTGGCCTTCATGCGTCTAC
GCGACTTTCACCCCTTAGGA
GGGGTGCGGTTGGATTTACT
AGACAAGTGTGCATGCGAGT
GACTCAGTATCTGGCCTTGC
ACGCTAAAGCGCAAATCGAC
GGTGGCAATCAAGGGACTGT
GCCGTAGACTAATCCGGACC
TCTAGTGATGCCCTGACGGA
TAAAGTCGGTTCAGGTGCGG
CACCCCTCATACAGTACGGC
TGGTTAACTTTGCCCTTTCAGA
CTGGAGGCCAGCTCAAACAT
TCTGGAGGACTGTAAGAGGTATGC

ATCTCCACCATGGTCCGGT
TCTGTCGAACCTGGAAGACG
TCCTGACAATTCGGGCAATC
CCAGGGGGATTTTACACGCT
ACACAGCCTTCTTCAGGTTTCC
TGCATACTGCTGGCCATCTT
TCCTGTCGATCCTTTCTCGC
AAACCACTGTCACCTTGGGG
CTGCTCGGGTGGGATCTCT
TTACAGTCGGACACGCAGTC
TGGTGCCGTGATGCATAAGT
TTGTTGGCCAGAACTTGCAC
CATGTTGCGCTGCATCTCTC
GATTAAAGGCTGCTGCGGTG
CTTCCGTTTGACGGACATGC
GAGGAGATTGCCCGAGGATG
TCAAGAAGAGTAGTACCGCTAGCATTAC
AGACGCACAATCTTGAGAGCAG

NM_212858.2
NM_212862.2
NM_212863.2
NM_199214.1
NM_182968.2
NM_131292.1
NM_001130624.1
NM_213264.2
NM_131311.2
NM_178132.2
NM_131291.1
NM_131281.2
NM_131561.1
NM_131003.1
NM_001305469.1
NM_001201398.1
NM_131263.1
NM_212784

was applied, resulting in a significance limit of 0.05/8 = p < 0.0063.
The gene expression data were not normally distributed and therefore
analyzed using a Kruskal-Wallis test, followed by Dunn's multiple
comparison test.

p < 0.001). Interestingly, in the 50 μM group, also the posterior head
length was decreased (parameter 2, p < 0.001), but the anterior head
length and the width at the ceratohyals and palatoquadrate joint was
increased (parameters 1 and 4, p < 0.001 and p < 0.01).
Mineralization was reduced in 3 out of 9 bone structures in the
100 μM group (Fig. 4B). The notochord sheath and entopterygoid bone
were often not mineralized (parameters 4 and 9) (p < 0.001), as well
as ceratobranchial 5 (5) (p < 0.01). Fig. 2C and D show representive
examples of larvae treated with respectively 50 or 100 μM VPA.

3. Results
Treatment of larvae with VPA during 1–13 h or 25–37 h both caused
severe malformations in cartilage and mineralized elements in both
groups at 5 dpf (representative examples are shown in Fig. 2). The
observed mortality for the treated larvae was comparable or lower than
that of the controls, as shown in Table 2.
We detected a general growth retardation of the head when we
compared the total head length (snout-posterior end) of the treatment
groups with the wild types. This was apparent in 4 groups: those treated
with 100 μM and 50 μM VPA during 1–13 hpf, and those treated with
100 μM and 25 μM during 25–37 hpf. The results of that are shown in
Table 3 below. To normalize for this reduction, we calculated the ratios
between each of the cartilage elements and the total head length and
expressed these as a percentage of the ratios in the wild type controls.

3.3. Differences in gene expression after 1–13 hpf exposure to VPA
The mRNA expression of genes involved in bone and cartilage development as well as several other genes was assessed at 5 dpf following
VPA exposure from 1 to 13 hpf. In the 25 μM group, three genes were
upregulated compared to controls: col1a2, col9a1b, and dlx2
(p < 0.05)(Fig. 5E, H, J). Only axin2, a marker for Wnt signaling, was
downregulated (p < 0.001) (Fig. 5M). In the group treated with
50 μM, four genes were upregulated. The first two were nkx3.2
(p < 0.01) and fgf3 (p < 0.05)(Fig. 5I, K). Furthermore, two genes
involved in Wnt signaling were upregulated: dkk1b and fzd4
(p < 0.05) (Fig. 5N, O). On the contrary, after treatment with 100 μM,
several genes were downregulated. Decreased expression was found for
sp7 (p < 0.01), dlx2 (p < 0.05), axin2 (p < 0.01) and fgf8a
(p < 0.05), (Fig. 5C, J, L, M).

3.1. High VPA dose during 1–13 hpf reduces cartilage and bone
development
In the early treatment group, we observed a trend of a dose-dependent decrease in relative size for most cartilage parameters.
Significant differences in the relative size of cartilage elements were
only found in the larvae treated with 100 μM VPA (Fig. 3A). In that
group, 3 out of 8 parameters were affected. A significant decrease was
found for the length of the posterior part of the head (parameter 2,
p < 0.001), while also the length of the ceratohyal superior and the
ethmoid plate (parameters 5 and 7) was reduced (p < 0.01).
Four out of 9 mineralized elements were also affected (Fig. 3B).
Mineralization was often lacking in the notochord sheath, branchiostegal ray 1 and entopterygoid bone (parameters 4, 8, 9)
(p < 0.001), as well as in ceratobranchial 5 (p < 0.01).

3.4. Differences in gene expression after 25–37 hpf exposure to VPA
After treatment from 25 to 37 hpf, only upregulated genes were
observed at 5 dpf for all VPA concentrations. In the 25 μM group,
col9a1a (p < 0.01), nkx3.2 (p < 0.001) and dkk1b (p < 0.01) were
upregulated compared to controls (Fig. 5G, I, N). For the 50 μM group,
increased expression was found for runx2b (p < 0.05), col1a2
(p < 0.01), and the Wnt genes dkk1b (p < 0.001) and fzd4
(p < 0.05) (Fig. 5B, E, N, O). In the group treated with 100 μM, only
col1a2 and col9a1a (p < 0.01) were upregulated (Fig. 5E, G).
4. Discussion

3.2. High VPA dose during 25–37 hpf reduces cartilage and bone
development

In this study we assessed the effects of VPA during 1–13 (early) and
25–37 hpf (late) development on cartilage and bone structures in the
zebrafish larval head at 5 dpf. We also assessed the expression of a
number of genes involved in skeletal development as well as some
genes of the Wnt and FGF pathways. A high dose of VPA during either
time frame led to reduced cartilage and bone formation. The medium

Also in the late treatment group, significant reductions in the relative length of cartilage structures were mainly found at a high dose of
100 μM VPA (Fig. 4A). In this group, the posterior head length (parameter 2, p < 0.01) as well as the length of the inferior and superior
ceratohyals was decreased (parameters 5 and 6) (p < 0.01 and
4
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Fig. 2. A–D: Control and examples of VPA treated larvae at 5 dpf. Larvae are stained with Alcian blue (cartilage) and Alizarin red (mineralization). A: Control larvae.
B: Larva treated with 100 μM VPA during 1–13 hpf, showing reduced size of cartilage elements and lacking mineralization of the notochord sheath, branchiostegal
ray 1 and the entopterygoid bone (see arrowheads). C: Larva treated with 50 μM VPA during 25–37 hpf, showing small reductions in the length of the ceratohyals
(asterisks). D: Larva treated with 100 μM VPA during 25–37 hpf with reduced size of cartilage elements and lacking mineralization of the notochord sheath,
ceratobranchial 5 (arrows) and the entopterygoid bone (arrowheads). Scale bars are 100 μm.

dose also caused a reduction in cartilage and bone formation when
applied during the later window. In addition, clear effects of the
treatments on the expression of genes involved in bone and cartilage
formation were evident at 5 dpf compared to controls.
In the early treatment group, the high dose of VPA caused a reduction in the length of the ceratohyals to the posterior end of the head,
the length of the ceratohyals themselves, and of the ethmoid plate.
These are all first and second arch structures derived from CNCCs (Mork
and Crump, 2015). We did not observe a cleft in the ethmoid plate,
which is a model for the mammalian hard palate (Mork and Crump,
2015). However, there was a significant reduction in size of the ethmoid plate in the early group with 100 μM VPA. We did not observe this
effect in the late treatment group, indicating that VPA does not affect
cartilage differentiation in the ethmoid plate.
Also, the mineralized elements that are CNCC-derived like ceratobranchial 5, branchiostegal ray 1 and the entopterygoid bone, were
often lacking in the larvae. In zebrafish, the neural tube is formed
during the period of 1–13 hpf. Subsequently, CNCCs delaminate and

migrate towards the pharyngeal arches (Schilling and Kimmel, 1994,
Kague et al., 2012). It is therefore possible that less CNCCs have formed
due to the VPA treatment, eventually resulting in reduced cartilage and
bone formation at 5 dpf. Corresponding with these reductions in bone
and cartilage, we found a significant reduction of the CNCC marker dlx2
at 5 dpf. This indicates that there could have been a disruption in
normal CNCC formation due to VPA. Using fluorescent lines with early
neural crest-specific genes, like sox9 or sox10, the development of the
neural crest in this early phase could be further studied (Kelsh and
Erickson, 2013).
We also observed a downregulation of axin2 and an upregulation of
the Wnt inhibitor dkk1b. Axin2 is expressed upon Wnt activation and is
often used as a marker for Wnt signaling (Jho et al., 2002). Furthermore, it is part of a negative feedback loop that limits the duration of a
Wnt-initiated signal (Jho et al., 2002). These data indicate a decrease in
Wnt signaling at 5 dpf. This might be caused by the negative feedback
of Axin2 after a period of upregulation induced by VPA (Wiltse, 2005;
Rosenberg, 2007; Qin et al., 2016).

Table 2
Mortality of larvae treated with VPA during 1–13 or 25–37 hpf. The numbers of dead larvae were counted and presented as percentages.
1–13 hpf

Dead
%

25–37 hpf

Control

VPA 25

VPA 50

VPA 100

Control

VPA 25

VPA 50

VPA 100

3/29
10

2/32
6

2/32
6

3/34
9

1/31
3

0/29
0

0/31
0

0/28
0

5
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Table 3
Total head length (operculum-snout) of larvae treated with VPA compared to controls. The results are presented as percentages of the control group (C) which is set
as 100%. Asterisks indicate significant differences between treatment groups and wild types.
C

%

100

1–13 hpf

25–37 hpf

25 μM

50 μM

100 μM

25 μM

50 μM

100 μM

101 ± 5

95 ± 3*

81 ± 11*

92 ± 13*

94 ± 3

92 ± 13*

Fig. 3. A–B: Morphometrical analysis of cartilage and bone elements in 5 dpf
larvae treated with VPA during 1–13 hpf compared to controls. Larvae were
either treated with 25/50/100 μM of VPA (n = 7/11/11) or untreated
(n = 20). A: On the vertical axis the change in relative size is expressed as
percentage of the controls (set at 100%). Parameters are: 1: Length ceratohyal
to Meckel's cartilage, 2: Length ceratohyal to posterior end of the head, 3: Width
at Meckel's cartilage and palatoquadrate joint, 4: Width at ceratohyal and palatoquadrate joint, 5: Length of superior ceratohyal, 6: Length of inferior ceratohyal, 7: Length of ethmoid plate, 8: Lateral length of Meckel's cartilage (see
Fig. 1). Error bars represent standard deviations. Asterisks indicate significant
differences. B: On the vertical axis, the presence of the nine mineralized
structures is expressed in the number of individuals studied. Parameters scored
were: 1: Parasphenoid, 2: Otoliths (4 in total), 3: Cleithrum, 4: Notochord, 5:
Ceratobranchial 5, 6: Teeth (on ceratobranchial 5), 7: Opercles, 8: Branchiostegal ray 1, 9: Entopterygoid bone (see Fig. 1). Asterisks indicate significant differences between treatment groups for one element.

Fig. 4. A–B: Morphometrical analysis of cartilage and bone elements in 5 dpf
larvae treated with VPA during 25–37 hpf compared to controls. Larvae were
either treated with 25/50/100 μM of VPA (n = 8/11/9) or untreated (n = 20).
A: On the vertical axis the reduction in relative size is expressed as percentage
of the controls (set at 100%). Parameters are: 1: Length ceratohyal to Meckel's
cartilage, 2: Length ceratohyal to posterior end of the head, 3: Width at Meckel's
cartilage and palatoquadrate joint, 4: Width at ceratohyal and palatoquadrate
joint, 5: Length of superior ceratohyal, 6: Length of inferior ceratohyal, 7:
Length of ethmoid plate, 8: Lateral length of Meckel's cartilage (see Fig. 1).
Error bars represent standard deviations. Asterisks indicate significant differences. B: On the vertical axis, the presence of the nine mineralized structures is
expressed in the number of individuals studied. Parameters scored were: 1:
Parasphenoid, 2: Otoliths (4 in total), 3: Cleithrum, 4: Notochord, 5: Ceratobranchial 5, 6: Teeth (on ceratobranchial 5), 7: Opercles, 8: Branchiostegal ray
1, 9: Entopterygoid bone (see Fig. 1). Asterisks indicate significant differences
between treatment groups for one element.

The decrease in Wnt signaling at 5 dpf might have hampered ossification, as it is necessary for initiating osteoblast maturation (Felber
et al., 2015). Indeed, a downregulation of sp7 also occurred at 5 dpf,
which could explain the observed reduction of bone formation (Kague
et al., 2012).
Another downregulated gene, fgf8, is a key regulator of cartilage

formation in the first and second arch in the zebrafish head and larvae
with mutations in this gene show craniofacial defects (Walshe and
Mason, 2003, Albertson and Yelick, 2007, Gebuijs et al., 2019). Consistent with our morphometric results, the larvae in these studies also
show underdeveloped Meckel's cartilage, ethmoid plate and ceratohyals
and missing branchiostegal rays. Therefore, downregulation of fgf8
6
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Fig. 5. A–P: Relative expression levels in 5 dpf wild type larvae treated with 25/50/100 μM of VPA. Exposure periods were 1–13 (left) and 25–37 hpf (right) and an
untreated control was added. Boxes represent the 25th to 75th percentiles, horizontal lines depict the median, whiskers indicate the interquartile ranges. The
expression was assessed for runx2a (A), runx2b (B), sp7 (C), col1a1a (D), col1a2 (E), col2a1 (F), col9a1a (G), col9a1b (H), nkx3.2 (I), dlx2 (J) fgf3 (K), fgf8a (L), axin2
(M), dkk1b (N), fzd4 (O), wnt1 (P). Asterisks indicate significant differences: * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

seems to contribute to the observed cartilage defects in the anterior
arches after early VPA treatment.
Similar to the early group, CNCC-derived cartilage elements such as
the ceratohyals were reduced in size in the late treatment group with
the high VPA dose and mineralization of ceratobranchial 5 and the
entopterygoid bone was often lacking. In the later time window, CNCCs
condensate on and around the oral ectoderm and start to differentiate
into chondrocytes and osteoblasts (Wada et al., 2005; Kague et al.,
2012). We therefore speculate that VPA negatively affected the differentiation of CNCCs, either by inhibiting differentiation or by inducing
apoptosis, leading to reduced craniofacial development in the high dose
group. Interestingly, also a medium dose of VPA decreased the length of
both ceratohyals in the late group, in contrast to the same dose after
early VPA exposure. Apparently, CNCCs are more sensitive to VPA
during proliferation and differentiation than during CNCC formation.
We also observed an upregulation of key cartilage and bone genes

col1a2, col9a1a and runx2b at 5 dpf in the late treatment group.
However, VPA is known to inhibit chondrogenesis and osteogenesis,
and to reduce levels of bone matrix proteins including collagen type 1
in cultured osteoblasts (Pillai et al., 2004; Bradley et al., 2011;
Humphrey et al., 2013; Paradis and Hales, 2013). Exposure early in
development to VPA might have negatively affected cartilage and bone
formation by inhibition of CNCC formation. In contrast, the observed
upregulation of cartilage and bone genes at 5 dpf might be a positive
feedback response to an earlier expression inhibition induced by VPA.
It has been shown before that the teratogenic effects of VPA are
mainly caused by the inhibition of the enzymatic activity of HDACs in
zebrafish (Gurvich et al., 2005). In vertebrates, HDAC activity is essential for the formation and maintenance of CNCCs (Rao and LaBonne,
2018). Mouse embryos lacking Hdac1 and Hdac2 in neural crest cells
show a decrease in proliferation and an increase in apoptosis of these
cells in the neural tube and the first pharyngeal arch (Milstone et al.,
7

Mechanisms of Development 163 (2020) 103632

I.G.E. Gebuijs, et al.

2017). HDACs are also important for the development of CNCC-derived
craniofacial structures, as mice with a conditional deletion of Hdac8 in
CNCCs show craniofacial malformations (Haberland et al., 2009).
Furthermore, conditional deletion of Hdac3 in pre-migratory CNCCs in
mice resulted in severe craniofacial abnormalities due to increased
apoptosis in CNCC-derived structures (Singh et al., 2013). Altogether,
this indicates that HDACs are crucial for the formation and proliferation
of CNCCs and inhibition of HDAC activity by VPA can lead to craniofacial abnormalities. This might contribute to the observed malformations in CNCC-derived elements as seen in our larvae.
VPA has also been reported to repress chondrogenesis and osteogenesis in mice by downregulating key skeletal genes such as Col2a1
and Runx2 in the developing limb (Paradis and Hales, 2013). This was
found to be caused by histone hyperacetylation, a direct effect of the
inhibition of HDAC activity by VPA. In the latter study, the expression
of most genes dropped during the first 12 h after exposure and expression was back to normal after approximately 24 h. This could explain why we do not see any changes in Col2a1 and Runx2 at 5 dpf.
In conclusion, we observed that treatment with VPA in concentrations similar to clinically relevant levels during early development led
to a reduction of cartilage and bone formation in structures derived
from CNCCs. Therefore, we speculate that both CNCC formation and
differentiation are compromised by VPA depending on the time of exposure, respectively. The downregulation of the neural crest cell marker
dlx2 supports impaired CNCC formation. The observed malformations
at 5 dpf could further be related to inhibition of HDAC activity in
CNCCs by VPA. In the late treatment group, VPA may have disturbed
CNCC differentiation and subsequent cartilage and bone formation. The
observed upregulation of cartilage and bone genes at 5 dpf reflect abnormalities in the early skeletogenesis and might be a reaction to
compensate for the lack of cartilage and bone. Further research is
warranted to provide deeper insights in the underlying mechanisms of
the teratogenic effects of drugs like VPA and related craniofacial malformations.
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