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ARTICLE INFO ABSTRACT

Handling Editor: Dr Piersma Aldert Zebrafish embryo assays are used by pharmaceutical and chemical companies as new approach methodologies
(NAMs) in developmental toxicity screening. Despite an overall high concordance of zebrafish embryo assays
with in vivo mammalian studies, false negative and false positive results have been reported. False negative
results in risk assessment models are of particular concern for human safety, as developmental anomalies may be
missed. Interestingly, for several chemicals and drugs that were reported to be false negative in zebrafish, skeletal
findings were noted in the in vivo studies. As the number of skeletal endpoints assessed in zebrafish is very limited
compared to the in vivo mammalian studies, the aim of this study was to investigate whether the sensitivity could
be increased by including a skeletal staining method. Three staining methods were tested on zebrafish embryos
that were exposed to four teratogens that caused skeletal anomalies in rats and/or rabbits and were false negative
in zebrafish embryo assays. These methods included a fixed alizarin red-alcian blue staining, a calcein staining,
and a live alizarin red staining. The results showed a high variability in staining intensity of larvae exposed to
mammalian skeletal teratogens, as well as variability between control larvae originating from the same clutch of
zebrafish. Hence, biological variability in (onset of) bone development in zebrafish hampers the detection of
(subtle) treatment-related bone effects that are not picked-up by gross morphology. In conclusion, the used
skeletal staining methods did not increase the sensitivity of zebrafish embryo developmental toxicity assays.
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1. Introduction assays using zebrafish embryos are currently also used for screening
purposes by several pharmaceutical, (agro)chemical and cosmetic
companies [4-15]. Its greatest advantage compared to the other three

NAMs is that developmental effects can be assessed in a whole verte-

In recent years, new approach methodologies (NAMs) for hazard and
risk assessment of xenobiotics have received a lot of attention [1]. At this

moment, three NAMs for the assessment of developmental toxicity have
been validated by the European Centre for the Validation of Alternative
Methods (ECVAM): the rat Whole Embryo Culture Test (rWEC), the
mouse Embryonic Stem Cell Test (mEST) and the Micromass Teratogen
Test (MM) [2,3]. Although not validated yet, developmental toxicity
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brate organism during the main organogenesis period [16,17]. After all,
the mEST and MM do not allow assessment in a whole organism, while
the WEC only allows assessment during a short period of the organo-
genesis period (i.e., only for 24-48 h). Moreover, in the European Union,
studies on zebrafish embryos are not legally considered as animal
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Table 1

Overview of the different experiments. For each staining method, the compound
concentrations, control media tested, and the developmental stage at which the
staining was performed are indicated. Abbreviations: alcian blue (AB), alizarin
red (AR), days post-fertilization (dpf), not applicable (NA).

Staining
method Chemical Concentration Controls Age
10, 100 and 1,000 Medium,
Compound 5 uM DMSO 5 dpf
10, 100 and 1,000 Medium,
Compound 9 M DMSO 5 dpf
Medium,
Compound A 1, 10 and 100 pM DMSO 5 dpf
10, 100 and 1,000 Medium,
AR-AB (fixed)  Levetiracetam  uM DMSO 5 dpf
Medium, 59
Calcein (live) NA NA DMSO dpf
59
AR (live) Compound 5 100 and 1,000 uM DMSO dpf

Table 2

List of bone structures that can be scored in 5 dpf and 9 dpf zebrafish larvae
when using an AR-AB fixed or an AR live staining. Bones that are likely to be
present according to literature [32-35] and/or are clearly visible when stained
are included in this list.

Bone structure Fixed -5dpf  ARlive-5dpf AR live -9 dpf
Notochord (n) X X X
Parasphenoid (ps) X X X
Vertebrae (vb) / / X
Ceratobranchial 5 (cb5) X X X
Pharyngeal teeth (t) X B 1
Utricular otolith (uot) X X/- X/
Circle saccular otolith (cot) X X/- x/
Entopterygoid (en) X X X
Opercle (op) X X X
Cleithrum (c) X X X
Branchiostegal rays (brs) X X X
Branchiostegal rays II (brs2) /2 /2 X
Hyomandibular bone (hmb) Ve / X
Ceratohyal bone (chb) /2 / X
Dentary (den) /2 / X
Maxilla (max) /2 / X
Anguloarticular (aa) /2 / X

Often present/scored (x), less likely to be present/scored if present (/), not
present or visible/not scored (-), only one side could be scored (x/-). 1Structure
not distinguishable from cb5. 2 Structure was never visible at this age using this
staining. Abbreviations: alcian blue (AB), alizarin red (AR), days post-
fertilization (dpf).

Table 3

List of cartilage structures that can be scored in 5 dpf zebrafish larvae
when using an alizarin red-alcian blue fixed staining. Cartilages that
are present according to literature [34-37] and/or are clearly visible
when stained are included in this list.

Cartilage structure dpf

Ethmoid plate (eth)
Basihyal (bh)
Basibranchial (bb)
Meckel’s cartilage (mk)
Palatoquadrate (qu)
Hyosymplectic (hys)
Ceratohyal (ch)
Ceratobranchials (cb)
Auditory capsule (aud)
Pectoral fin (pec fin)
Pterygoid process of the quadrate (pty)

TR T I I

Should be present/scored (x). Abbreviations: days post-fertilization
(dpD).
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experiments up to the free feeding stage (i.e., 5 days post-fertilization or
dpf) (EU Directive 2010/63). Thus, the zebrafish embryo represents a
holistic model that aligns well with the 3R principle for the development
of NAMs [5,18].

To date, the use of NAMs in regulatory submissions for develop-
mental and reproductive toxicology (DART) testing of pharmaceuticals
has been, and is still very limited, although the third revision of the ICH
S5 guideline on detection of toxicity to reproduction for human phar-
maceuticals provides opportunities to do so. The guideline does not list
any specific NAMs to be used, but says they should be properly qualified
[19]: “If properly qualified, alternative assays have the potential to defer or
replace (in certain circumstances) conventional in vivo studies. Approaches
that incorporate alternative assays should provide a level of confidence for
human safety assurance at least equivalent to that provided by the current
testing paradigms.” From the above, it is clear that for zebrafish embryo
assays to be considered for regulatory submissions, its potential to detect
human teratogens should be well qualified.

Despite an overall high concordance (80-85% [9,20]) of zebrafish
embryo assays with the in vivo mammalian studies, false negative and
false positive results were reported [4,6-12,14,15,17,21]. In particular
these false negative results hinder the use for regulatory purposes, as
potential teratogens may be missed. For many chemicals and drugs that
were reported to be false negative in zebrafish embryo assays, skeletal
findings were noted in the in vivo studies. In contrast to the exhaustive
list of skeletal endpoints assessed in rat and rabbit embryofetal devel-
opment (EFD) studies [22], in which skeletal staining is a standard
procedure during examination, no skeletal endpoints are routinely
assessed in zebrafish embryo developmental toxicity assays. As skeletal
staining of zebrafish larvae is feasible and different methods have been
described before (see Supplementary table 1) [23,24], the aim of this
study was to investigate whether the sensitivity (i.e., the ability to detect
true teratogens) of zebrafish embryo developmental toxicity assays can
be increased by including an extended skeletal assessment. For this
purpose, we selected four pharmaceutical compounds (i.e., levetir-
acetam and proprietary compounds 5, 9, and A) that showed skeletal
malformations in rat and/or rabbit fetuses, but were false negative in
zebrafish embryo assays [8,10]. As several staining methods for zebra-
fish embryos are reported in literature, each with different (dis)advan-
tages (see Supplementary table 1), three (i.e., alizarin red (AR)-alcian
blue (AB), calcein and alizarin red live) were tested to identify the most
suitable staining method for increasing the sensitivity of zebrafish em-
bryo assays.

2. Materials and methods
2.1. Chemicals and solutions

Unless otherwise stated, all test chemicals were purchased from
Sigma-Aldrich (Missouri, USA).

e Embryo medium (EM), a 0.3x Danieau’s solution, was prepared from

a 10x stock solution containing: 580 mM NaCl, 7.0 mM KCl, 4 mM

MgSO4, 6 mM Ca(NO3)2, and 50 mM HEPES (Invitrogen, Massachu-

setts, USA). The filtered (0.2 uM filter) 0.3x Danieau’s solution was

made from this 10x stock by adding ultrapure water, and the pH was
adjusted to 7.3 + 0.2 with 1 M NaOH (Thermo fisher, New Hamp-
shire, USA).

The MS-222 solutions (4 mg/mL and 0.2mg/mL) were made by

dissolving methyl ethane sulfonate in EM, and the pH was adjusted to

7.4 + 0.3 with 1 M NaOH.

e Four mammalian skeletal teratogens that showed skeletal malfor-
mations in EFD studies in rat and/or rabbit but were false negative in
zebrafish assays were selected to expose the zebrafish embryos to.
Levetiracetam (L-8668-50MG, Sigma-Aldrich) (10, 100 and 1,000
uM), “proprietary compound 5” (10, 100 and 1,000 uM), “pro-
prietary compound 9” (10, 100 and 1,000 pM) and “proprietary
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Fig. 1. Zebrafish larvae at 5 dpf with bone (red) and cartilage (blue) structures that were stained with the alizarin red- alcian blue staining. Left panel (A) shows a
ventral view. Right panel (B) shows a lateral view. Each structure (except for uot and cot) is indicated in only one of the orientations, namely in the orientation where
it was scored. Uot and cot were scored by looking at both positions. The abbreviations are depicted in Table 2 and Table 3. The structures vb* and en* are not present
in these images.

compound A” (1 pM, 10 uM and 100 pM) were used in the AR-AB

Table 4 staining experiments, and “proprietary compound 5” (100 and
Intensity and shape scores and their meaning. 1,000 uM) in the AR live staining experiments [8,10]. The test con-
Intensity scoring Shape scoring centrations were prepared by dissolving the compound in EM con-
- - taining 0.5% DMSO.
0 structure not stained/not present 0 structure is normal
1 structure is weakly stained 1 structure is malformed
2 structure is moderately stained The chemicals and solutions needed for the staining protocol are
3 structure is heavily stained described in Section 2.6 Staining protocol.

Fig. 2. Zebrafish larvae at 5 dpf with bone structures that were stained with the alizarin red live staining. Left panel (A) shows a ventral view. Right panel (B) shows a
lateral view. Each structure is indicated in only one of the orientations, namely in the orientation where it was scored. The abbreviations are depicted in Table 2.

Fig. 3. Zebrafish larvae at 9 dpf with bone structures that were stained with the alizarin red live staining. Left panel (A) shows a ventral view. Right panel (B) shows a
lateral view. Each structure is indicated in only one of the orientations, namely in the orientation where it was scored. The abbreviations are depicted in Table 2. The
left cleithrum (c*) is hidden behind the right cleithrum in this image.
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Table 5
Uptake by zebrafish at 1 dpf (A) and 5 dpf (B).

Reproductive Toxicology 127 (2024) 108615

A) Exposure 0-1 dpf

Compound Conc. in each Larva (uM) Uptake as %! Conc. in each Larva (uM) Uptake as %! Conc. in each Larva (uM) Uptake as %!
100 uM 10 pM 1 pM
Compound A 0.667 + 0.00036" 1+ 0.36" 0.953 + 0.00012 10 +1.19 <LOQ
Levetiracetam 18.023 + 0.00079 18 +0.79 1.401 + 0.00032 14 + 3.24 <LOQ
Compound 9 30.651 + 0.00365 31+ 3.65 3.114 + 0.00011 31+1.13 0.458 + 0.00054 46 + 5.36
Compound 5 28.967 + 0.00247 29 + 2.47 2.463 + 0.00012 24 +1.17 0.326 + 0.00001 33 +1.02
B) Exposure 0-5 dpf
Conc. in each Larva Uptake as Conc. in each Larva Uptake as Conc. in each Larva Uptake as

Compound (uM) %! (uM) %’ (uM) %! Stability

100 yM 10 uM 1M Day 5 as % of Day 0
Compound A 1.494 + 0.00037° 1+0.37° 1.773 + 0.00014 18 +1.44 <LOQ 104
Levetiracetam 7.498 + 0.00093 7 +£0.92 0.480 + 0.00007 5+0.7 <LOQ 110
Compound 9 1.420 + 0.00008 1+0.08 <LOQ <LOQ 106
Compound 5 15.818 + 0.00148 16 +1.48 1.0548 + 0.00007 11 +0.67 <LOQ 105

<LOQ The analysis concentrates below the level of quantification.

1 Uptake as % is the ratio of measured concentration in each larva (uM)/the nominal concentration *100 (e.g., 0.953 pM/10%100)
The concentration in each larva represents the mean of three replicates, of which each replicate consists out of 4 larvae (i.e., the value of each replicate was divided by 4

to obtain estimations for each larva). The SEM of the replicates is indicated.

Uptake assessment at 1,000 M was not performed due to excessive precipitation of the compounds in the solution, which would impact the background level of

compound carryover in solution when assessing uptake.
Abbreviation: days post-fertilization (dpf).
 Precipitation observed at point of sampling of tissue for analysis.

5 dpf larvae treated with compound 5
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Fig. 4. Mean angle sizes between ceratohyal cartilages in 5 dpf larvae treated
with compound 5. All groups were compared to the solvent control group. No
significant differences were observed between the 3 test groups or the medium
control group and the solvent control group.

2.2. Animal care and egg collection

Breeding stocks of healthy, unexposed adult zebrafish from the wild-
type WIK strain (sourced from a historical line at Brixham AstraZeneca
and outcrossed with WIK ZERC) were used to produce fertilized eggs.
Water was maintained at pH 7.35 £+ 0.65 and 28 + 1°C. Fish were
cultured in the aquarium facility with a 14 h light:10 h dark light cycle.
Adult fish at a ratio of 2:1 females to males were placed into spawning
tanks on the evening prior to the day of culture, and egg traps were
positioned within each tank. Eggs were collected the next morning soon
after spawning and incubated in system water as detailed in Paull et al.,
2008 [25] at 28 (£1)°C for approximately 1-2h, and then treated
against fungal infection using a diluted Chloramine T bleaching solution
(10 g/L) for 60 s with gentle periodic agitation. Following bleaching, the
embryos were washed twice in rig water with constant agitation and
then transferred into a Petri dish containing 0.3x Danieau’s solution.
Between 100 and 200 fertilized eggs of the same developmental stage (i.
e., a stage before 4 hpf) were transferred into a separate Petri dish
containing 0.3x Danieau’s solution and maintained at 28 (+1)°C. Em-
bryos were staged for development according to Kimmel et al. (1995)
[26].

2.3. Uptake assessment

Uptake of the test solutions was assessed as detailed previously in
Gustafson et al. (2012) [9]. Briefly, liquid chromatography-tandem
mass spectrometry (LC-MS/MS) was used to determine the uptake of the
compound into embryos of 1 dpf and larvae of 5 dpf. Uptake assessment
in embryos and larvae was originally planned for 4 concentrations (i.e.,
1, 10, 100 and 1,000 uM) of each test compound, and for a corre-
sponding 0.5% DMSO solvent control (see 2.4 Exposure of zebrafish
embryos). However, uptake at 1,000 pM was not assessed due to
excessive precipitation of the test compounds in the solution (see results
section for more details). After 24h (30 hpf) or 5 days (120 hpf) of
exposure the embryos/larvae were assessed for viability. For this, the
following criteria for lethality were used: coagulation at 24 hpf, and
coagulation, the lack of somite formation and the lack of heat beat at 120
hpf. After viability assessment, the embryos/larvae are transferred to a
filter plate (3—4 embryos/larvae per well) in a final volume of 300 pL of
EM, in triplicates. Embryos were washed using system water (containing
0.5 g/L tricaine at pH 7 (£ 0.5)) under vacuum, before being transferred
to a deep-well plate containing 300 pL of rig water and homogenized
(Geno/grinder, SPEX Certiprep L.L.C., USA). 300 puL acetonitrile (HPLC
grade Thermo Fisher, New Hampshire, USA) containing 50 nM of in-
ternal standard was added to each well followed by a second homoge-
nization, and then addition of 900 pL (HPLC grade) water (Thermo
Fisher, New Hampshire, USA). Samples were then mixed using a plate
shaker and centrifuged for 30 min at 3,220 x g. An aliquot of each su-
pernatant (700 pL) was then transferred to a separate deep-well plate for
LC-MS/MS analysis. Compound calibration standards were prepared in
80:20 water:acetonitrile (HPLC grade) and covered a concentration
range over three orders of magnitude in semi-log steps. Standards and
extracts  were analyzed  using  reverse phase  liquid
chromatography-tandem mass spectrometry (TSQ Quantum Access,
Thermo Fisher, USA), operated in positive electrospray ionization mode
(ESI 4).

Quantification was achieved by reference to calibration standards
using an internal standard method. The measured per-embryo/larvae
concentration was then expressed as a percentage of the nominal
exposure (well plate) concentration. Stability of the exposure solution
was determined by comparison of the day 0 solution concentration to
the exposure solution concentration at 5 dpf. For this, samples were
taken from the 10 pM concentrations by combining medium from
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Fig. 5. Mean intensity score of fixed AR-stained bones of 5 dpf larvae treated with proprietary compound 5. A) shows the results of replicate 1 and B) shows the
results of replicate 2. All groups were compared to the solvent control group. Significant differences between the solvent control and any of the other groups are

indicated. P < 0.05 (*) and p < 0.01 (**).

multiple wells.

2.4. Exposure of zebrafish embryos

2.4.1. Compound administration to zebrafish embryos

At 4-6 hpf, zebrafish embryos were transferred individually into the
wells of a 24-well plate (BD Falcon, NJ, USA) containing test compound
solution, medium and/or vehicle (DMSO) controls in a final volume of

1 mL/embryo. In total, two replicates from a different clutch of fish were
used per staining experiment, and in each replicate 24 embryos/group
were exposed. The solvent (DMSO) concentration was 0.5% (i.e., lower
than the maximum final concentration of DMSO that is considered to be
safe to be used in zebrafish assays [27]). If precipitation was observed,
stock solutions were pH adjusted with 1 M NaOH or 1 M HCl within a
range of pH 4-10 to facilitate dissolution with final adjustment to pH
6.4-8.4. Any precipitation in compound solutions and/or the well was
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results of replicate 2. All groups were compared to the solvent control group. Significant differences between the solvent control and any of the other groups are

indicated. P < 0.05 (*) and p < 0.01 (**).

recorded at the time of plating and at 5 dpf. All embryos were incubated
at 28 (1) °C for 5 days. More details about the exposure and chemicals
that were used in the different experiments can be found in Table 1.

For the live staining experiments, the exposure was stopped at 5 dpf
and the larvae were transferred to small crystalline dishes and were
further reared in rig water until 9 dpf. Viability was checked daily. The
crystalline dishes had a 50% water change daily with fresh rig water
after the first feed of the day. The larvae were fed three times a day with
4mg ZM (Zebrafish Management Ltd, Hampshire, UK) dry particle
larval food (5-8 dpf ZM-000, 9 dpf 50:50 ZM-000:ZM-100).

2.5. Viability, morphological evaluation, and length assessment

The viability of all larvae was assessed at 5 dpf, and also at 9 dpf for
the live staining experiments. After the viability assessment on 5 dpf (i.e.
using the same criteria for lethality as mentioned in 2.3), larvae were
anesthetized using tricaine (1 mM) and a morphological assessment was
conducted for the same endpoints as used in Gustafson et al., 2012 [28]
and Ball et al. (2014) [8]. For this assessment, a numerical system that
has been previously described by Panzica-Kelly et al. was used [29]. The
standard length (SL; in mm) at 5 and 9 dpf of all hatched larval zebrafish
was determined using a Leica M205C stereomicroscope (Leica, UK).
Images were captured using a Leica DMC4500 digital camera. Image
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analysis was conducted by applying Leica LAS X core and LAS X mea-
surements® (see 2.8).

2.6. Staining protocol

2.6.1. Fixed tissue staining (alizarin red and alcian blue)

Two-color acid free staining of the zebrafish larvae was adapted from
Walker and Kimmel (2007) [23]. In brief, after euthanasia in 4 mg/mL
MS-222, half of the hatched larvae of each replicate (i.e., a maximum of
12/replicate) were fixed in 4% formalin (containing 0.1 M phosphate
buffer) for 1 day at room temperature and then stored in 70% ethanol
(Thermo Fisher, New Hampshire, USA) overnight at 4°C. Samples were
then washed for 5 min in 50% methanol followed by 80% methanol. The
larvae were then stained in alcian blue solution (0.02% w/v alcian blue
(Sigma-Aldrich, Missouri, USA), 80 mM MgCl, (Sigma-Aldrich) in
73.5% ethanol) for 1h. This was followed by a 5-min wash in 50%
ethanol and two washes in water containing 0.2% v/v Triton ™ X-100
(Thermo Fisher). The larvae were bleached (0.8% KOH (Thermo Fisher)
and 0.9% H20 (Sigma-Aldrich) in 0.2% Triton ™ X-100 water) for
30 min, while monitoring for pigmentation loss. This was followed by
two 5-min washes in water containing 0.2% Triton ™ X-100. Stained
larvae were immersed in 100% Borax (saturated sodium tetraborate
(Thermo Fisher)) solution for 10 min followed by 1 h in digestion solu-
tion (1% trypsin (Sigma-Aldrich) in 60% borax solution with 0.08%
Triton ™ X-100). Post digestion, larvae were stained for 3-hours in
alizarin red solution (0.003% alizarin red (w/v) (Sigma-Aldrich) in 1%
KOH solution) and then 20 min in wash and clear solution (20% glycerol
(Thermo Fisher), 0.8% KOH in 0.2% Triton ™ X-100). Samples were
then stored in the dark at 4°C in 70% glycerol until imaging. Imaging
was conducted for each batch within 72h after staining. Transfer of
larvae between different staining solutions was conducted using Netwell
™ permeable supports (15mm insert with 74 pm polyester mesh
(Corning, USA)).

2.6.2. Live calcein staining

Larvae (24/group) were stained as detailed in Du et al. (2001) [24].
Calcein powder (C0875-5 G, Sigma-Aldrich) was solubilized in deion-
ized water at 2 mg/mlL and adjusted to pH 7.4 + 0.3 with 1 M NaOH
(Thermo Fisher). Larvae were transferred to the calcein stain solution for
10 min, then washed in 3 volumes of rig water. The solution was
replaced with 0.2 mg/mL MS-222 (pH 7.5) for 5min. The larvae were
embedded in 1% low melting point agarose and imaged immediately
(see 2.8).

2.6.3. Live alizarin red staining

Alizarin red powder (A5533-25 G, Sigma-Aldrich) was solubilized in
0.3x Danieau’s solution at 0.5% w/v stock solution and stored in the
dark. The alizarin red stain stock was diluted 1:100 in 0.3x Danieau’s

Reproductive Toxicology 127 (2024) 108615

solution and pH adjusted with fresh 1 M KOH (Thermo Fisher) to pH 7.4
+ 0.2 (i.e., the AR solution). Larvae (24/group) were transferred to the
AR solution for 1h and then washed in a 3 times volume of rig water.
The solution was then replaced with 0.2 mg/mL MS-222 (pH 7.5) for
5 min until loss of dorsoventral balance. The larvae were then embedded
in 1% low melting point agarose and captured immediately (see below).

2.7. Embedding protocol

The fluorescent bone staining was performed in larvae at 5 and 9 dpf
using the method of Parker et al., 2014 [30]. Each larva was anes-
thetized in MS-222 (0.2 mg/mL, pH 7.5) until the loss of dorsoventral
balance. The larvae were then transferred into low melting point agarose
(1g/100mL in the same MS-222) before being deposited in a total
volume of 80 uL into a well created by a press-to-seal silicon isolator
(Sigma-Aldrich) on a clear microscope slide. Each larva was then gently
orientated onto its side with the head to the left, the agarose solidified by
very brief (1-2s) exposure to a cooling plate (5°C), and two drops of
MS-222 placed on top to minimize agarose shrinkage during image. Post
imaging the larva was released from the agarose into 0.02 g/L MS-222
and then re-embedded in agarose (1 g/100 mL) with the dorsal side
down and the head to the left. At 5 dpf, the larvae were then released
into clean rig water and maintained till 9 dpf. The imaging of both the
lateral and dorsoventral views was repeated at 9 dpf. At the end, the
larvae were terminated in an overdose of anesthetic and secondary
confirmation of termination was done by the destruction of the brain
tissue.

2.8. Image capture

Live larval zebrafish were imaged using a Leica M205C stereomi-
croscope (Leica, UK) combined with a Leica DMC4500 digital camera.
Image analysis was conducted by Leica LAS X core and LAS X mea-
surements®. Larvae were anesthetized in MS-222 (0.2 mg/mL, pH 7.5)
until the loss of dorsoventral balance. After imaging, the larvae were
returned to the exposure medium or euthanized with an overdose of
anesthetic.

Live fluorescent bone staining was imaged using an Olympus SZX16
scope (Olympus, UK) at 6.3x magnification with Prior 200 Lumen illu-
mination (100%). To do so, anesthetized larvae were embedded in 1 %
low gelling temperature agar containing 0.2 g/L MS-222.

Alizarin red fluorescence was captured with a red fluorescent protein
(RFP) light cube filter (620 nm with a bandwidth of 0 nm (excitation
HQ545/30x, emission: HQ620/60x)) (Chroma Technology Corporation.
VT USA) and by using 100 ms exposure in Micromanager (v1.4). In total
8 images per stack were captured at a 3 s interval between the images
using a Zyla 4.2 sCMOS camera (Andor, Oxford Instruments, UK).

Calcein (GFP) fluorescence was captured with a green fluorescent
protein (GFP) light cube filter (460 nm with a bandwidth of 35nm
(excitation BP460 T2, emission: BP495 T2)) (Chroma Technology Cor-
poration. VT USA) and by using 20 or 9.84 ms exposure in Microman-
ager (v1.4). In total 8 images per stack were captured at a 3 s interval
between the images using a Zyla 4.2 sCMOS camera (Andor, Oxford
Instruments, UK).

Fixed, stained larval zebrafish larvae were imaged using a Leica
M205C stereomicroscope (Leica, UK). Still images were captured using a
Leica DMC4500 digital camera. Image analysis was performed using
Leica LAS X core and LAS X measurements®.

2.9. Skeletal evaluation

2.9.1. Alizarin red and alcian blue stained larvae

Each bone and cartilage structure (see Table 2, Table 3 and Fig. 1) of
each larva was scored for staining intensity and shape by allocating a
representative score (see Table 4). Each structure was scored in the
position (i.e., lateral or dorsoventral) where it was most visible/stained.
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Fig. 8. Mean intensity score of fixed AR-stained bones of 5 dpf larvae treated with proprietary compound 9. A) shows the results of replicate 1 and B) shows the
results of replicate 2. All groups were compared to the solvent control group. Significant differences between the solvent control and any of the other groups are
indicated. P < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). The color of the asterisks indicate that the solvent control was significantly more (black) or less (green)
intense stained than the other group. The green underlined asterisks indicate that the solvent control was significantly less stained than the medium control.

Moreover, the angle between the ceratohyal cartilages was measured.
Previous studies showed that this angle may increase after exposure to
xenobiotics, and therefore, can be an indication for xenobiotic toxicity
[31].

2.9.2. Calcein stained larvae

Six stacks of images (i.e., one stack of 8 images per position) for each
orientation were taken for each larva. Two different aperture durations,
i.e., 20 ms and 9.84 ms, with fluorescence intensity power at 100, 50
and 10% power were used to prevent over exposure of the bone tissue.
However, the larvae could not be scored for individual bone structures,

as will be further explained in Section 3.4 due to a high degree of
variability in staining.

2.9.3. Alizarin red live stained larvae

For each of the larvae, two stacks of images (i.e., one stack of 8
images per position) were processed in ImageJ and the intensity and
shape of the bone structures (see Table 2, Fig. 2 and Fig. 3) of each of the
larva were evaluated and a representative score was allocated (see
Table 4) [16]. For each bone structure of each larva in each group, the
image with the highest intensity score was selected to determine the
final score of the bone.
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2.10. Using solvent controls to investigate the cause of variability between
replicates

Due to inconsistent results between replicates of compound-treated
zebrafish larvae, additional experiments and/or analyses were per-
formed to investigate the cause of this variability.

For the AR live staining experiments, the variability in the intensity
of solvent controls was first checked by comparing the solvent controls
of both replicates of compound 5 experiments at 5 dpf and 9 dpf.
However, to make sure the time gap between the two replicates was not
causing additional variability, new solvent control experiments were

carried out. First, 0.5% DMSO treated (solvent control) larvae of two
clutches of zebrafish (same spawning day, n=24) were compared. Sec-
ond, the larvae of each of these clutches were divided into 3 groups of 8
fish (i.e., larva 1-8 in subgroup 1, larva 9-16 in subgroup 2, and larva
17-24 in subgroup 3) and these subgroups were compared to each other.
In addition, the solvent control group of the second replicate of the
compound 5 experiment (5 dpf) was also divided into 3 subgroups of 8
larvae each, so they could also be compared to each other.

For the fixed staining experiments, the variability in intensity and
bone shape of the different medium control groups was checked by
comparing the medium control groups of all previously conducted
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experiments (compound 5, 9, A, and levetiracetam; 2 replicates each).
Thus, 8 control groups of maximum 12 zebrafish larvae were compared
to each other.

2.11. Statistical analysis

Length measurements between different treatments were analyzed
for statistical differences induced by compound treatment from the
pooled experimental replicates. Minitab 21 Statistical software (com-
puter software; www.minitab.com) was used. Normal distribution of the
data was determined by Levene’s and Bartlett’s tests. If data were nor-
mally distributed, assessment of significant difference was performed
using by Tukey ANOVA test. If no normal distribution was found, a
Kruskal-Wallis test was applied and then an individual Mann-Whitney
test was applied to each treatment group. For the binary data of the
viability and the shape scoring a Fisher Exact test was performed and the
Relative Risk was calculated. For the ordinal data (i.e., 0, 1, 2, or 3) of
the intensity scoring a Kruskal-Wallis test with correction for multiple
comparisons (Dunn’s multiple comparisons test) was used to check if
there was a significant difference between any of the test groups and the
control group (exposure experiments) or between any of the control
groups (variability experiments). Also, for the angle size data a Kruskal-
Wallis test with correction for multiple comparisons (Dunn’s test) was
used. If there were only two groups, a Mann Whitney U test was used
instead of the Kruskal-Wallis test. Except for length measurement
analysis, all statistical analyses were performed using GraphPad 8.4.0 or
newer versions.

3. Results
3.1. Uptake assessment

Uptake of all four test compounds was detected in zebrafish at the
highest nominal exposure concentration of each compound between 1%
and 31% of the nominal concentration at both 1 and 5 dpf (see Table 5).
Precipitation was observed in the analysis solution of compound A at
100 pM nominal concentration at both 1 and 5 dpf. Therefore, to avoid
excessive precipitation, the highest tested concentration used for expo-
sure was 100 uM, and not higher (i.e., no 1,000 uM). The other com-
pounds did not display any precipitation at 100 pM, and therefore, also
1,000 uM was included for evaluating the stainings. All compounds were
stable in the medium over the 5 days (see Table 5). There was a
reduction in the recorded uptake of all compounds between the 1 and 5
dpf sampling, except for 10 pM of compound A.
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3.2. Viability, morphological evaluation, and length assessment

3.2.1. 5 dpf larvae exposed to compound 5, 9, A and levetiracetam (fixed
experiments)

No significant difference in viability was observed between the test
concentrations and the control groups (see Supplementary table 2).

Exposure to levetiracetam (LTC) up to 1,000 pM did not induce any
malformations at 5 dpf (see Supplementary table 3). Levetiracetam also
showed no effect on larval length.

At 5 dpf, no treatment related malformations were observed after
exposure to compound A up to 100 uM (see Supplementary table 4). A
significant reduction in length of the 1, 10 and 100 pM test groups was
observed in one of the replicates for compound A compared to the DMSO
control (p = 0.000 for 1 yM and 10 uM and p = 0.014 for 100 uM) (see
Supplementary table 5), and the 1 uM and 10 uM test groups compared
to the medium control (p = 0.037 for 1 uM and p = 0.023 for 10 puM).

Compound 5 induced treatment-related malformations in the jaw
and neural tube, and pericardial edema and slow heart rate at 1,000 pM
at 5 dpf (see Supplementary table 6). Also a significant reduction in
length of the 1,000 uM exposed group compared to the medium and
DMSO control groups (p = 0.048 to medium and p = 0.031 to DMSO in
replicate 1; and p = 0.000 to DMSO in replicate 2) was observed (see
Supplementary table 5).

Compound 9 did not induce any treatment-related malformations at
5 dpf compared to the medium and DMSO control larvae (see Supple-
mentary table 7). The larval length at 1,000 pM of compound 9 was
significantly reduced compared to the DMSO control in both replicates
(p = 0.000 for replicate 1 and p = 0.004 for replicate 2), and the medium
control in replicate 1 (p = 0.002) (see Supplementary table 5).

3.2.2. 5 and 9 dpf larvae exposed to compound 5 (AR live experiments)

No significant difference in viability was observed between the test
concentrations of compound 5 and the DMSO control group at 5 dpf (see
Supplementary table 8). The larval length at 1,000 uM of compound 5,
however, was significantly reduced compared to the DMSO control (p =
0.001), but only in the first replicate (see Supplementary table 9). At 9
dpf, the length was significantly reduced after exposure to 100 uM in the
first replicate (p = 0.030) and after exposure to 1,000 uM in both rep-
licates (p = 0.011 for replicate 1, p = 0.003 for replicate 2) (see Sup-
plementary table 9). Also, significant differences in viability were found
at 9 dpf between the 1,000 pM group and the control group (p = 0.0001
for replicate 1 and p = 0.0496 for replicate 2) (see Supplementary table
8).

3.3. AR-AB staining results

3.3.1. 0.5% DMSO as a solvent

In each of the different experiments (see Figs. 4-15), the solvent
control was compared to the medium control to check if the use of 0.5%
DMSO as a solvent did affect the skeletal development or the AR-AB
staining.

For all AR-AB staining experiments, no significant deviations in
shape of bone and cartilage structures were observed in the medium and
solvent controls (data not shown).

The angle between the ceratohyal cartilages was comparable be-
tween the medium and solvent control group of the different experi-
ments (see Fig. 4, Fig. 7, Fig. 10 and Fig. 13). Exceptions were found in
replicate 2 for compound 9 (see Fig. 7, mean angle size was significantly
larger in the solvent control group) and in replicate 1 of the levetir-
acetam experiment (see Fig. 13; mean angle size was significantly larger
in the medium control group). The other replicate of both experiments
showed no significant differences in mean angle size between both
control groups.

In both replicates of compound 5 (see Fig. 5 and Fig. 6) and leve-
tiracetam (see Fig. 14 and Fig. 15), there were no significant differences
in staining intensity between the solvent and medium control. Also, no
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differences in intensity of the different bone and cartilage structures
were observed when comparing both controls in replicate 1 of the
compound 9 experiment (see Fig. 8 and Fig. 9), and replicate 2 of the
compound A experiment (see Fig. 11 and Fig. 12). However, in replicate
2 of the compound 9 experiment, the ceratobranchials 5 (left and right)
were more intensely stained in the medium control group than in the
solvent control group (see Fig. 8B, indicated with a green underlined
asterisk). In replicate 1 of the compound A experiment, the opercles (left
and right) were more intensely stained in the solvent control group than
in the medium control group (see Fig. 11A, indicated by red asterisks).
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However, in all other replicates and experiments, the intensity of the
opercles and ceratobranchials 5 were not significantly different between
the solvent and medium controls.

Overall, the results of the intensity, shape and angle size showed that
the use of 0.5% DMSO as a solvent did not have an impact on skeletal
development nor on AR-AB staining. The results of the different test
compound groups could therefore be compared to the solvent control.

3.3.2. Compound 5
No significant differences in shape of the bone and cartilage
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structures (data not shown) and ceratohyal angle size (see Fig. 4) were
observed when comparing the three test groups with the solvent control.

Compound 5 reduced the staining intensity in some bone structures
(ps, t L&R, brs L&R) in replicate 2 at 1,000 uM (see Fig. 5 and Supple-
mentary figure 1). No significant effects were observed at 100 uM. Uot L
was less intensely stained at 10 uM in replicate 2 (see Fig. 5). In replicate
1, no significant effects of compound 5 on staining intensity were
observed.

For the cartilage structures, cb (left and right) was less intensely
stained in both replicates at 1,000 uM (see Fig. 6 and Supplementary
figure 1).

3.3.3. Compound 9

No differences in shape of the bone and cartilage structures were
observed when comparing the three test groups to the solvent control
(data not shown). Differences in mean angle size, however, were
observed in replicate 2 (see Fig. 7). The mean angle size of compound 9
was significantly smaller at 10 uM than in the control group. No effects
on mean angle size were noted at the higher concentrations.

Compound 9 caused no significant differences in staining intensity at
1,000 uM when compared to the control group (see Fig. 8). In replicate 2
at 100 uM, a significantly more intensely stained parasphenoid was
noted than in the control group. An increase in staining intensity was
also observed for the parasphenoid and the ceratobranchials 5 at 10 uM
in replicate 2. For these structures, no increase in staining was observed
at 1,000 uM (ps and cb5) or 100 uM (cb5).

For the cartilage structures, the basihyal (replicate 1), ceratohyals
(replicate 2) and ceratobranchials (replicate 2) were less intensely
stained in one of the replicates at 1,000 uM. No significant results were
observed at 10 pM and 100 uM (see Fig. 9).

3.3.4. Compound A

No abnormalities in the shape of the bones and cartilages were
observed after exposure to compound A (data not shown). The mean
angle size was significantly increased at 100 uM in replicate 1 (see
Fig. 10 and Supplementary figure 2). The parasphenoid was less
intensely stained at 100 uM in replicate 1 (see Fig. 11 and Fig. 12).

3.3.5. Levetiracetam

No significant differences in ceratohyal angle size (see Fig. 13) or
shape of the skeletal structures (data not shown) were observed when
comparing the three test groups with the solvent control.

The staining intensity of skeletal structures after exposure to leve-
tiracetam was very different in both replicates (see Fig. 14). This was
especially different at 100 uM and 1,000 uM. A significant decrease in
the intensity was observed for the ceratobranchials 5 (L&R) and the
pharyngeal teeth (L&R) at 1,000 uM in replicate 1. The same structures
were even less intensely stained, and thus more affected, at 100 pM in
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replicate 1. Moreover, also 3 other structures (i.e., opercle L&R, cleith-
rum L&R and parasphenoid) were less intensely stained at 100 pM. In
contrast, the paraspheniod intensity significantly increased at 100 uM in
replicate 2.

For cartilage intensity, only a significant decrease in the basihyal
intensity was observed at 100 uM in replicate 1 (Fig. 15).

3.3.6. Conclusion on the AR-AB staining

A lot of variability in staining intensity was observed between the
two replicates. Therefore, we decided to assess whether other staining
methods may provide more consistent staining results.

3.4. Calcein live staining results

Assessment for the utility of calcein staining for determination of
bone formation in the larval zebrafish was undertaken initially on
control larvae of 5 dpf and 9 dpf (Fig. 16A). Even before assessing the
different bone structures more closely, the control larvae already
demonstrated a lot of variability in staining (Fig. 16B). The high degree
of variability in fluorescence meant that, when imaging, adjustments in
the exposure duration of the image capture had to be made for each
larva to avoid overexposure of the image capture. There was also a large
degree of autofluorescence (data not shown) within the tissues.

In conclusion, the high degree of variability in staining intensities
between control individuals prevented the skeletal assessment. There-
fore, calcein was not further used and a third staining method was
explored.

3.5. AR live staining results

3.5.1. Compound 5

Based on the results of the AR-AB staining (see 3.3 and discussion),
compound 5 was selected to expose zebrafish embryos to AR live,
including a longer exposure window (9 dpf) (see discussion).

At 5 dpf, differences in shape of the parasphenoid were observed
between both replicates (see Fig. 17). In the first replicate, the para-
sphenoid was malformed (i.e. shorter) at 1,000 uM (p = 0.0199, RR =
1.333). In the other replicate, no malformations were observed.

The staining intensity was significantly reduced in the right utricular
otolith at 100 uM in the first replicate at 5 dpf (see Fig. 18). In the second
replicate, there was no significant effect on this structure, but an in-
crease in staining intensity was observed in the ceratobranchials 5 L&R.
At 1,000 pM, the staining intensity was significantly reduced in almost
all the bone structures in the first replicate (see Fig. 18). In the second
replicate, however, the staining intensity was only decreased in the
vertebrae and the anguloarticulars L&R, and increased in the cerato-
branchials 5 L&R.

For both replicates at 9 dpf, no significant differences in shape of the
bone structures were found when comparing the two treatment groups
with the solvent control (data not shown).

At 9 dpf in the first replicate, several structures were significantly
less stained at 100 uM and 1,000 uM when compared to the control
group. In the second replicate, there was only a significant decrease in
staining intensity of the left hyomandibular bone at 1,000 uM of com-
pound 5 (see Fig. 19).

3.5.2. Conclusion on the AR live staining

In conclusion, the AR live staining also showed variability between
replicates. To assess whether biological variability in zebrafish skeletal
development could be the cause of the variability between replicates, we
performed a post-hoc analysis of all solvent control groups.

3.6. Post-hoc analysis: variability in AR live staining between control
groups

When comparing the solvent controls of both replicates of the
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than the other group.

compound 5 experiment, many differences in bone staining intensity
were found (see Fig. 20). At 5 dpf, several bone structures were more
intensely stained in the second than in the first replicate. Only the right
circle saccular otolith was more intensely stained in the first replicate. In
contrast, several structures were significantly more intensely stained in
the first replicate at 9 dpf. This was even the case for structures that were
observed to be less intensely stained in this first replicate at 5 dpf (i.e.,
chb R, den L, aa L, and aa R). As both replicates were conducted with 9
months of time in between, the use of different batches of adult fish and
the use of freshly prepared staining solutions for both replicates may
have contributed to this variability. Therefore, we decided to conduct an

additional experiment to assess whether biological variability in (onset
of) bone development or technical aspects caused the differences in bone
staining intensity between replicates.

3.7. Variability experiments results

3.7.1. Variability between control larvae from 2 clutches of zebrafish (same
spawning day)

In the first experiment, differences in bone staining intensity be-
tween control larvae from two clutches of fish (same spawning day)
were checked (see Fig. 21 and Supplementary figure 3). The results
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[]

Fig. 17. Images of AR live stained bones of 5 dpf larvae treated with A) the solvent control, B) 100 uM of compound 5 and C) 1,000 uM of compound 5. The
parasphenoid, which is normal in A and B, and malformed in C, is indicated with a white box. All pictures are from larvae of the first replicate and show the larvae in

dorsoventral position.

revealed that the left and right branchiostegal rays were more intensely
stained in larvae that originated from the first clutch.

3.7.2. Variability between control larvae from the same clutch of zebrafish

In a second experiment, differences in staining intensities between
larvae from the same clutch of zebrafish were assessed. For this, the
larvae of each of the clutches (batch 1 and 2, respectively) of experiment
1 (see 3.7.1) and the solvent control group of the second replicate of the
AR live compound 5 experiment (5 dpf) (batch 3) were randomly
divided into 3 groups of 8 fish. These 3 subgroups were compared to
each other.

For the first batch of experiment 1, no significant differences in
staining intensity between the three subgroups were observed (see
Fig. 22A). For the other two batches, however, significant differences
were observed. In the second batch, the right dentary was significantly
less stained in the second subgroup than in the other subgroups (see
Fig. 22B). In the third batch, the right utricular otolith was significantly
less stained in the third subgroup than in both other subgroups, and the
left entopterygoid was significantly less stained than in the first sub-
group (see Fig. 22C).

3.7.3. Conclusion on the variability experiments

For the AR live staining, we found variability in staining intensities
between larvae of two clutches of the same spawning day, as well as
between larvae originating from the same clutch of fish. Thus, biological
variability in (onset of) bone development is clearly present in zebrafish
larvae.

3.8. Post-hoc analysis: variability in AR-AB staining between control
groups

As the results of the AR live staining indicated that biological vari-
ability in (onset of) bone development is clearly present in zebrafish
larvae, we also performed a post-hoc analysis of the control groups of the
AR-AB experiments to check whether the same staining variability can
be observed.

The angle size, bone shape and skeletal structure intensity of eight
medium control groups were compared to each other. No significant
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differences in shape were observed (data not shown). Two groups, C5.2
and LTC.1, had significantly increased angle sizes when compared with
some other groups (i.e., C5.2 with C5.1, CA.1 and CA.2, and LTC.1 with
C5.1) (see Fig. 23). For staining intensity, significant results were
observed for several structures (see Table 6). Especially the paraspenoid,
branchiostegal rays, and the pharyngeal teeth (bone structures) and the
basihyal, ceratohyal, ceratobranchials, and the auditory capsule (carti-
lage structures) were stained significantly different. So, also for the AR-
AB experiments staining variability between different control groups
was observed.

4. Discussion

The goal of this study was to investigate whether the sensitivity of
zebrafish embryo developmental toxicity assays can be increased by
including a skeletal staining. To avoid potential negative results due to
the lack of compound uptake by zebrafish larvae, the first aim was to
assess the uptake and stability of the four selected compounds. This
assessment revealed that each compound was taken up by zebrafish
embryos (1 dpf) and larvae (5 dpf) and remained stable in the medium
over the tested period of five days.

Once uptake was confirmed, the viability and gross morphology of 5
dpf zebrafish larvae was assessed. Although all four compounds were
previously reported to give false negative results [8,10], a re-assessment
of the gross morphology in the present study allowed a comparison of
the sensitivity with and without the use of skeletal staining methods.
Also larval length was determined as an additional endpoint in this
study, because it is known that exposure to xenobiotics can cause a
reduced body length [38,39].

No significant differences in viability were observed between 5 dpf
zebrafish larvae treated with any of the compounds and the control
groups, which is in line with what was reported earlier [8]. The
morphological assessment of 5 dpf larvae exposed to the highest con-
centration of compound 5, however, revealed malformations of the jaw,
brain and heart, that were not observed earlier by Ball et al. (2014) [8].
The reason why these malformations were not observed before is un-
known, as the compound was tested in several labs and the same
morphological assessment method was used. Moreover, compounds 5
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and 9 caused a shortened body after exposure to 1,000 uM at 5 dpf.
Interestingly, one of the malformations that was detected in EFD studies
for compound 9 was shorter long bones in rats [8]. Compound A showed
a reduced body length in all concentrations in the first replicate (not
dose-dependent), while the larvae in the second replicate were not
affected. As larval length was not determined in the studies by Lee, et al.
(2013) and Ball, et al. (2014), a comparison with those studies was not
possible [8,10]. In our study, the larvae exposed to compound 5 were
further reared until 9 dpf to see if skeletal assessment at a later age
would make the assay more sensitive than at 5 dpf. At 9 dpf, the body
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length of larvae exposed to 1,000 uM (2 replicates) and 100 pM (1
replicate) of compound 5 was reduced. Moreover, the viability of the 9
dpf larvae exposed to 1,000 uM of compound 5 was significantly lower.
Interestingly, this lethal effect only became visible at 9 dpf, so when the
exposure had already been stopped.

Levetiracetam appeared to be non-teratogenic in our study, which is
in agreement with the study by Lee, et al. (2013) [10]. The results of
compound A are inconclusive due to the differences for larval length
between both replicates. In contrast to what was found by Ball, et al.
(2014), the results of the viability, length and morphological assessment
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in our study indicate that compound 5 might be teratogenic in zebrafish
larvae. The reduced larval length observed for compound 9, which is a
sign of growth retardation, is a first sign that this compound might have
a negative impact on zebrafish development. Despite the fact that
negative effects were already found for compound 5 and 9 without
skeletal staining, we still evaluated whether a skeletal assessment could
make the assay more sensitive, i.e., reveal structural effects already at
lower concentrations.

The AR-AB fixed staining was the first staining that was tested, since
this method allowed visualization of most skeletal structures as both
bone and cartilage structures are stained. However, for all four com-
pounds the results were inconsistent due to the variability between
replicates. This variability was not found with the gross morphology,
length, and viability assessments, except for the length of larvae exposed
to compound A. Especially the staining intensity of skeletal structures
showed to be very different between the replicates of all four com-
pounds. In contrast, there were hardly any differences in shape and
almost no significant differences in angle size. The mean angle size was
only significantly increased at 100 uM of compound A in replicate 1. In
addition to the differences between replicates, the results of the intensity
staining revealed often more pronounced effects after exposure to lower,
instead of higher, concentrations of LTC (i.e., not dose-dependent). For
compound 9, increased, instead of the expected decreased, staining in-
tensities were observed for some structures (i.e., cb5 and ps). However,
this might be due to the fact that the solvent control was significantly
less stained for cb5 and ps when compared the medium control group.
Therefore, the increase in intensity is likely due to a decreased staining
in the control group. Due to the high variability between replicates and
inconsistent results, it was difficult to determine whether the AR-AB
staining could pick up malformations that were not found by using
only a gross morphological, length and viability assessment. In contrast
to the use of AR-AB as a skeletal staining, the length assessment was
consistent between the replicates of three of the compounds. Therefore,
including larval length as a standard endpoint in zebrafish embryo as-
says could be considered. As a staining method should be able to provide
a consistent staining, and especially variability in staining intensity was
found to be the most prominent cause of differences between replicates,
we decided to explore other staining methods. As most significant dif-
ferences were found in bones and not in cartilages, the use of skeletal
staining methods that only visualize bone might be sufficient to increase
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the sensitivity. Moreover, we noticed that a manual cartilage assessment
is not suitable for zebrafish embryo developmental toxicity assays due to
the difficulty in manually assigning scores to structures that were always
stained with low intensity (e.g. cb, bh, bb, pty, etc.; see Fig. 1). As
assigning a score of e.g. 1 or 2 to these structures was difficult in many
cases, this can easily have led to variability between replicates and
consequent false differences with controls. On the other hand, the
heavily stained structures were easily scored (e.g. mk, qu, hys, etc.), but
we noted no difference between the controls and the exposed groups. As
such, if the use of a cartilage staining would be further explored in the
future, we recommend to use it in combination with an automated
scoring method. By developing and using a software program that can
analyze the images of the skeletal structures (that were taken by an
automated zebrafish handling and imaging system to make sure the
structures are imaged in exactly the same position), the observer bias
can be reduced, resulting in more correct scoring of the structures that
were lightly stained.

The observed malformations of the jaw and the reduced length after
exposure to compound 5 may suggest that, of all compounds, an impact
on bone development is the most likely for compound 5. Therefore, this
compound was used to test the other staining methods.

The calcein live staining caused a high degree of variability in fluo-
rescence between control larvae, which prevented the assessment of the
different bone structures. Hence, our findings indicated that calcein
cannot be used for bone assessment in developing zebrafish embryos.
This is in contrast to what was found in the study by Du, et al. (2001)
[24]. They reported that calcein was a more sensitive staining method
when compared to AR-AB staining. In their study, calcein revealed most
skeletal structures, whereas there was almost no staining from alizarin
red and only a subset of the structures could be visualized using alcian
blue. However, they did not use an acid-free AR-AB staining method.
Walker and Kimmel (2007) reported that the combination of alizarin red
and alcian blue is problematic if acidic conditions are used to differen-
tiate the tissue in the alcian blue staining. This acid demineralizes bone,
which affects the alizarin red staining as this depends on mineralization
of the bone matrix [23]. Hence, this might explain why Du et. al barely
found alizarin red stained structures, and therefore reported a higher
sensitivity for the calcein staining. Moreover, as alcian blue is a cartilage
staining (i.e., it stains the extracellular matrix that is associated with
chondrocytes [40]) and not a bone staining, it is reasonable that more
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fixed staining experiments. P < 0.05 (*), p < 0.01 (**) and p < 0.001 (***).

calcified skeletal structures were stained with calcein, as the latter
specifically binds to calcified skeletal structures. Due to the variability in
fluorescence in the controls, calcein was not further used in our study
and a third staining, the AR live staining, was explored.

Since an AR live staining allows staining of living larvae, the until 5
dpf exposed larvae could be reared until 9 dpf and checked again for
skeletal malformations. The aim was to investigate whether a skeletal
assessment at a later age (i.e., 9 dpf) would increase the sensitivity of the
assay compared to an assessment at 5 dpf. Although the AR live staining
looked promising during an initial test with a test compound using only
one replicate in a previous study [16], the variability in staining in-
tensity between replicates of compound 5 appeared to be a problem for
this staining as well. This variability was not detected in Hoyberghs,
et al. (2020), as only one replicate was used [16]. In our present study,
the staining intensity of almost all affected structures was only reduced
in one of the replicates at both concentrations at 5 and 9 dpf. In addition,
the results indicated that a bone staining is not more sensitive at 9 dpf, as
already a reduced body length and increased mortality was observed at
this age. In the group treated with the highest concentration of com-
pound 5, only 9 fish survived. At 5 dpf, the AR live staining was not more
sensitive in the 1,000 uM group, as gross morphological abnormalities
were present. Interestingly, a reduced staining intensity of the dentary
and maxilla was observed in replicate 1. This is in line with the observed
jaw malformations of the gross morphological assessment. Moreover, in
this replicate also a malformation in the shape (i.e., reduced length) of
the parasphenoid was found, which is in line with the reduced larval
length. Only in the 100 uM group a bone staining at 5 dpf showed to be
more sensitive than gross morphology. However, due to the variability
in staining between replicates, it is not clear if including an AR live bone
staining visualizes malformations at lower concentrations. Nevertheless,
the results indicate that a bone staining is not more sensitive at 9 dpf
than at 5 dpf.

Due to inconsistent results between replicates of compound-treated
zebrafish larvae, additional analyses on AR live and AR-AB-stained
control larvae were performed to check whether replicates of control
larvae also showed this variability. For both staining methods, many
differences in bone staining intensity were found between replicates of
control larvae. A reliable staining method should provide consistent
results in independent experiments with control larvae. For the AR live
staining at 5 and 9 dpf, a lot of differences in bone staining were present
between two groups of control larvae. However, as both replicates were
conducted with 9 months of time in between, the use of different batches
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of adult fish and the use of freshly prepared staining solution for both
replicates may have caused additional variability. Therefore, additional
AR live staining experiments on control larvae were conducted to assess
whether biological variability in (onset of) bone development or tech-
nical aspects caused the differences in bone staining intensity between
replicates. In these experiments, variability in staining between larvae of
two clutches of the same spawning day, as well as variability in staining
between larvae originating from the same clutch of zebrafish were
found. These findings are in line with the study by Cubbage and Mabee
(1996) that specifically looked at the development of the zebrafish
cranium and paired fins. Using a smaller number of zebrafish larvae per
age, inter-individual variability in the onset of ossification was also
clearly observed in their study. Moreover, the degree of variability was
dependent on the bone structure [32]. The rapid development of
zebrafish might be a possible reason for the variability in staining we
observed. Variability in skeletal staining also occurs in the in vivo
mammalian studies. As zebrafish development goes faster than
mammalian development (days in zebrafish vs. weeks in mammals), also
the staging of early zebrafish larvae is probably more variable due to this
rapid development. As such, the pace of zebrafish development could
potentially explain the variability in staining we observed.

In conclusion, we found that biological variability in (onset of) bone
development is clearly present in zebrafish larvae. This biological vari-
ability hampers the detection of (subtle) treatment-related bone effects
that are not picked-up by a gross morphological assessment.
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Table 6

Differences in staining intensity between the medium controls of all fixed staining experiments. All medium control groups were compared to each other and all A)
bone and B) cartilage structures that differed significantly are indicated. The asterisks represent the significance. P < 0.05 (*), p < 0.01 (**), p < 0.001 (***)and p <
0.0001 (****). For vb, all scores were 0 (NA). If no left (L) or right (R) were indicated, the result of both sides was the same. Abbreviations: compound 5 (C5),
compound 9 (C9), compound A (CA), levetiracetam (LTC), replicate 1 (.1) and replicate 2 (.2).

A
N PS VB CB5 T UOT L UOTR COT EN op C BRS
C5.1-C9.1 % NA
C5.1-C9.2 NA *
C5.1-C5.2 NA ok
C5.1-LTC.1 ok NA *
C5.1-CA.1 ok NA *
C5.1 - LTC.2 ok NA ok
C5.1- CA.2 * NA
€9.1-C9.2 NA
€9.1-C5.2 NA
€9.1-LTC.1 NA
€9.1-CA.1 o NA
€9.1-LTC.2 NA
C9.1-CA.2 NA *
€9.2 - C5.2 NA
€9.2 - LTC.1 NA
C9.2- CA.1 NA
€9.2 - LTC.2 NA *
C9.2 - CA.2 NA e
C5.2 - LTC.1 NA *
C5.2 - CA.1 NA
C5.2 - LTC.2 NA
C5.2 - CA.2 NA
LTC.1-CA.1 NA
LTC.1 - LTC.2 NA
LTC.1-CA.2 NA
CA.1-LTC.2 NA
CA.1-CA.2 NA
LTC.2 - CA.2 NA
B
ETH BH BB MK QU HYS CH CB AUD PEC FIN PTY
C5.1-C9.1 o
C5.1-C9.2
C5.1-C5.2 . P, -
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