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Abstract

Polybrominated diphenyl ethers (PBDESs) are a group of brominated flame retardants that are
ubiquitously detected in the environment and associated with adverse health outcomes. 6-OH-
BDE-47 is a metabolite of the flame retardant, 2,2",4,4”-Tetrabromodiphenyl ether (BDE-47), and
there is increasing concern regarding its developmental neurotoxicity and endocrine disrupting
properties. In this study, we report that early life exposure in zebrafish (Danio rerig) embryos to 6-
OH-BDE-47 (50 and 100 nM) resulted in higher coiling frequency and significantly increased
apoptotic cells in the brain. These effects were partially rescued by overexpression of thyroid
hormone receptor § (THRB) mMRNA. Moreover, exposure to 100 nM 6-OH-BDE-47 significantly
reduced the number of hypothalamic 5-hydroxytryptamine (5-HT, serotonin)-immunoreactive (5-
HT-ir) neurons and the mRNA expression of tryptophan hydroxylase 2 (TPH2). These results
indicate that 6-OH-BDE-47 affected thyroid hormone regulation through THRP and negatively
impacted the nervous system, in turn, affecting coiling behavior. Correlations of these endpoints
suggest that coiling frequency could be used as an indicator of neurotoxicity in embryos.
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Introduction

For decades, polybrominated diphenyl ethers (PBDEs) have been added to commercial
products such as flame retardants (Covaci et al., 2003). Even though most have been phased
out of the market, PBDESs and their metabolites continue to be ubiquitously detected in
environmental and human biological samples (Hites, 2004; Sjodin et al., 2008). This is due
to their persistence and bioaccumulation properties as well as the fact that products
impregnated with PBDES remain in use (Darnerud et al., 2001). 2,2",4,4"-
Tetrabromodipheny! ether (BDE-47) is one of the most abundant congeners of PBDEs found
in the environment and potential adverse effects, including neurotoxicity, have gained
attention. For example, epidemiological studies linked BDE-47 in cord blood to early
childhood attention disorders (Cowell et al., 2015) and interference with cognitive function
and behavior (Herbstman and Mall, 2014). Children with higher concentrations of BDE-47
had lower scores on tests of mental and physical development at 12 months (Herbstman et
al., 2010). Recent studies showed that BDE-47 affected: spontaneous behavior (locomation,
rearing, and total activity), learning and memory functions in mice (Eriksson et al., 2001;
Gee and Moser, 2008), and impaired long-term potentiation (LTP) in mouse hippocampus
(Dingemans et al., 2007). This compound also induced oxidative stress and apoptosis in rat
hippocampal neurons and mouse neuro-2a cells (He et al., 2008; Chen et al., 2017).
Furthermore, BDE-47 caused inhibition of differentiation of human neural progenitor cells
(hNPC) into neurons and oligodendrocytes, which was associated with decreased migration
distance (Schreiber et al., 2010). However, the neurotoxicity of BDE-47 or its metabolites in
aquatic organisms is largely unknown, and the underlying mechanisms for its neurotoxicity
remain elusive.

6-hydroxy-2,2",4,4" -Tetrabromodiphenyl ether (6-OH-BDE-47) is the hydroxyl-metabolic
product of BDE-47, and its degradation half-life in the environment is 24 h (Liu et al.,
2015). It has been detected in maternal serum and in umbilical cord blood of pregnant
women in the US with median concentrations of 2.50 and 5.62 pg/mL, respectively
(Stapleton et al., 2011; Chen et al., 2013a). Furthermore, the metabolite showed a stronger
binding affinity to transthyretin (TTR) and thyroxine-binding globulin (TBG) in humans
than its parent compound. 6-OH-BDE-47 also disturbed Ca2* homeostasis and
neurotransmitter release in rat PC12 cells at lower concentrations (Dingemans et al., 2008).

Few studies have reported on the effects of 6-OH-BDE-47 in aquatic organisms. In fish
tissues sampled from the Detroit River between US and Canada, the concentrations of 6-
OH-BDE-47 ranged between 1.5 and 10 pg/g (wet weight) (Valters et al., 2005). In surface
sediment samples from freshwater Taihu Lake in China, the concentrations of 6-OH-
BDE-47 ranged between <0.1 and 0.350 ng/g (dry weight) (Liu et al., 2017). In the
laboratory, it induced developmental arrest in zebrafish embryos (Danio rerio) in a
concentration-dependent manner (Usenko et al., 2011). Hydroxylated PBDEs have been
shown to disrupt of endocrine systems of fish (Dong et al., 2014; Macaulay et al., 2015b).
Mechanisms have been hypothesized to explain the endocrine disrupting effect of OH-
PBDEs. First, OH-PBDESs compete with thyroxine (T4) for binding to TTR and thyroid
hormone receptor § (THRP), resulting in the disruption of thyroid homeostasis (Hamers et
al., 2008; Ren and Guo, 2013). The second mechanism relates to the tendency of OH-
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PBDEs to inhibit the activity of thyroid sulfotransferase and deiodinase /n vitro (Butt et al.,
2011; Butt and Stapleton, 2013) and /n7 vivo, leading to the disruption of thyroid hormone
(TH) and energy metabolism during the zebrafish larval period (van Boxtel et al., 2008;
Usenko et al., 2012; Legradi et al., 2014; Liu et al., 2015). Additionally, 6-OH-BDE-47
decreases THRB mRNA expression, suggesting that it may be acting as a triiodothyronine
(T3) mimic (Dong et al., 2014).

Exposure to 6-OH-BDE-47 or BDE-47 during early life stages of zebrafish might have
profound effects in later life, including altered activity levels, habituation, fear/anxiety, and
locomotor activity (Macaulay et al., 2015a). Behavior and movement are mediated by
monoaminergic neurotransmitters including serotonin (5-hydroxytryptamine, 5-HT),
dopamine (DP), noradrenaline (NE), and others. 5-HT orchestrates a broad array of
processes including autonomic, cognitive, and behavioral functions, which regulate mood,
appetite, memory, learning, pain, and establishment of left-right asymmetry in fish
embryonic development (Gaspar et al., 2003; Asan et al., 2013). Impaired function of
hypothalamic 5-hydroxytryptamine (5-HT, serotonin)-immunoreactive (5-HT-ir) neurons is
related to a number of neurological disorders including depression, aggression,
schizophrenia, and anxiety (Hendricks et al., 2003), synonymous to the phenotypes caused
by 6-OH-BDE-47 in zebrafish (Macaulay et al., 2015a). In zebrafish, quipazine, a non-
selective 5-HT agonist, increased the number of swimming episodes in larvae (Brustein et
al., 2003), and fluoxetine, a selective 5-HT reuptake inhibitor, altered adult offensive
aggressive behavior in dominant males attacking or chasing subordinates (Theodoridi et al.,
2017). Dong et al. (2014) showed 6-OH-BDE-47 exposure of zebrafish embryos to increase
apoptosis in the retina and reduce eye pigmentation. Should 6-OH-BDE-47 also induce
apoptosis of 5-HT-ir neurons, there may be increased secretion of 5-HT via negative
feedback. But effects of 6-OH-BDE-47 on 5-HT production and its rate-limiting enzyme,
tryptophan hydroxylase 2 (TPH2), require more study.

6-OH-BDE-47 has potential for developmental neurotoxicity. It is closely related to human
health, specifically children, and there are few mechanistic studies, particularly in very early
stages of neurodevelopment. While there are several validated neurotoxicity tests for
juveniles and adults (Padilla et al., 2011; Bailey et al., 2013; Macaulay et al., 2015a), few
standard methods are available estimate early-life neurotoxicity. In this study, we exposed
zebrafish embryos to various concentrations of 6-OH-BDE-47 and assessed coiling
frequency as an indicator of neurotoxicity. We evaluated apoptosis in the brain and its links
to thyroid function via the rescue effect of THRB mRNA overexpression. The role of 5-HT
in behavior and movement also made it a candidate for explaining changes in coiling
frequency. Therefore, hypothalamic 5-hydroxytryptamine (5-HT, serotonin)-immunoreactive
(5-HT-ir) neurons were evaluated. Our results provided insight into the mechanistic
understanding of effects of 6-OH-BDE-47 on zebrafish embryo developmental
neurotoxicity.
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2. Materials and methods

2.1. Fish husbandry

Adult wild-type 5-D zebrafish (AB line) were maintained in a recirculating AHAB system
(Aquatic Habitats, Apopka, FL, USA) according to standard protocols at 28 °C and a 14:10
light/dark photoperiod. Fish were fed twice daily with hatched brine shrimp and Zeigler’s
Adult Zebrafish Complete Diet (Aquatic Habitats, USA). Embryos were collected after
natural spawning in breeder tanks and then maintained in embryo media (5 mM NacCl, 0.33
MM MgS04,0.33 mM CaCl,, and 0.17 mM KCI) (Macaulay et al., 2015a) in incubators
under the same conditions as adults. All fish care and experimental procedures were
approved by Duke University’s Institutional Animal Care & Use Committee.

2.2. Chemicals and exposure media

6-OH-BDE-47 (>99 .5% purity) was purchased from Accustandard (New Haven, CT, USA;
HBDE-4005S-CN-0.2x). Stock solutions of 1 mM were prepared by dissolving an
appropriate amount of 6-OH-BDE-47 in dimethylsulfoxide (DMSO; Sigma Aldrich, St.
Louis, MO, USA; 472301-100 ML). Exposure solutions were prepared via serial dilution
from stock solution using embryo rearing medium, resulting in a final concentration of
DMSO less than 0.1%. The 4 different concentrations (1, 10, 50, and 100 nM) chosen for
this study were based on those used in a previous study (Dong et al., 2014). The control
group received 0.1% DMSO only. Exposure was from 4 h post fertilization (hpf) until 22,
26, 30, 34, or 96 hpf according to different experiments detailed below. Each treatment
group contained 3 replicates (n = 3) of 10 embryos each.

2.3. Coiling behavior assay

Coiling behavior, i.e., contractions that pull the tip of the embryonic tail toward the head
(Saint-Amant and Drapeau, 1998), was imaged for 1 min durations at 22, 26, 30, and 34 hpf
using a Nikon SMZ-1500 stereomicroscope fitted with a Nikon DXM 1200 digital camera
(Nikon Instruments Inc., Melville, NY). To quantify coiling frequency, the number of coiling
bursts per minute was recorded using Solomon Coder software (ELTE TTK, Budapest,
Hungary) for each of the 10 embryos in all replicates of each treatment group. The test was
repeated at 26 hpf with THRB mRNA injected embryos (described below), a time point
selected based on the more marked differences observed between treatment groups (Fig. 1).
Additionally, the total distance (mm) the tip of tail moved during the course of coiling, the
duration (sec) of each coiling burst, and the speed (distance/time) of tip of tail movement
during coiling were analyzed for 10 embryos per 6-OH-BDE-47 treatment group in each
replicate (n = 3).

2.4. Apoptosis measurement (TUNEL assay)

Ten embryos each from THR, 6-OH-BDE-47 (0, 1, 10, 50 and 100 nM), or 6-OH-BDE-47
+ THRP treatment groups were fixed in 4% paraformaldehyde (PFA) overnight, followed by
terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining. Staining
was done on whole mount (26 hpf) and paraffin sectioned (26 hpf) embryos (Dong et al.,
2014). Then, a VECTASTAIN Elite ABC HRP kit (PK-6100; Vector Laboratories,
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Burlingame, CA) and dia-minobenzidine tetrahydrochloride (DAB) solution were used to
detect positive TUNEL signals. TUNEL-positive signals in brains were counted under Leica
microscope (DM500; Leica Microsystems Inc., Buffalo Grove, IL) equipped with an
Olympus DP80 digital microscope camera and Olympus cellSens Standard 1.12 imaging
software (Olympus Corporation, Tokyo, Japan).

2.5. THRB mRNA over expression rescue study

In our previous study, we showed 6-OH-BDE-47 to down-regulate expression of THR
(Dong et al., 2014). THRP mRNA was synthesized with SP6 polymerase and capped using a
G(5")ppp(5")A RNA cap structure analog (New England Biolabs, Ipswich, MA). Embryos
were injected with ~3 nL of THRB (%265 ng/pL) mRNA in the 1-2 cell stage according to
published methods (Macaulay et al., 2015b) using a microinjection system consisting of a
Nikon SMZ-1500 stereomicroscope (Nikon Instruments Inc., Melville, NY, USA) and a
Narishige IM300 Microinjector (Narishge, Japan). Embryos in control group were injected
with ~3 nL of 0.9% NaCl solution. Phenol red (0.05%; Sigma Aldrich) was used to track
injections according to Dong et al. (2014).

2.6. Total RNA isolation

2.7.

A TRIzol™ Plus RNA Purification kit (Grand Island; Thermo Fisher Scientific; 12183-555)
was used for RNA extraction of 10 embryos (26 hpf) pooled from each treatment group,
following the manufacturer’s instructions. Purity of RNA samples was analyzed by
measuring the ratio of absorptions at 260/280 nm using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific). cDNA was obtained via reverse transcript from
purified RNA samples using High Capacity cDNA Reverse Transcription Kits (Applied
Biosystems Inc., Grand Island, NY, USA; Thermo Fisher Scientific; 4368814) in accordance
with the reverse transcription protocols of the manufacturer. The cDNA samples were stored
at =20 °C until use.

Real-time PCR

Relative levels of tryptophan hydroxylase 2 (TPH2) and 18s rRNA were measured using
real-time PCR. The following real-time PCR primers were designed using PrimerQuest
(Integrated DNA Technologies, Coralville, 1A, USA): TPH2, forward primer 5'-AGAGGA-
CAACATCCCACAGC-3’, reverse primer 5'-CAAGCAGTTCATGGCAGGTG-3’; 18s,
forward primer 5'-CCTGCGGCTTAATTTGACTC-3’, reverse primer 5’-
GACAAATCGCTCCACCAACT-3". TPH2 and 18s rRNA were PCR amplified separately
in triplicate (three samples from each treatment) using an ABI PRISM 7000 Sequence
Detection System (Applied Biosystems) in a 96-well PCR plate. Real-time PCR reaction
protocol was 95 °C for 15 min, 41 cycles of 94°C for 15 s, 55 °C for 30 s, and 72 °C for 1
min. Samples were run on the Applied Biosystems 7900 H T instrument using their
Sequence Detection System 2.0 software. 18s rRNA was used to normalize target gene
expression, in order to compensate for intrinsic variability in the amount of RNA between
embryos, and threshold cycle (Ct) was normalized with 18s rRNA of the same sample
according to a previous method (Chen et al., 2004). The amplification was calculated using
the 2728CT method (Livak and Schmittgen, 2001).
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2.8. 5-HT neuronal antibody staining

Ten larvae in each treatment group were fixed in 4% PFA at 96 hpf, a time at which the
hypothalamus is developed. Paraffin sections of eleutheroembryos in parasagittal plane were
prepared according to our previous methods (Dong et al., 2014). Sections were treated with
proteinase K (Gibco, Carlsbad, USA) in 1 x PBS at 37 °C for 10 min and then washed with
PBS containing 0.1% Tween-20 (PBST). After blocking with 2% bovine serum albumin
(BSA) in PBST, embryos were incubated overnight with 1:500 rabbit polyclonal 5-HT
antibody (ImmunoStar, Hudson, USA). After multiple washes in PBST, slides were
incubated in 2% PBST containing 1:200 biotin-labeled goat anti-rabbit secondary antibody
(Beyotime, Jiangsu, China) for 2 h at room temperature, followed by 1 h incubation with A-
B solution from the VECTASTATIN Elite kit (Mector Laboratories, Ltd.). Finally, color
reaction was performed with DAB solution. At this time, 5-HT-ir neurons were localized to
hypothalamus and were counted for each individual using a Leica DM500 microscope fitted
Olympus DP8O0 digital camera.

2.9. Statistical analyses

Data were expressed as mean + SEM and analyzed with GraphPad Prism software
(GraphPad Software Inc., La Jolla, CA, USA). The differences between means were
analyzed using oneway ANOVA followed by Tukey’s post-hoc test. Statistical significance
among groups was considered to be p < 0.05. Correlation coefficients were also analyzed
with GraphPad Prism software.

3. Results

3.1. 6-OH-BDE-47 exposure increased coiling frequency

Coiling frequency at 22, 26, 30, and 34 hpf in 6-OH-BDE-47 exposed zebrafish embryos is
shown in Fig. 1. At 22 hpf, control embryos coiled 5.4 times/min. Only the 100 nM group
had a significantly higher coiling frequency (o = 0.0482), with 8.4 times/min. At 26 hpf,
control embryos coiled 1.7 times/min. The 50 and 100 nM groups had a significantly higher
coiling frequency (5.9 and 7.8 times/min, respectively), with 100 nM exposed embryos
coiling the most frequently (p = 0.0358). At 30 hpf, control embryos coiled 1.8 times/min.
The 50 and 100 nM groups had a significantly higher coiling frequency (4.1 and 5.0 times/
min, p =0.0351 and 0.0310, respectively). At 34 hpf, the coiling frequency of all embryos
was reduced greatly compared with the corresponding concentration group at earlier stages.
Control embryos coiled 0.125 times/min. Only 100 nM group had a significant higher
coiling frequency (2.8 times/min) compared to the control group (p = 0.0045).

To exclude the possible involvement of muscular function in the effects of 6-OH-BDE-47,
we used software to analyze coiling behavior in zebrafish embryo at 26 hpf. We measured
three indices: the total distance the tip of tail moved during the course of the coiling
behavior, the time (sec) of each coiling behavior, and the speed (distance/time) of tip of tail
movement during each coiling behavior. There were no significant differences among each
6-OH-BDE-47 treatment group for any of these indices (Fig. S1).
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3.2. Rescue of coiling frequency with THRB mRNA overexpression

THRPB mRNA overexpression was used to rescue the adverse effects of 6-OH-BDE-47 in
zebrafish embryos. Groups included embryos exposed to 6-OH-BDE-47 (1,10, 50,100 nM)
with (+/+) or without THRP mRNA injections () (Fig. 2). At 26 hpf, there was no
significant difference between coiling frequency of negative control embryos (1.8 times/min)
and those injected only with THRB mRNA (2.0 times/min). However, the 50 and 100 nM 6-
OH-BDE-47 groups had a significantly higher coiling frequency (3.4 and 4.6 times/min,
respectively) relative to control group. THRP mRNA injections rescued the 50 nM 6-OH-
BDE-47 embryos and partially rescued 100 nM 6-OH-BDE-47 exposed embryos.

3.3.  THRB mRNA overexpression rescued 6-OH-BDE-47 induced apoptosis in the brain

To localize the position of apoptotic cells in the brains of zebrafish embryos at 26 hpf, we
carried out the TUNEL staining on tissue of sectioned embryos. Few apoptotic cells were
observed in brains of controls (Fig. 3A), indicating a low background level of apoptosis in
the brain at this developmental stage. In the THRB mRNA control group, the number of
TUNEL-positive cells (i.e., apoptotic cells, brown colored in the figure) was also low (Fig.
3F). In contrast, an increase in the number of apoptotic cells in the brain was detected in the
1, 10, 50 and 100 nM 6-OH-BDE-47 embryos (Fig. 3B-E). Interestingly, overexpression of
THRPB mRNA rescued this effect, as evidenced by the low number of apoptotic cells, a level
comparable that of the controls (Fig. 3G-J).

To further quantify apoptotic cells, whole mount TUNEL staining in 26 hpf zebrafish
embryos was conducted and the number of TUNEL positive cells counted. There were 2, 2,
2,16,19, 28, 2,10,12, and 18 apoptotic cells/embryo in 0 (control), 1,10, 50, and 100 nM 6-
OH-BDE-47, THRB, 1 nM + THR, 10 nM + THR, 50 nM + THRp, and 100 nM + THRB
treatment groups, respectively (Fig. 4A—F). Compared to the control, 10 nM 6-OH-BDE-47
exposed embryos had 8 times more apoptotic cells (o= 0.0007), 50 nM 6-OH-BDE-47
exposed embryos had 9 times more apoptotic cells (o< 0.0001), and 100 nM 6-OH-BDE-47
exposed embryos had 14 times more apoptotic cells (p < 0.0001) (Fig. 4G). THRp mRNA
injection resulted in a significant recovery of 6-OH-BDE-47 exposed embryos, reducing the
number of apoptotic cells two fold compared with 6-OH-BDE-47 treatment alone (Fig. 4K).

3.4. Increased coiling frequency correlated with increased apoptosis in brains of 6-OH-
BDE-47 exposed embryos

To determine if there was a correlation between increased coiling frequency and increased
apoptosis in the brain resulting from 6-OH-BDE-47 exposure, a correlation coefficient
analysis was conducted. Results showed a strongly positive linear relationship between the
numbers of apoptotic cells and coiling frequency (r=0.8788, p =0.0497) (Fig. 5).

3.5. 6-OH-BDE-47 down-regulated TPH2 mRNA expression

At 26 hpf, no significant changes in the TPH2 mRNA expression were found in the 1,10,
and 50 nM 6-OH-BDE-47 treatment groups compared to control. However, embryos
exposed to 100 nM had a significant decrease (16.9%; o =0.0003) of TPH2 mMRNA
expression (Fig. 6).
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3.6. 6-OH-BDE-47 reduced 5-HT-ir neurons in zebrafish hypothalamus

To localize and quantify 5-HT-ir neurons, we carried out antibody staining on 96-hpf
zebrafish larvae that were paraffin sectioned and compared anatomy using the PennState
Bio-Atlas (http://bio-atlas.psu.edu/). 5-HT positive (i.e., brown colored) neurons were found
in the caudal ventricular recess of hypothalamus (Fig. 7). Control larvae had a mean of 30 5-
HT-ir neurons (Fig. 7A,F). The number of 5-HT-ir neurons was 30, 22,15, and 13 in the
larvae from the 1, 10, 50, and 100 nM 6-OH-BDE-47 treatment groups, respectively,
showing a concentration-dependent response. The 50 nM treatment group had 43% fewer 5-
HT-ir neurons and 100 nMgroups 50% fewer than the control (p= 0.0013 and 0.0030,
respectively; Fig. 7D-E, J-K).

4. Discussion

We used alterations in coiling behavior to evaluate neurological toxicity in early
developmental stages of zebrafish embryos. Our results demonstrated that 6-OH-BDE-47
exposure led to increased coiling frequency, decreased TPH2 gene expression, increased
apoptosis in the brain, and reduced the number of 5-HT-ir neurons in the hypothalamus.
Importantly, increased coiling frequency and apoptosis in the brain were partially rescued by
THRPB mRNA overexpression. It is likely that 6-OH-BDE-47 affected TH regulation through
THRB, which in turn affected neurological behavior as evidenced by changes in coiling
frequency.

Spontaneous movement begins at 17 hpf as evidenced by slow and alternating tail coiling.
Starting at 21 hpf, embryos coil their tails in response to stimuli (Saint-Amant and Drapeau,
1998; McKeown et al., 2009). We observed overall decreased coiling frequency as control
embryos developed. However, embryos exposed to 6-OH-BDE-47 showed a concentration-
dependent increase in the frequency of coiling at each of the developmental time points
evaluated. We postulated that this effect could be described as delayed development. Our
previous study using the same concentrations of 6-OH-BDE-47 and examining eye area
supported increased development, i.e., no delay (Dong et al., 2014). Therefore, more studies
will be needed to classify the alterations as developmental delay.

It is also possible that increased coiling frequency could have resulted from effects of 6-OH-
BDE-47 on muscular function. If 6-OH-BDE-47 affected muscular function, we would
expect alterations in movement (e.g., muscle twitch) relative to controls (Baylor and
Hollingworth, 2012). However, there were no significant differences between any groups for
the three indices measured. This led to our conclusion that increased coiling frequency was
related to neurotoxicity of 6-OH-BDE-47.

Apoptosis of brain cells is an important neurotoxicity phenotype (Sheng et al., 2016). In the
zebrafish brain stem, Mauthner cells, a type of reticulospinal (RS) neuron, form synaptic
contacts with trunk motor neurons and can initiate the C-shaped turning, a fast escape reflex.
Damage to neurons of the brain could alter hormone production pathways and eventually
affect the coiling behavior (Jontes et al., 2000; Umeda and Shoji, 2017). In the present study,
6-OH-BDE-47 exposed embryos had significantly more apoptotic cells compared to
controls. This apoptosis was concentration-dependent and widespread in the brain, likely
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also in the brain stem. Furthermore, this apoptosis was strongly, positively correlated with
increased coiling frequency, suggesting the two responses are related. PBDES have been
shown to promote similar spontaneous movements in other animals. For instance, mice
exposed to PBDEs displayed a significant hyperactivity over controls after a 60-min
exposure (Eriksson et al., 2001; Bowers et al., 2015). Zebrafish larvae exposed to DE-71
until 15 days post fertilization (dpf) had increased optokinetic responses, which depend on a
functional retina and optic nerve and are mediated by different parts of the brain (Chen et al.,
2013b). Additionally, these larvae showed an increase in light-seeking behavior that may
have a neurobiogical basis (Chen et al., 2013b). Conversely, neurotoxicity studies have
demonstrated that exposure to inorganic mercury, ethanol, or the herbicide, diuron inhibited
coiling behavior in zebrafish embryos at 24 hpf (Abu Bakar et al., 2017; Ramlan et al., 2017;
Velki et al., 2017). These authors suggested this inhibition might be linked to damage or
decreased differentiation of neurons in the spinal cord and neural tube. In addition,
Macaulay et al. (2015a) showed that zebrafish exposed to 10-50 nM 6-OH-BDE-47 during
embryonic and larval development (0-6 dpf) had some behavioral deficits or alterations,
including swimming activity, fear response, novel environment exploration, and habituation
learning. Both promaotion or inhibition of coiling behavior could be an indicator of altered
neurological function.

In addition to coiling behavior and apoptosis, exposure to 6-OH-BDE-47 significantly
decreased THRP mRNA expression in zebrafish embryos (Zheng et al., 2012; Dong et al.,
2014). In our study, THRB mRNA overexpression was performed to rescue the neurological
damage (i.e., increased coiling frequency and apoptotic cells in the brain). In the 50 and 100
nM 6-OH-BDE-47 treatment groups, injection of THRP significantly rescued the embryos
from these adverse effects. Not only did THRp overexpression partially rescue these two
effects, it also strengthens our hypothesis that increased coiling frequency and apoptosis of
brain cells are linked. However, additional work is needed to pinpoint the exact cell types
affected. A similar correlation was demonstrated in zebrafish embryos with an antisense
knockdown of cables1 that led to both an increase in apoptotic cells in brain tissue and
hyperactivity in response to stimulation (Groeneweg et al., 2011). Apoptosis in the brain
during early life stages could also be related to other phenotypes later in life including
reductions in swimming behavior, eye movement, impaired cognitive ability and recognition
memory (Dou and Zhang, 2011; Shih et al., 2013; Guo et al., 2015; Sheng et al., 2016).

There are two possible explanations to account for the neurotoxicity of 6-OH-BDE-47 (Fig
S3). The first is down-regulation of THRB mRNA by 6-OH-BDE-47. THRp is a
transcription factor mediating the pleiotropic activities of THs (Jones et al., 2003; Rivas and
Naranjo, 2007). In the brain and sensory systems, THRP mediates both hormone-dependent
and hormone-independent actions with changing THs levels during development (Jones et
al., 2003). THRP deficiency has been shown to cause dysfunction of the monoaminergic
system in mice (Ookubo et al., 2015). In our study, THRP mRNA overexpression partially
rescued the increased apoptosis of brain cells, implying it has an important role in the brain.
Another explanation relates to the reduction of 5-HT-ir neurons by 6-OH-BDE-47 observed
in this study. The role of 5-HT in the induction of apoptosis (Trouche et al., 2010; Liu et al.,
2013), may be important, especially since 5-HT depletion reduces 5-HT-ir neurons, resulting
in neurotoxicity and behavioral disorders (Musumeci et al., 2015; Horzmann and Freeman,
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2016; Wang et al., 2016; Schoofs et al., 2017). Adult zebrafish exposed to polycyclic
aromatic hydrocarbons (PAHs) were depleted of 5-HT and paralleling monoamine
concentrations, and they exhibited increased anxiety and disrupted memory regulation and
learning (Vignet et al., 2017). In serotonin transporter (5-HTT) knockout mice, excess
serotonin disrupted the normal wiring of the somatosensory cortex (Persico et al., 2001) and
altered the neuronal migration, contributing to subtle changes in the thickness of layers
observed in different cortical regions (Altamura et al., 2007). It is probable that 5-HT-ir
neurons have a role in the neurotoxicity evident in our study.

5. Conclusions

6-OH-BDE-47 increased coiling frequency in early stage zebrafish embryos. This behavioral
change was linked to 6-OH-BDE-47 induced apoptosis in the brains. 6-OH-BDE-47
exposure also reduced TPH2 expression in embryos and 5-HT-ir neurons in larvae. THRB
MRNA overexpression partially rescued the above as seen by reduction of apoptosis to
control levels and decreased coiling frequency, suggesting that it was 6-OH-BDE-47 that
disrupted thyroid hormones. Taken together, coiling behavior could potentially be used as an
in vivo method to investigate neurological toxicity in early stage embryos.
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HIGHLIGHTS
. 6-OH-BDE-47 resulted in a concentration-dependent increase in coiling
frequency.
. 6-OH-BDE-47 exposure increased apoptosis in brains of embryos.
. THRB mRNA overexpression partially rescued adverse effects.

. 6-OH-BDE-47 reduced 5-HT-ir neurons and TPH2 expression.

. Coiling frequency could be used as an indicator of neurotoxicity in embryos.
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Fig. 1. 6-OH-BDE-47 exposure increased coiling frequency
Upon exposure to 0 (control), 1,10, 50 or 100 nM 6-OH-BDE-47 starting at 4h post

fertilization (hpf), coiling frequency (times/min) was counted at 22, 26, 30, or 34 hpf from
10 embryos in each of three replicates (n = 3) per treatment group. Different letters indicate
significant differences (mean £ SEM; p <0.05).
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Fig. 2. THRB mRNA overexpression rescued increased coiling frequency.
Embryos, with (+) and without (=) injection of THRB mRNA at the 1-2 cell stage, were

exposed to 0 (control), 1,10, 50 or 100 nM 6-OH-BDE-47 from 4 to 26 hpf. At 26 hpf,
coiling frequency (times/min) was counted from 10 embryos in three replicates (n = 3) per
treatment group. Different letters indicate significant differences (mean + SEM; p <0.05).
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Fig. 3. THRB mRNA overexpression rescued 6-OH-BDE-47 induced apoptosis in brain sections
of embryos.

Embryos, with and without injection of THRB mRNA at the 1-2 cell stage, were exposed to
0 (control), 1,10, 50 or 100 nM 6-OH-BDE-47 from 4 to 26 hpf. At 26 hpf, embryos were
sectioned and TUNEL stained. TUNEL-positive, brown colored cells (i.e., apoptotic cells),
were in the brain (red arrows) where they increased in a concentration-dependent manner
after 6-OH-BDE-47 exposure (A-E). This effect was rescued by overexpression of THRP
mRNA (F-J). All images are at the same magnification, scale bars are 100 mm. (For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Fig. 4. THRB mRNA overexpression rescued 6-OH-BDE-47 induced apoptosis in the brain of
whole mount zebrafish embryos.

Embryos, with and without injection of THRP mRNA at the 1-2 cell stage, were exposed to
0 (control), 1, 10, 50 or 100 nM 6-OH-BDE-47 from 4 to 26 hpf. TUNEL-positive, brown
colored cells (i.e., apoptotic cells) in the brain increased in a concentration-dependent
manner in 6-OH-BDE-47 exposed embryos (A-E). This effect was rescued by
overexpression of THRB mRNA (F-J). Mean = SEM of discrete TUNEL positive reactions
of 10 embryos in three replicates (n = 3) per treatment group are shown in histogram (K).
Different letters indicate significant differences (p < 0.05). All images are at the same
magnification, scale bars are 100 mm. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 5. Increased coiling frequency and apoptotic cells are correlated in brains of 6-OH-BDE-47
exposed embryos.

Zebrafish embryos were exposed to 0 (control), 1,10, 50, or 100 nM 6-OH-BDE-47 from 4
to 26 hpf. Coiling frequency and the number of apoptotic cells were measured, and a
correlation coefficient calculated. These measurements are strongly, positively correlated (r
=0.8788; p =0.0497).
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Fig. 6. 6-OH-BDE-47 down-regulates TPH2 mRNA expression in zebrafish embryos.
TPH2 mRNA gene expression at 26 hpf in zebrafish embryos exposed to 0 (control), 1, 10,

50, or 100 nM 6-OH-BDE-47. Each group contained 10 embryos in three replicates (n = 3)
per treatment group. Different letters indicate significant differences (mean £ SEM; p <
0.05).
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Fig. 7. 6-OH-BDE-47 reduces 5-HT-ir neurons in zebrafish hypothalamus.
5-HT-ir neurons in 96-hpf zebrafish larvae exposed to 0 (control), 1,10, 50, or 100 nM 6-

OH-BDE-47 from 4 to 96 hpf. 5-HT-ir neurons (brown colored) were found in the caudal
ventricular recess of hypothalamus (A-J). A-E: 5-HT-ir neurons in hypothalamus (red
arrows); F-J: magnifications of A-E showing 5-HT-ir neurons in hypothalamus. Histogram
(K) shows counts of 5-HT-ir neurons in hypothalamus. Bars are means + SEM of 10
individual larvae per treatment. Different letters indicate significant differences (p < 0.05).
A-E are at the same magnification, scale bars are 100 mm; F-J are at the same magnification,
scale bars are 10 mm. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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