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ABSTRACT

Environmental exposure to tricresyl phosphate (TCP) may lead to severe neurotoxic effects, including organophosphate
(OP)-induced delayed neuropathy. TCP has three symmetric isomers, distinguished by the methyl group position on the
aromatic ring system. One of these isomers, tri-ortho-cresyl phosphate (ToCP), has been reported for years as a neuropathic
OP, targeting neuropathic target esterase (NTE/PNPLA6), but its mode of toxic action had not been fully elucidated. Zebrafish
eleuthero-embryo and larva were used to characterize the differential action of the TCP isomers. The symmetric isomers
inhibited phenyl valerate (PV)-NTE enzymatic activity in vivo with different IC50, while no effect was observed on
acetylcholinesterase activity. Moreover, the locomotor behavior was also affected by tri-para-cresyl phosphate and tri-
meta-cresyl phosphate, only ToCP exposure led to locomotor hyperactivity lasting several hours, associated with defects in
the postural control system and an impaired phototactic response, as revealed by the visual motor response test. The
electric field pulse motor response test demonstrated that a seizure-like, multiple C-bend-spaghetti phenotype may be
significantly induced by ToCP only, independently of any inhibition of PV-NTE activity. Eleuthero-embryos exposed to
picrotoxin, a known gamma-aminobutyric acid type-A receptor inhibitor, exhibited similar adverse outcomes to ToCP
exposure. Thus, our results demonstrated that the TCP mode of toxic action was isomer specific and not initially related to
modulation of PV-NTE activity. Furthermore, it was suggested that the molecular events involved were linked to an
impairment of the balance between excitation and inhibition in neuronal circuits.

Key words: hyperactivity; neuropathy target esterase; seizure; ToCP; tricresyl phosphates; zebrafish eleuthero-embryo and
larva.

Organophosphates (OPs) are organic compounds, widely used,
eg, as pesticides and plasticizers, which pose a serious public
health problem in many countries due to their neurotoxic

effects in humans. Tri-ortho-cresyl phosphate (ToCP) is a neuro-
pathic OP, responsible for OP-induced delayed neuropathy
(OPIDN), a neurodegenerative disorder characterized by the
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delayed onset of prolonged ataxia and upper motor neuron
spasticity (Richardson and Makhaeva, 2014). In the 1930s, thou-
sands of Americans developed paralysis after consuming adul-
terated “Jamaica ginger.” ToCP was identified as being
responsible for the observed neurotoxicity (Morgan and
Penovich, 1978). This tricresyl phosphate (TCP) symmetric iso-
mer is distinguished from tri-para-cresyl phosphate (TpCP) and
tri-meta-cresyl phosphate (TmCP) by the methyl group position
on the aromatic ring system (De Nola et al., 2008; Figure 1). TCPs
are also used as flame retardants in various consumer products
and aircraft engines. Occasionally, oil fumes from these engines
leak into the air conditioner and pollute the aircraft cabin.
Aircrew members exposed to these fumes may develop
“aerotoxic syndrome,” characterized by an acute impairment of
the central nervous system (CNS; Liyasova et al., 2011). The con-
centration of these chemical compounds to which humans can
be chronically exposed are not well known. Nevertheless, neu-
ropathic OPs mode of toxic action has not been fully elucidated
and remains controversial. First, the neuropathic target esterase
(NTE/PNPLA6), a phospholipase B with a serine hydrolase active

site, expressed particularly in neurons, is inhibited and aged by
neuropathic OPs (Richardson et al., 2020). It is generally admit-
ted that at least 70% NTE inhibition is required to induce OPIDN.
This molecular event may initiate OPIDN, but its implication is
not clear (Richardson et al., 2020). The metabolization of ToCP
by cytochrome P450s, followed by serum albumin-catalyzed cy-
clization leads to the neurotoxic metabolite cresyl saligenin
phosphate (CBDP; Reinen et al., 2015). This ToCP metabolization
is apparently necessary to induce OPIDN. Among the TCP iso-
mers, only the ortho-isomer has the potential to generate this
toxic metabolite. Indeed, steric hindrance makes intramolecular
cyclization impossible for the meta- and para-isomers, which is
why they are considered less neurotoxic than ToCP (Hausherr
et al., 2017; Lorke et al., 2017). Another hypothesis for the ToCP
action mechanism is the overstimulation of calcium channels,
which may lead to axonal degeneration and demyelination
(Abou-Donia et al., 2016; Emerick et al., 2012). It should be added
that the TRPA1 transient receptor potential cation channel may
be also an OPIDN mediator (Ding et al., 2017). As rodents are rel-
atively resistant to OP intoxication, the clinical course and hu-
man neuropathology was approximated in hens, which seem to
provide a more relevant model for studying the features of
OPDIN (Richardson et al., 2020). ToCP induces OPIDN in hens 7–
14 days after a single exposure, with clinical symptoms includ-
ing paralysis. In the hen brain, glutamine synthetase expression
was significantly downregulated. This downregulation was as-
sociated with a disturbing homeostasis of the glutamate-
glutamine cycle and increased cytosolic calcium concentra-
tions, which may induce OPDIN (Jiang et al., 2014). A significant
inhibition of autophagy activity in neurons may also be associ-
ated with the pathogenesis of OPIDN (Song et al., 2014).
Nevertheless, many aspects of TCP exposure have yet to be elu-
cidated and, consequently, no targeted treatment currently
exists. TCP neurotoxicity was first investigated in the 1950s by
Henschler using cats and rabbits, as cited by Ramsden in his re-
port (Ramsden, 2011), and revealed the wide variations in neu-
rotoxicity of TCP isomers. Other work carried out on hens
revealed the differential neurotoxic effects of ToCP and TmCP
(Luttrell et al., 1993). Since then, the isomer differential effects
have not been completely characterized and, although in vitro
studies on neuronal cells also showed the differential impact of
TCP isomers (Duarte et al., 2017; Fowler et al., 2001; Hausherr
et al., 2017).

Zebrafish early developmental stages are validated, easy-to-
use, inexpensive, and fast in vivo vertebrate models, with highly
conserved biological processes related to human neuron diseases
and OP poisoning (Babin et al., 2014; Faria et al., 2015). Pnpla6
knockdown in zebrafish demonstrated, as in human and in ani-
mal models that NTE/PNPLA6/SPG39 played an important role in
neuron development and survival (Akassoglou et al., 2004; Rainier
et al., 2008; Song et al., 2013; Synofzik et al., 2014). The aim of this
study was to characterize the potential differential short-term
effects of TCP symmetric isomers on zebrafish eleuthero-
embryos and larvae by assessing in vivo acetylcholinesterase
(AChE) and phenyl valerate (PV)-NTE activity. A combination of
this biochemical approach with selected locomotor behavior tests
was used to discriminate among the differential effects of these
symmetric TCP isomers on motor responses integrated by the
CNS or involving specific peripheral motor circuits.

MATERIALS AND METHODS

Animal care and feeding. Wild-type zebrafish (Danio rerio) were
produced in our facilities in accordance with the French

Figure 1. Chemical structures of symmetric TCP isomers. A, Tri-ortho-cresyl

phosphate. B, Tri-para-cresyl phosphate. C, Tri-meta-cresyl phosphate.
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Directive (Ministère de l’Agriculture et de l’Alimentation) under
permit number A33-522-6. All procedures were conducted in
conformity with the European Communities Council Directive
(2010/63/EU) on the protection of animals used for scientific pur-
poses and French legislation for the care and use of laboratory
animals. All experiments were performed with a commitment
to refinement, reduction and replacement, so as to minimize
the number of zebrafish used, and approved by Ministère de
l’Education Nationale, de l’Enseignement Sup�erieur et de la
Recherche Ethics Committee No. 73 from the under APAFIS ap-
proval number 16588-2018083016561959 v2.

The first developmental stage used was 4 dpf eleuthero-
embryos, as they are hatched but not yet free-feeding. The sec-
ond was 7 dpf larvae, as the larval period begins at the moment
of transition to exogenous nutrition, with oral food ingestion
and digestion through the digestive tract (Balon, 1986). These
two developmental stages were obtained by natural mating and
raised in fish water containing 86 mg/ml Instant Ocean
(Aquarium Systems, Sarrebourg, France), 0.55 mM CaSO4, 2H2O
(Alfa Aesar, CAS No. 10101-41-4), dissolved in reverse-osmosis
purified water, at 28�C 6 1�C, with an 11 L:13 D photoperiod.
From 5 days postfertilization (dpf), larvae were fed ad libitum
once a day on ZF Biolabs formulated diet flakes (Tres Cantos,
Spain) and hard-boiled chicken egg yolk. The 7-day-old animals
included in the experiments fasted for 17 h before exposure to
the molecules.

Chemicals. Tricresyl phosphate (TCP) isomers, ToCP (CAS No. 78-
30-8), TpCP (CAS No. 78-32-0), and TmCP (CAS No. 563-04-2)
were purchased from LGC group (Teddington, UK). Dimethyl
sulfoxide (DMSO; CAS No. 67-68-5), picrotoxin (PTX; CAS No.
124-87-8), paraoxon (POX; CAS No. 311-45-5), 5,50-dithiobis-(2-
nitrobenzoic acid) (CAS No. 69-78-3), acetylthiocholine iodide
(ATCI; CAS No. 1866-15-5), and phenoxyethanol (CAS No. 122-
99-6) were purchased from Sigma-Aldrich (St Louis, Missouri).
Mipafox (MIP) (CAS No. 371-86-8) was from Molport (Riga,
Latvia). Chlorpyrifos-oxon (CPO; CAS No. 5598-15-2) and PV (CAS
No. 20115-23-5) were purchased from Greyhound
Chromatography (Birkenhead, UK). TCPs, POX, MIP, and CPO
stock solutions were made in DMSO and stored at �20�C until
use. 4-Aminoantipyrine (CAS No. 83-07-8) was from Euromedex
(Souffelweyersheim, France).

Exposure of eleuthero-embryos and larvae to toxicants. Pools of 11–18
eleuthero-embryos and larvae at 4 and 7 dpf, respectively, were
exposed to toxicants in 6-well microplates in a final volume of
5 ml. Toxicant stock solutions in 100% DMSO were diluted in
fish water to achieve the desired working nominal concentra-
tion in 0.5% (v/v) DMSO. DMSO affected behavior at a concentra-
tion �0.55% (Christou et al., 2020). Animals were exposed to
TCPs and PTX for a maximum time of 4 h and to CPO for 1 h.
CPO induced a cholinergic phenotype within 1 h at the chosen
concentration. An exposure time of 4 h with TCP isomers and
PTX was necessary to maximize the locomotor phenotypes after
electric field pulse (EFP) stimulation. The concentration range
study used TCP exposures from 1 nM to 75 mM. CPO and PTX ex-
posure was performed at 0.750 and 400 mM, respectively. At the
end of the exposure period, subjects were rinsed twice in clean
fish water before performing mortality statement, morphologi-
cal measurements, EFP motor response (EFPMR) test, and liquid
nitrogen freezing for biochemical analysis sampling.

Survival and morphometric analyses. After the 4 h exposure period,
animal survival was assessed by the presence of heartbeats. All

the animals used in the behavioral tests were included in the
survival analysis, representing a pool of 20–45 eleuthero-
embryos or larvae per condition in at least 3 independent
experiments. The morphometric phenotypes were recorded for
each animal at the end of exposure to the ToCP concentrations
indicated. Live eleuthero-embryos or larvae were anesthetized
in a bath of phenoxyethanol (1/2000, v/v) to capture pictures
with a Nikon SMZ 1500 stereomicroscope. Images were acquired
with a Nikon Digital Sight DS-Ri1 camera and NIS Elements AR
software (version 3.0) and saved in high-resolution (3840 � 3005
pixels) tagged image file format (TIFF). All images for morpho-
metric analyses had a constant number of pixels per inch.
Animal dorsal and lateral lengths were estimated using free-
processing ImageJ software (National Institutes of Health,
https://imagej.nih.gov/ij/).

AChE assay. AChE activity was determined using the Ellman
method adapted to 96-well microplates (Correll and Ehrich,
1991). Five eleuthero-embryos or larvae were ground in 200 ml
PBS 1�, 0.1% Triton X-100, pH 7.5 and centrifuged at 10 000 g at
4�C for 20 min. The supernatant (SN) was retrieved and used for
the following assays. Protein concentration was determined us-
ing the Lowry method with a DC Protein Assay BIO-RAD kit,
adapted to 96-well microplates using 10 ml SN. Microplates were
loaded with 25 ml SN and 100 ml DTBN (1 mM in PBX 1� buffer)
and then incubated at room temperature for 10 min. Then 100 ml
ATCI were added and absorbance was measured at 415 nm ev-
ery minute for 15 min. The molar extinction coefficient used
was 13600 M�1.cm�1 (Eyer et al., 2003). Esterase activity was
expressed as mM/mg protein/min and normalized by the control
(0.5% DMSO).

PV-NTE assay. NTE activity was determined by a colorimetric as-
say (Kayyali et al., 1991) using PV as a nonspecific substrate in
96-well microplates, adapted from a protocol previously pub-
lished (Makhaeva et al., 2014). Two PVase activities were deter-
mined. The first was PVase activity resistant to POX exposure,
which switches off POX sensitive esterases, such as AChE (a).
The second was PVase activity resistant to POX plus MIP, which
switches off NTE activity (b). PV-NTE activity was estimated as
the difference between these two activities, ie, (a–b).

Ten frozen eleuthero-embryos/larvae were ground in 500 ml
Tris-HCl-EDTA buffer (Tris-HCl 50 mM, EDTA 1 mM, pH 8) and
centrifuged at 10 000 g at 4�C for 20 min. SN was retrieved and
used for the following assays. Protein concentration was deter-
mined using the Lowry method with a DC Protein Assay BIO-
RADVR kit, adapted to a 96-well microplate using 10 ml SN.
Temperature was maintained at 28�C throughout the assay. In
NTE 96-well microplate assay, 25 ml POX (60 mM, Tris-HCl buffer,
0.01% DMSO) plus 25 ml 0.02% DMSO Tris-HCl buffer or 25 ml POX
(60mM, Tris-HCl buffer, 0.01% DMSO) plus 25 ml MIP (400 mM, Tris-
HCl buffer, 0.02% DMSO) were added to 50 ml SN. After 20 min in-
cubation, 75 ml PV (6.2 mM, 0.03% Triton X-100, Tris-HCl buffer)
was added and the mix was incubated for 40 min for 7 dpf larvae
or 120 min for 4 dpf eleuthero-embryos. The specific activity of
PV-NTE at 4 dpf was lower than that of 7 dpf, resulting in a lon-
ger incubation time for the 4 dpf samples (Supplementary
Figure 1). PV hydrolysis was stopped by adding 75 ml 4-aminoan-
tipydine (3.2 mM, 1% SDS, Tris-HCl buffer) and color was devel-
oped by adding 50 ml potassium ferricyanide (4 mg/ml, Tris-HCl
buffer). Absorbance at 492 nm was read after 5 min. The linear
molar extinction coefficient between absorbance and product
concentration determined in our condition was 14280 M�1.cm�1.
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Activity was expressed as mM/g protein/min and normalized by
the control (0.5% DMSO).

Visual motor response test. Eleuthero-embryos or larvae were indi-
vidually placed in flat-bottomed, 48-well microplates containing
800 ml fish water per well. The plate was then transferred into a
behavioral testing acquisition chamber, equipped with a tem-
perature control unit (DanioVision, Noldus, Wageningen, The
Netherlands), maintained at 28�C. Animals were acclimated
with light in the acquisition chamber for 1 h before chemical ex-
posure. The animals were exposed to successive 60 min light
cycles, comprising a 20 min light period (L1) followed by a
20 min dark period (D) and then a second 20 min light period
(L2). Spontaneous locomotor activity and group profile homoge-
neity were determined during the first cycle before exposure to
chemicals (cycle 0). Once terminated, the plate was removed
from the device and 8 ml chemicals per well were added to the
fish water (1/100 dilution). The plate was then placed in the in-
cubation chamber and a protocol of four light cycles (cycles 1–4)
was applied during the period of exposure to the molecules. To
stop exposure, the plate was removed from the device and
eleuthero-embryos or larvae were removed from the exposure
medium, rinsed twice with clean fish water, placed in a well
containing fish water in the same position on a new 48-well
plate and checked for mortality. The microplate was then
placed in the incubation chamber and another 60 min light cycle
was applied as a rescue cycle. The spatial position of each indi-
vidual eleuthero-embryo or larva was recorded in real time by
video acquisition, using an infrared digital HD Noldus video
camera and EthoVision XT 12 video tracking software (Noldus,
Wageningen, The Netherlands). A dynamic subtraction method
was applied, using a sampling rate of 60 images/s and a current
frame weight of 3. The image contrast was adjusted to a dark
scale (30 6 5–200). A minimum distance input with a filter repre-
senting 5% of the total animal body length, equivalent to
0.2 mm, was used to remove background noise. All microplates
were analyzed with the same detection and acquisition set-
tings. The locomotor profiles represented the mean total dis-
tance moved per minute by individually tracked eleuthero-
embryo or larva in each group during the different exposure
times. The total distance of spontaneous swimming activity
was individually measured during the first 20 min, ie, L1 phase,
of each experimental cycle. The locomotor phototactic response
to L1/D/L2 light phase changes of zebrafish eleuthero-embryos
or larvae exposed or not to toxicants or pharmaceuticals was
also evaluated by comparing the total distance traveled for 1
min before and after each light transition. Therefore, the sub-
traction of these two values in mm was performed between L1/
D and D/L2 in the successive 60 min light cycles.

EFPMR test. Pools of 15 eleuthero-embryos or larvae were posi-
tioned in the stimulation chamber and a 20 V EFP was applied
for 10 ms, driving an ultrarapid escape response. Five videos
were recorded for each exposure condition in order to calculate
a mean measurement. All video recordings were made with a
high-speed Photon Fastcam SA3 camera (Photron USA Inc., San
Diego, California) at 512 � 512 pixels resolution, using a Sigma
105 mm F2.8 EX DG lens at 1000 frames/s for EFPMR analyses
and at 1024 � 1024 pixels resolution with 2000 frames/s for phe-
notype movies. The plate was illuminated from below by an
LLUB White LED Blacklight 50 � 50 (PHLOX, Aix-en-Provence,
France) adjusted to 5% using a Gardasolft RT 220-20 led light

controller (Gardasoft, Cambridge, UK). The light intensity in the
testing platform, measured using an ILT1400 radiometer
(International Light technologies Inc., Peabody, Massachusetts),
was approximately 300 mW/cm2. Distance, displacement, and
curvature of eleuthero-embryos or larvae were analyzed with
Flote software (Tabor et al., 2014). The different classes of loco-
motor phenotypes were quantified by human visual analysis of
the videos.

Statistical analysis. Data were analyzed using GraphPad Prism 7
Software (San Diego, California). Pairwise statistical significance
was determined with the Student t-test or Wilcoxon test, as ap-
propriate. Differences among the treated and control groups
were examined for statistical significance by one-way ANOVA
or the Kruskall-Wallis test followed by the Dunnet or Dunn test,
as appropriate. As a rescue cycle was not performed for each vi-
sual motor response (VMR) test experiment, generating missing
values for some animals, repeated measures ANOVA cannot be
used to analyze these data. Two-way ANOVA with Sidak multi-
ple comparison tests was used to analyze group profile VMR dif-
ferences and determine the exact time point of significant
divergence between treated and control groups. Results were
considered significant at p< .05 and the number of independent
observations is given in the figure legends. The equation for the
enzymatic activity curve, expressed in percentage total activity
versus OP concentration, was applied to calculate IC50. The
curve model fit was chosen depending on OP inhibition and the
linear regression coefficients of these curves were calculated by
the software.

RESULTS

TCP Isomers Inhibit PV-NTE Activity But Not AChE Activity
The lethality induced by exposure of 4 or 7 dpf developmental
stages to increasing doses of TCP isomers was evaluated at con-
centrations ranging from 1 to 75 mM. No mortality was observed
at 4 dpf while a slight decrease in survival was observed at 7 dpf
at the highest concentration of ToCP used (Supplementary
Figure 2). For some unclear reason, the toxicity of ToCP is higher
for 7 dpf larvae compared with 4 dpf eleuthero-embryo, a trend
that was reinforced at later larval stages (Supplementary Figure
2, data not shown).

The AChE activity was measured in extracts of ground
eleuthero-embryos or larvae exposed to the selected TCP isomers
and nonexposed controls. CPO was used as a positive cholinergic
OP control for AChE activity inhibition. After 1 h exposure to
750 nM CPO, a residual AChE activity of 0.54% 6 0.13% and
1.77% 6 0.23% was observed for 4 dpf eleuthero-embryos
(Figure 2A) and 7 dpf larvae (Figure 2B), respectively. AChE activity
was not affected after 4 h exposure of 4 dpf eleuthero-embryos to
50mM TCPs (Figure 2C) or 7 dpf larvae to 20mM ToCP (Figure 2D).
One of the characteristics of embryos exposed to CPO may be the
shortening of body length, due to a drastic contraction of the
muscle fibers (Faria et al., 2015). Dorsal and lateral body length
measurements were not significantly different between control
and ToCP-treated groups at both 4 and 7 dpf, up to a concentra-
tion of 50mM (Supplementary Figure 3).

The inhibition of PV-NTE, ie, POX-resistant and MIP-
sensitive, activity in zebrafish eleuthero-embryos by 4 h TCP
exposures at concentrations ranging from 10 nM to 75 mM is
shown in Figure 3. At 4 dpf, the IC50 of TCP isomers was about
4.8 nM for TmCP, 26.19 nM for ToCP, and 162.4 nM for TpCP. PV-
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NTE IC50 inhibition by ToCP was similar at 4 and 7 dpf with a
value of 24.17 nM in the latter case. Nevertheless, even if the
three TCP isomers were able to inhibit PV-NTE, inhibition by
ToCP was stronger than TpCP and TmCP. Indeed, inhibition
curves of TpCP and TmCP reached a maximum 80% PV-NTE in-
hibition plateau from concentrations of at least 1 mM, whereas
ToCP PV-NTE activity was totally switched off in the same con-
centration range. For example, PV-NTE residual activity with
50 mM ToCP at 4 dpf was 4.6% 6 0.88% and 3.68% 6 0.97% with
20 mM ToCP at 7 dpf. Under these conditions, the kinetics of
in vivo ToCP PV-NTE inhibition was very rapid in zebrafish
eleuthero-embryos and larvae at 4 and 7 dpf: after only 10 min
exposure, residual PV-NTE activity was reduced to around 15%
and it dropped further to 6% after 2 h exposure (Supplementary
Figure 4).

Locomotor Hyperactivity and Phototactic Response for TCP-Exposed
Eleuthero-Embryos and Larvae
The impact of symmetric TCP isomers on locomotor behavior
was evaluated by testing the swimming activity of eleuthero-
embryos and larvae with the VMR test. Spontaneous, ie, basal,
locomotor activity and the locomotor response to the light-dark
(L1-D) and dark-light (D-L2) transitions were determined for 4
and 7 dpf animals by measuring the distance moved per minute
in the experimental system for 60 min before any exposure to
vehicle or vehicle plus toxicants, ie, cycle 0. During this cycle,
the different experimental groups, formed with a view to their
subsequent exposure or not to the TCP isomers, exhibited ho-
mogeneous spontaneous locomotion (Figure 4A) and locomotor
responses to the light transitions (Figs. 4B and 4C). After a pe-
riod of steady spontaneous swimming in the first 20 min light
phase, zebrafish eleuthero-embryos and larvae showed a tran-
sient increase in locomotor activity in response to the sudden
L1-D transition. Swimming stopped at the D-L2 transition before
a slow increase in activity up to the basal level. Some differen-
ces were observed between the locomotor behavior of 4 and 7
dpf specimens: spontaneous swimming activity was higher for
7 dpf larvae and the response to the L1-D transition was weaker
than that observed in 4 dpf eleuthero-embryos. In control
groups of the same age, a very similar locomotor profile was ob-
served for each of the 4 successive light cycles, ie, cycles 1–4,
corresponding to the 4 h exposure period of the treated animals
(Figure 4A).

The locomotor profile and phototactic response of 4 dpf
eleuthero-embryos treated with 50 mM TCPs were affected in an

Figure 2. Effects of chlorpyrifos-oxon (CPO) and selected tricresyl phosphate

(TCP) isomers on in vivo assessing in vivo acetylcholinesterase (AChE) activity.

AChE activity was measured after 1 h exposure of animals to 0.75 mM CPO in the

presence of 0.1% dimethyl sulfoxide (DMSO) at 4 dpf (A) and 7 dpf (B).

Significance was evaluated by an unpaired t test. Control activity using 0.1%

DMSO as a vehicle at 4 and 7 dpf was 1 6 0.04 and 1.36 6 0.14mM/mg/min, respec-

tively. AChE activities were measured in the presence of 0.5% DMSO after 4 h ex-

posure of 4 dpf eleuthero-embryos to 50 mM TCPs (C) and 7 dpf larvae to 20 mM

tri-ortho-cresyl phosphate (D). Control activity at 4 and 7 dpf was

1.17 6 0.21 mM/mg/min and 1.43 6 0.22 mM/mg/min, respectively. For all results,

activities are normalized by control activity. In each experiment, data represent

the mean of 3 samples and each sample was obtained from a pool of 5 eleu-

thero-embryos or larvae. From 3 to 5 independent experiments were performed.

Data shown are mean 6 SEM. Significance was evaluated by Kruskal-Wallis test

with Dunn posttest, ***p< .001.

Figure 3. Phenyl valerate-neuropathic target esterase (PV-NTE) activity inhibi-

tion in zebrafish is isomer specific but not developmental stage-dependent.

Dose-response curve of in vivo PV-NTE activity in zebrafish at 4 or 7 dpf develop-

mental stages was obtained after 4 h exposure to a range of tricresyl phosphate

isomer concentrations in the presence of 0.5% dimethyl sulfoxide (DMSO).

Nonlinear curve fit models were used with inhibitor concentration versus nor-

malized response variable slope for tri-ortho-cresyl phosphate (ToCP) or a 3-pa-

rameter model for tri-para-cresyl phosphate (TpCP) and tri-meta-cresyl

phosphate (TmCP). Enzymatic activity of control, ie, 0.5% DMSO, was

17.12 6 1.13 mM/g/min for 4 dpf ToCP curve, 20.15 6 0.9 mM/g/min for TmCP and

TpCP for 4 dpf curves, and 27.67 6 2.63 mM/g/min for 7 dpf ToCP curve. ToCP 4

dpf r2 ¼ 0.9552, ToCP 7 dpf r2 ¼ 0.9349, TpCP 4 dpf r2 ¼ 0.8736, and TmCP 4 dpf r2

¼ 0.8924. The number of samples used was n¼6–12 for TpCP and TmCP and

n¼3–18 for ToCP at 4 dpf and n¼3–21 for ToCP at 7 dpf. Data were from 2 to 4 in-

dependent experiments for TpCP and TmCP and 1–7 for ToCP, respectively. Data

shown are mean 6 SEM. Each sample was obtained from a pool of 10 eleuthero-

embryos or larvae.
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Figure 4. Deterioration of locomotor behavior and differential phototactic response of zebrafish eleuthero-embryos or larvae after exposure to different tricresyl phos-

phate (TCP) isomers. Animals in microplates were placed individually in the Noldus DanioVision chamber and alternating light and dark phases were applied accord-

ing to a visual motor response test protocol piloted by Ethovison XT12 software. 4 dpf eleuthero-embryos were exposed to 50 mM TCP isomers while 7 dpf larvae were

exposed to 20 mM tri-ortho-cresyl phosphate (ToCP), both in the presence of 0.5% dimethyl sulfoxide (DMSO) used as vehicle control. The distance traveled per minute

over illumination cycles was measured and plotted to obtain the locomotor profiles of each group (A). Each illumination cycle lasted 60 min, alternating 20 min light

(L1), 20 min dark (D) and 20 min light (L2). Between the graphs, a light/dark bar indicates the dark (black rectangles, D) or light (white rectangles, L1 and L2) periods of

each cycle. Cycle 0 shows the physiological locomotor activity before any exposure to vehicle or vehicle plus toxicants while cycles 1–4 represent the locomotor activity

over the 4-h exposure period. 4 dpf eleuthero-embryo profiles are shown on the left and 7 dpf larva on the right. Data points represent the mean of total distance

moved (mm) per minute by the animals in each experimental treated group. The blue dots on both graphs represent the DMSO control group. TCP isomer-treated group

profiles are represented by red dots for ToCP, orange dots for tri-para-cresyl phosphate (TpCP), and green dots for tri-meta-cresyl phosphate (TmCP). The number of 4

dpf animals enrolled in the study was n¼40 in control, n¼22 in ToCP, and n¼18 in TpCP and TmCP. For 7 dpf, n¼45 in control and n¼41 in ToCP groups. Data shown

are from 3 independent experiments for each isomer at 4 dpf and 5 independent experiments at 7 dpf. Data shown are mean 6 SEM. Significance was evaluated by a 2-

way ANOVA and Sidak multiple comparison posttest. The grids beside the graphs indicate statistical results. Red boxes in the grid denote a significant increase versus

control, while black boxes denote a significant decrease versus control, when p< .05. The phototactic response, or ability of the animal to respond to a light phase tran-

sition, was assessed by subtracting the swimming distances covered in 1 min before and after each light transition (mm) (B and C). Two phototactic responses were

evaluated. In each exposure cycle, the last minute of the first light phase L1 was compared with the first minute of the dark phase D (L1-D transition) and the last min-

ute of the dark phase D was compared with the first minute of the second light phase L2 (D-L2 transition). Data represent 3–7 independent experiments with n¼40–56

in control, n¼22–38 in ToCP, and n¼18 in TpCP and TmCP groups for 4 dpf eleuthero-embryos (B) and 5 independent experiments with n¼45 per group for 7 dpf larvae

(C). Data shown are mean 6 SEM. Significance was evaluated either by a Welch ANOVA test and Dunnett T3 multiple comparison posttest (B) or a Mann-Whitney test

(C), *p< .05, **p< .01, ***p< .001, and ****p< .0001.
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isomer dependent way (Figs. 4 and 5). A significant increase in
swimming activity was observed, starting a few minutes after
exposure to ToCP, compared with control animals (Figure 4A).
This increase in locomotor behavior was maintained over the 4
cycles (red box statistics in left panel of Figure 4A). In order to
quantify and compare the hyperactive phenotype induced by
ToCP treatment, the total distance traveled by eleuthero-
embryos during the L1 phase of cycles 0–4 was calculated
(Figure 5A). There was no significant difference between the
fish water control (cycle 0) and animals exposed to 0.5% DMSO
(cycles 1–4). ToCP treatment induced increased locomotor activ-
ity from the first cycle to the end of the exposure period,
whereas more limited hyperactivity was observed during the
first hour of exposure to TpCP and TmCP. In the second to
fourth hour of exposure, ie cycles 2–4, the presence of TmCP in-
duced a gradual decrease in swimming activity in the dark
phases (black box statistics in left panel of Figure 4A), reaching
total inactivity in cycle 4. The locomotor activity of TpCP treated

eleuthero-embryos was unchanged during the first 2 h of expo-
sure, but started to decrease in the dark phase from the third
hour of exposure. The 7 dpf ToCP-exposed larvae only exhibited
transient hyperactivity in swimming behavior during the first 2
h of exposure (cycles 1 and 2, red box statistics during light
phases, right panel in Figure 4A). As for 4 dpf ToCP-treated ani-
mals, a very strong rapid increase in locomotor activity was ob-
served in the first light phase, followed by a continuous slow
decrease in movement for the remainder of the ToCP exposure
period (Figs. 4A and 5B). Spontaneous locomotor activity was
less than that of controls in the dark phase of cycles 3 and 4 and
L2 of cycle 4 (Figure 4A). The total distance traveled by
eleuthero-embryos during the L1 phase was also measured at
the end of the 4 h exposure period to the molecules during an
additional rescue cycle (R), when the animals were no longer ex-
posed to the molecules but incubated only in fish water
(Figure 5). This made it possible to evaluate the persistence of
the induced hyperactivity once the toxicant had been

Figure 5. Inducible locomotor hyperactivity in zebrafish varies according to the tricresyl phosphate (TCP) isomer, its concentration, and the stage of development. The

total spontaneous swimming distance was measured individually during the first 20 min, ie, L1 phase, of each experimental cycle (cycles 0–4) and during a rescue cycle

(R), ie, an additional cycle after removing the TCP isomer from the water. Cycle 0 shows the physiological locomotor activity before any exposure to vehicle or vehicle

plus toxicants while cycles 1–4 represent the locomotor activity over the 4-h exposure period. 4 dpf eleuthero-embryos were exposed to 0.5% dimethyl sulfoxide

(DMSO) plus 50 mM TCP isomers (A) and 7 dpf larvae to 0.5% DMSO plus 20 mM tri-ortho-cresyl phosphate (ToCP; B). For 4 dpf eleuthero-embryos (A), control was 0.5%

DMSO with 65–77 animals enrolled in the study per group in 7–9 independent experiments; n¼59 animals in 7 independent experiments for 0.5% DMSO plus 50mM

ToCP and n¼12–18 in 2–3 independent experiments for 0.5% DMSO plus 50mM tri-para-cresyl phosphate (TpCP) and tri-meta-cresyl phosphate (TmCP). For 7 dpf larvae

(B), control was 0.5% DMSO and animals were exposed to 0.5% DMSO plus 20mM ToCP, sample size was n¼30 to 51 in 6 independent experiments. The total spontane-

ous swimming distance, ie, without any light transition stimulation, was measured individually during the first 20 min (L1) of the fourth exposure cycle at several TCP

isomer concentrations, ie, vehicle control 0.5% DMSO and up to 75mM for 4 dpf eleuthero-embryos (C) and 7 dpf larvae (D) in the presence of 0.5% DMSO; n¼70 4 dpf

eleuthero-embryos, with n¼16–52 in control and ToCP-treated groups, respectively, and n¼12–18 in TpCP- and TmCP-treated groups. Data were from 2 to 9 indepen-

dent experiments for control and ToCP-treated groups and 2 or 3 independent experiments for TpCP- and TmCP-treated groups. For 7 dpf larvae, the sample size was

n¼40 and 15–40 in control and ToCP-treated groups, respectively. Data were from 3 to 6 independent experiments. Data shown are mean 6 SEM. Significance was eval-

uated by Kruskal-Wallis test and Dunn posttest, *p< .05, **p< .01, ***p< .001, and ****p< .0001.
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eliminated from the incubation water. During phase L1 of the
rescue cycle, the spontaneous swimming of animals previously
exposed to ToCP became comparable to that of the controls
(Figure 5A). It is noteworthy that the swimming activity of the
control group in the rescue cycle was higher than that in cycles
0–4, due to the stimulation induced by handling the eleuthero-
embryos during the rinsing phase. The total distance traveled
was individually monitored during L1 of cycle 4 at TCP concen-
trations ranging from 10 to 75 mM (Figs. 5C and 5D). For 4 dpf
eleuthero-embryos, ToCP hyperactivity was induced from 20 mM
and increased at higher concentrations (Figure 5C). No differ-
ence in this spontaneous swimming activity was observed with
exposure to TmCP or TpCP. For 7 dpf larvae, there was a gradual
decrease in spontaneous locomotor activity during exposure to
ToCP, from 20 to 75 mM, compared with controls (Figure 5D).

In zebrafish, changes in illumination conditions usually trig-
ger changes in locomotor activity levels. In addition to a differ-
ential effect of TCPs exposure on spontaneous swimming
activity, the locomotor profiles depicted in Figure 4 suggested a
differential phototactic response to light/dark signals after ex-
posure to TCP isomers. The phototactic responses of 4 and 7 dpf
animals were quantified according to the treatment by analyz-
ing the swimming distances covered during 1 min before and
after the L1-D and D-L2 light transitions in cycles 0–4 (Figs. 4B
and 4C). During the L1-D transition in cycle 0, the distance trav-
eled increased by approximately 98.74 6 14.02 and
10.69 6 11.47 mm for 4 dpf eleuthero-embryos and 7 dpf larvae,
respectively. During the D-L2 transition, animals exhibited
freezing behavior and the distance traveled dropped by
67.79 6 9.56 mm at 4 dpf and 43 6 9.03 mm at 7 dpf. During the
first 2 h of exposure to TCP isomers, the L1-D phototactic re-
sponse of 4 dpf eleuthero-embryos was not affected (Figure 4B).
TpCP-exposed eleuthero-embryos maintained their L1-D photo-
tactic response all over throughout the exposure period while
the overall swimming activity gradually decreased (Figure 4A).
The response of TmCP-treated eleuthero-embryos decreased
during the L1-D transitions in cycles 3 and 4, due to the decrease
in spontaneous locomotor behavior associated with impair-
ment of their phototactic response (Figs. 4A and 4B). During cy-
cle 4, a decrease in response to the L1-D change was also
associated with the hyperactivity induced by exposure to ToCP
(Figs. 4A and 4B). The D-L2 phototactic response was affected by
exposure to ToCP but not TpCP or TmCP. During the first hour of
ToCP exposure, the freezing behavior of 4 dpf eleuthero-
embryos was more accentuated than that of controls (Figs. 4A
and 4B). In cycles 3 and 4, D-L2 transition responses revealed an
inversion of locomotor behavior, with an increase in swimming
activity instead of freezing, indicated by the presence of a hy-
peractivity peak after the light transition (Figs. 4A and B). ToCP-
treated 7 dpf larvae exhibited an inversion of the phototactic re-
sponse during the cycle 1 L1-D transition, with freezing behav-
ior instead of increased swimming (Figs. 4A and 4C). The
animals then remained insensitive to the L1-D phase change
throughout the remaining exposure to ToCP. The D-L2 photo-
tactic response was unaffected by the ToCP treatment, in con-
trast to the behavior of the 4 dpf eleuthero-embryos in cycles 3
and 4 (Figure 4B). This response also tended to be weaker in con-
trol animals at 7 dpf compared with 4 dpf (Figs. 4B and 4C).

EFPMR Phenotypes of TCPs-Exposed Eleuthero-Embryos and Larvae
Animals at 4 or 7 dpf were exposed to a range of TCP concentra-
tions for 4 h, then rinsed twice in fish water. EFPMR was evalu-
ated, qualitatively and quantitatively, by video acquisition with
an ultra-fast camera after EFP stimulation (Figs. 6 and 7). The

normal escape response induced by EFP was constituted by
three distinct sequential behaviors. The first was a very fast,
large-amplitude body C-bend followed by a smaller amplitude
counter-bend, and then many, at least four, regular amplitude
bends, characteristic of fast swimming movements
(Supplementary Movie 1 and Figure 7A). After exposure to TCP
isomers, three distinct escape responses were observed follow-
ing EFP stimulation. The first was the aborted escape response:
the eleuthero-embryo started the response to EFP by performing
a C-bend/counter-bend movement, followed by jerky swimming
or fewer than the four regular amplitude bends observed in reg-
ular fast swimming (Supplementary Movie 2). The second was
the “multiple C-bend (MCB)/spaghetti” escape response. The
eleuthero-embryo responded to EFP with the usual C-bend/
counter bend movement, but the escape was then followed by
multiple, larger-amplitude body bends, or “spaghetti” move-
ments, similar to seizures, lasting up to 500 ms after stimulation
(Figure 7B and Supplementary Movie 3). In the third, or
“contracted” escape response, the eleuthero-embryos
responded to EFP by a body contraction with little or no tail
bending-bends and no regular amplitude bends (Supplementary
Movie 4). It is noteworthy that the eleuthero-embryos treated
with ToCP also had difficulty maintaining body balance before
and during EFP-induced locomotor activity (Supplementary
Movies 2–4).

The distribution of each downgraded locomotor phenotype
was characterized after exposure with a TCPs concentration
range and any statistical difference between normal and abnor-
mal locomotor phenotypes was calculated by totaling the num-
ber of aborted, MCB/spaghetti, and contracted escape
responses. Irrespective of the stage of development considered,
4 or 7 dpf, and the isomer of TCP used, locomotor deterioration
became significant from 10 lM (Figs. 6A and 6B). The negative
effects were more drastic following exposure to ToCP compared
with TpCP or TmCP. For example, at 10 mM, the proportion of ab-
normal phenotypes among 4 dpf treated animals was
74.81% 6 8.78% for ToCP, 39.33% 6 6.96% for TpCP, and
40.33% 6 14.7% for TmCP. At higher concentrations of ToCP, al-
most all the eleuthero-embryos exhibited abnormal locomotor
phenotypes. For example, at 50 lM ToCP, the proportion of ab-
normal escape response phenotypes was 90.1% 6 8.97% at 4 dpf
and 100% at 7 dpf (Figs. 6A and 6B), whereas no mortality or
modification of the morphometric parameters was observed
(Supplementary Figs. 2 and 3). Interestingly, the MCB-spaghetti
locomotor phenotype was only significantly observed after ex-
posure to ToCP in both 4 and 7 dpf animals. A few cases were
observed in controls or those treated with TpCP or TmCP, but
fewer than 1% of the animals stimulated by EFP (Figs. 6A and
6B).

Regardless of their relative proportion and the stage of de-
velopment considered, this qualitative deterioration in the loco-
motor phenotype resulting from exposure to TCP isomers
resulted in a significant decrease in the total distance moved
and displacement of eleuthero-embryos and larvae starting
from an exposure concentration of 10 mM (Figs. 6C and 6D and
Supplementary Figure S5).

Locomotor Behavior of PTX-Treated 4-dpf Eleuthero-Embryos Was
Similar to That of ToCP-Treated Specimens
PTX, which is not an OP-type chemical molecule, is composed
of picrotoxinin and picrotin (Figure 8A). Exposure of 4 dpf zebra-
fish eleuthero-embryos to PTX induced changes in locomotor
behavior similar to those observed after ToCP treatment
(Figure 8). PTX induced an even more marked increase in
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swimming activity than ToCP during cycle 1 and half of cycle 2
of a VMR test protocol (Figs. 8B and 9). This locomotor hyperac-
tivity was maintained over the 4 VMR cycles, as with ToCP
(Figs. 8B and 9A), and during the rescue cycle (Figure 9), which
was not the case following ToCP treatment (Figs. 5A and 9B).
PTX-induced locomotor hyperactivity was associated with an
impairment of the L1-D and D-L2 phototactic responses (Figs. 8B
and 8C), with no increase in locomotor activity during the L1-D
transition (Figure 8C) and even a significant decrease in cycles 3
and 4, compared with controls, similar to that observed on ex-
posure to ToCP (Figs. 4B and 8C). D-L2 transition triggered a
more marked phototactic response during PTX exposure, partic-
ularly in cycles 3 and 4, contrasting with the freezing behavior
of controls (Figure 8C). Nevertheless, this induced hyperactivity
peak was lower than that induced by ToCP (Figs. 4B, 8B, and 8C).

EFPMR of PTX-treated 4 dpf eleuthero-embryos triggered a
very high proportion of MCB-spaghetti escape response pheno-
types, similar to those observed with ToCP (Figs. 6A and 10A).
After 4 h exposure to 400 mM PTX, 84.95% 6 0.96% of EFP induced
animals had an abnormal phenotype associated with a consid-
erable decrease in distance traveled and displacement
(Figs. 10A and 10B and Supplementary Figure 6A). As for ToCP-

treated eleuthero-embryos, the bend amplitude profiles showed
that the fast-swimming module was affected by PTX treatment,
whereas the C-bend and counter-bend sequential modules
were not (Figure 10C). These PTX-induced seizures were similar
to the MCB-spaghetti escape phenotypes observed after ToCP
exposure (Supplementary Movies 3 and 5). PTX treatment also
impaired body balance before and during EFP-induced locomo-
tor activity, as observed with ToCP-treated animals
(Supplementary Movie 5).

It is noteworthy that the AChE and PV-NTE enzymatic activi-
ties were not affected by PTX treatment (Supplementary Figs. 6B
and 6C).

DISCUSSION

TCPs are widely used as plasticizers and flame-retardant addi-
tives and may represent a threat to human health due to their
occurrence in various environmental media (Ji et al., 2020;
Takimoto et al., 1999; Wang et al., 2015). The acute and delayed
neurotoxicity of the TCP isomer ToCP has been the subject of a
considerable amount of scientific work in recent decades.
OPIDN is a neurodegenerative disorder characterized by ataxia

Figure 6. Locomotor phenotypes after electric field pulse (EFP) stimulation depend on tricresyl phosphate (TCP) isomers and concentrations. The percentage of the dif-

ferent escape response phenotypes observed using the EFP motor response test protocol after 4 h exposure of 4 dpf eleuthero-embryos (A) and 7 dpf larvae (B) is indi-

cated for each of the TCP isomers tested. Animal escape response phenotypes were classified as normal, aborted, multiple C-bend (MCB)/spaghetti, or contracted. EFP

stimulation was applied to groups of 15 eleuthero-embryos or larvae. The control vehicle, 0.5% dimethyl sulfoxide, was compared with a range of TCP isomer concen-

trations. The statistical difference between normal and abnormal locomotor phenotypes, ie, the sum of aborted, MCB/spaghetti, and contracted phenotypes, was tested

by a 1-way ANOVA and Dunnett posttest. Results were obtained in 8 independent experiments at 4 dpf and 6 at 7 dpf for controls, 3 at 4 and 7 dpf for tri-ortho-cresyl

phosphate, and 3 for tri-para-cresyl phosphate and tri-meta-cresyl phosphate, except for the 20 mM concentration, which was not included in the statistical analysis as

only 2 were performed, **p< .01, ***p< .001, and ****p< .0001. The total distance moved in 100 ms after EFP stimulation was calculated following 4 h exposure for 4 dpf

eleuthero-embryos (C) and 7 dpf larvae (D) at several concentrations of the selected TCP isomers. Data shown are from 3 independent experiments with 15 eleuthero-

embryos or larvae per group. Data shown are mean 6 SEM. Significance was evaluated by 1-way ANOVA and Dunnett posttest, **p< .01; ***p< .001; and ****p< .0001.
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progressing to paralysis with concomitant central and periph-
eral distal axonopathy. This neuropathology has been described
as being similar to Wallerian-type degeneration and becomes
established days or weeks after OP exposure (Damodaran et al.,
2009; Jortner, 2000). Many OP toxicants have been known to
elicit their primary mode of toxicity through AChE inhibition.
However, an early indicator of clinical evidence of OPIDN is in-
hibition of the neuronal esterase NTE by ToCP (Ehrich and
Jortner, 1988; Glynn, 2000; Richardson et al., 2020). This irrevers-
ible inhibition called “aging” is due to a leaving group causing
an OP-NTE complex covalently bound and charged with enzyme
(Emerick et al., 2012).

Many animal models have been used over the years in order
to elucidate the toxic action mechanisms of OPs. The zebrafish
vertebrate model is commonly used in neurotoxicology (Babin
et al., 2014; Fontana et al., 2018), as it shares common

neurotransmitter systems with mammals (Horzmann and
Freeman, 2016) and has recently emerged as a powerful model
for OP studies (Faria et al., 2015, 2018). There is a paucity of infor-
mation on the differential toxic action modes of TCP isomers
in vivo. These experiments, investigated the effects of TCP iso-
mers on AChE and NTE enzymatic activities in zebrafish
eleuthero-embryo and larva. Up to a concentration of 50 mM, it
was shown that the selected TCP isomers did not inhibit AChE
and did not affect eleuthero-embryo and larva morphology or
survival (Figure 2 and Supplementary Figs. 2 and 3). Among TCP
isomers, ToCP is considered a neuropathic OP, as its metabolite,
CBDP, inhibited NTE leading to OPDIN (Emerick et al., 2012),
whereas TpCP and TmCP are not, as they were unable to form
stable cyclic esters (Lorke et al., 2017). Unexpectedly, we ob-
served that TmCP and TpCP, as well as ToCP, inhibited zebrafish
PV-NTE activity. There was a factor of about 6 between each

Figure 7. Effect of tri-ortho-cresyl phosphate (ToCP) exposure on locomotor behavior induced by electric field pulse (EFP) stimulation. Kinematics of EFP motor response

traces for control (A) and ToCP-treated (B) 4 dpf eleuthero-embryos are represented. Three representative traces are shown for each condition from the first 500 ms of

the escape response. Body curvature is measured in degrees, with 0 indicating a straight body. The control group vehicle, 0.5% dimethyl sulfoxide (DMSO), was com-

pared with 0.5% DMSO plus 50 mM ToCP-treated animals after 4 h exposure. Only multiple C-bend/spaghetti phenotype traces are presented from the ToCP treated

group. The short horizontal line above the traces indicate the regular C-bend/counter-bend modules, while the longer line corresponds to the fast-swimming module

of the escape behavior of controls, during which the seizures were observed in ToCP-treated eleuthero-embryos.
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determined TCP isomer IC50 value, with the lowest value for
TmCP (Figure 3). Although all three TCP isomers inhibited PV-
NTE, the PV-NTE inhibition potency of ToCP was greater than
that of the other two isomers. In fact, their inhibition rates

never exceeded 80%, while PV-NTE inhibition by ToCP reached
96% (Figure 3). ToCP caused rapid PV-NTE inhibition: after only
10 min in vivo exposure in fish water, PV-NTE activity dropped
to around 15% of total initial activity (Supplementary Figure 4).
TCP IC50 curves were studied in vitro on cell viability (Hausherr
et al., 2017), mitochondrial activity (Duarte et al., 2017), and axon
outgrowth (Fowler et al., 2001). Only ToCP affected neurite net-
works and induced a specific reduction in Ca2þ influx on gluta-
mate receptors that may affect neuronal function and
development (Hausherr et al., 2017).

Locomotion control in vertebrates involves all levels of the
nervous system, from the cortex to the spinal cord (Arber and
Costa, 2018). To a large degree, locomotion is directly controlled
by central pattern generators, intrinsic spinal networks that co-
ordinate the stereotypic locomotor pattern. However, the over-
all function of these networks is governed by interaction

Figure 8. Deterioration of locomotor behavior and differential phototactic

responses of zebrafish eleuthero-embryos following exposure to picrotoxin

(PTX) and comparison with tri-ortho-cresyl phosphate (ToCP). See Figure 4 leg-

end for details of the visual motor response test procedure used. Chemical

structure of PTX, composed of equimolecular concentrations of picrotoxinin and

picrotin (A). The distance traveled per minute over illumination cycles 1 to 4

was measured and plotted to obtain locomotor profiles of 4 dpf eleuthero-em-

bryos during 4 h exposure to control vehicle, 0.5% dimethyl sulfoxide (DMSO), or

0.5% DMSO plus 400 mM PTX (B). The blue dots represent the DMSO control data.

PTX-treated animal data are represented by black dots and the profile for eleu-

thero-embryos exposed to 0.5% DMSO plus 50 mM ToCP is indicated by a simple

red line to simplify the graph (see Figure 4A for more details). Significance of the

difference between vehicle control versus PTX-treated group was evaluated by a

2-way ANOVA and Sidak multiple comparison posttest. The grid on the right of

the graph indicates a significant increase versus control with p< .05 when boxes

are colored red. Data are shown from 3 independent experiments. The phototac-

tic response was evaluated during light phase transitions over the 4 h exposure

to PTX (C). The number of eleuthero-embryos enrolled in the study was n¼22

per group in 3 independent experiments. Data shown are mean 6 SEM.

Significance was evaluated by Mann-Whitney tests, *p< .05; **p< .01; ***p< .001;

and ****p< .0001.

Figure 9. Locomotor hyperactivity inducible by tri-ortho-cresyl phosphate

(ToCP) reproduced by exposure to picrotoxin (PTX). 4 dpf eleuthero-embryos

were exposed to 400 mM PTX in the presence of 0.5% dimethyl sulfoxide (DMSO)

used as vehicle (A). The total spontaneous swimming distance was measured

individually during the first 20 min, ie, L1 phase, of each exposure cycle (cycles 1

to 4) and a rescue cycle (R), ie, an additional cycle after removing the PTX. The

control was locomotor activity measured before exposure to PTX (cycle 0). The

number of eleuthero-embryos enrolled in the study was n¼22 in 3 independent

experiments. Comparison of spontaneous swimming at the first (cycle 1), fourth

(cycle 4) and rescue cycle between 0.5% DMSO as a control, 0.5% DMSO plus

400 mM PTX-, and 0.5% DMSO plus 50mM ToCP-treated 4 dpf eleuthero-embryos

(B). The number of eleuthero-embryos in each group was n¼22–59 in 3–7 inde-

pendent experiments. Data shown are mean 6 SEM. Significance was evaluated

by Kruskal-Wallis test and Dunn posttest, **p< .01, ***p< .001, and ****p< .0001.
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between inhibitory and excitatory neurons from specific motor
behavior command areas in the brain (Grillner and El Manira,
2020). Implementation combination of different locomotor tests
provides insights into the functional integrity of the various
control elements in the nervous system involved in locomotor
behavior. This study evaluated the effects of exposure to TCP
isomers on spontaneous locomotion of eleuthero-embryos and
larvae and on the VMR and EFPMR induced by a light phase
change and EFP, respectively.

Although the three symmetric TCP isomers significantly
inhibited PV-NTE activity, TpCP and TmCP did not induce the
same locomotor behavioral phenotype as ToCP. Spontaneous
locomotor activity was analyzed by measuring the distance
moved by the animals. Our data demonstrated that a signifi-
cant increase in swimming activity was observed, starting a
few minutes after exposure to ToCP (Figure 4A). While this hy-
peractivity was maintained over the 4-h incubation period at 4
dpf, 7 dpf larvae exhibited a more transient intensification of
locomotor activity. A similar hyperactivity was previously ob-
served in 6 dpf zebrafish larva on exposure to 6.9 mM ToCP

(Jarema et al., 2015), confirming that the ToCP effect was not
developmental stage-dependent. Exposure to TpCP and TmCP
resulted in a more limited difference in swimming activity
compared with controls during the first hour and a subse-
quent decrease in this activity, with a significant difference
from controls during the subsequent dark phases (Figs. 4A and
5A). The locomotor behavior remained unaltered in adult
zebrafish after a single dose of CBDP and diisopropylphos-
phorofluoridate in spite of the NTE was inhibited (Faria et al.,
2018). The moderate reduction in NTE activity, by either reduc-
ing the amount of NTE protein through genetics or using a po-
tent NTE inhibitor leaded to hyperactivity in mice (Winrow
et al., 2003). The light-stimulus response of ToCP-treated
zebrafish eleuthero-embryos during the 4-h exposure differed
from that of controls. Indeed, ToCP-exposed 4 dpf eleuthero-
embryos exhibited a hyperactivity peak in cycles 3 and 4, while
those exposed to TmCP and 7 dpf ToCP-treated larvae lost
their locomotion response to the light stimulus. VMR integra-
tes sensory and motor responses and changes in illumination
are detected by sensory cells in the retina and deep-brain

Figure 10. Multiple C-bend (MCB)/spaghetti locomotor phenotype induced by electric field pulse (EFP) stimulation after exposure to PTX is similar to that obtained after

exposure to tri-ortho-cresyl phosphate. The escape response phenotypes observed in the EFPMR test protocol after 4 h exposure of 4 dpf eleuthero-embryos to 0.5% di-

methyl sulfoxide (DMSO) plus 400 mM PTX was classified as normal, aborted, or MCB/spaghetti (A). Three independent experiments were carried out by applying EFP

stimulation to groups of 15 eleuthero-embryos, using 0.5% DMSO as vehicle control. Data shown are mean 6 SEM. The statistical difference between normal and abnor-

mal phenotypes, ie, the sum of aborted and MCB/spaghetti phenotypes was tested by an unpaired t test, ***p< .001. The total distance moved in 100 ms after EFP stimu-

lation was calculated following 4 h exposure of the 4 dpf eleuthero-embryos to 0,5% DMSO plus 400 mM PTX (B). Data shown are mean 6 SEM. Significance was

evaluated by an unpaired t test, ***p< .001. Two representative MCB/spaghetti phenotype traces are shown from the first 500 ms of the escape response of 4 dpf eleu-

thero-embryos exposed to 0.5% DMSO plus 400mM PTX (C). See Figure 7A for the trace representing the controls exposed to 0.5% DMSO used as vehicle. Body curvature

is measured in degrees, with 0 indicating a straight body. The short horizontal line above the traces indicates the regular C-bend/counter-bend period of the escape re-

sponse while the longer line corresponds to the fast-swimming module of the escape behavior of controls during which the seizures were observed.
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photoreceptors (Fernandes et al., 2013). Impairment of the light
response by TCP intoxication was indicative of a defect in loco-
motor behavior control at the CNS level, unrelated to AChE or
PV-NTE enzymatic activities.

In zebrafish eleuthero-embryos and larvae, EFPMR is a com-
plex stereotypical escape behavior consisting of three sequen-
tial modules, caused by direct stimulation of Mauthner cells in
the spinal cord (Tabor et al., 2014). The EFPMR test revealed dif-
ferential locomotor behavioral phenotypes according to the TCP
isomer tested. The seizure-like MCB-spaghetti phenotype was
significantly induced only by ToCP (Figs. 6A, 6B, and 7B and
Supplementary Movie 3). One hypothesis was that this
epileptic-like behavior was due to an inhibition of PV-NTE activ-
ity >80%, only observed in the presence of ToCP (Figure 3).
However, PV-NTE activity was already strongly inhibited follow-
ing exposure to ToCP at 1 mM, ie, over 95%, while the value
recorded in animals exhibiting the MCB-spaghetti phenotype
was not significantly different from that of controls (Figs. 3, 6A,
and 6B). In addition, locomotor hyperactivity was induced from
20 mM ToCP, while PV-NTE was already strongly inhibited from
1 mM (Figs. 3, 5C, and 5D). The inhibition of PV-NTE activity was
not, therefore, responsible for the seizure-like phenotype in-
duced by ToCP.

Neurotransmission systems are targets for toxicants and
imbalances in synaptic excitation and inhibition may trigger ep-
ileptic seizures by deteriorating the functional stability of
healthy neuronal circuits (Chiu et al., 2019; Marrs and Maynard,
2013; Treiman, 2001). Hyperactivity and seizure are epileptic
markers in the zebrafish model (Kalueff et al., 2014; Khan et al.,
2017). In zebrafish, as in humans, gamma-aminobutyrate
(GABA) is an inhibitory neurotransmitter of the CNS. GABAA re-
ceptor (GABAAR) antagonists-like pentylenetetrazol (PTZ) have
disinhibitory effects, causing seizures and impairment of light-
dark transition locomotor responses (Bandara et al., 2020;
Baraban et al., 2005; Ellis et al., 2012; Mussulini et al., 2013; Peng
et al., 2016). PTX is a PTZ-like GABAAR antagonist
(Ramakrishnan and Hess, 2005). Zebrafish treated with PTX
exhibited hyperactivity and epileptic seizure-like behaviors
(Bandara et al., 2020; Wong et al., 2010; Yang et al., 2017; Figs. 8
and 10). The rapid onset of hyperactivity on exposure to ToCP,
similar to that induced by PTX, indicated a pharmacological-
type mode of action. This hyperactivity was not maintained as
soon as ToCP was removed from the water, which was not the
case with PTX (Figs. 5A, 5B, and 9). Our data also revealed that
EFP following exposure to ToCP, but not to TmCP and TpCP, in-
duced an MCB-spaghetti phenotype, similar to that observed
during epileptic seizures caused by PTX (Figs. 6A, 6B, 7, 10, and
Supplementary Movies 3 and 5). The evidence that PV-NTE was
not inhibited by PTX supported the hypothesis that NTE inhibi-
tion was not responsible for the ToCP-induced seizures
(Supplementary Figure 6C).

The locomotor pattern induced by ToCP conserved left-right
coordination, suggesting that spinal central pattern generator
functionality was not damaged by ToCP exposure. Techno trou-
ser (tnt) zebrafish mutants harbor a mutation in slc1a2b, which
encodes Eaat2b, a plasma membrane glutamate transporter
(McKeown et al., 2012). This results in abnormal motor behaviors
with some similarities to the ToCP-induced MCB-spaghetti phe-
notype, as well as to the phenotype responses induced by
GABAAR antagonists PTX.

In conclusion, our results demonstrated that the zebrafish
eleuthero-embryo and larva exhibited relevant hyperactivity,
defects in the postural control system, phototaxis impairment,
and seizure-like phenotype in response to ToCP exposure that

was not directly linked to the inhibition of PV-NTE activity.
These effects may be triggered by an excitation-inhibition neu-
rotransmission imbalance in the CNS circuitry, which calls for
more thorough investigation in the case of human ToCP
poisoning.

SUPPLEMENTARY DATA

Supplementary data are available at Toxicological Sciences
online.
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