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Abstract

The photomotor response (PMR) of zebrafish embryos, a light pulse-triggered undirected movement, is known to
be altered by neuroactive chemicals. Here, we developed an approach for data analysis of the distribution of PMR
movement activities along the time axis; differences between treatment and respective controls are expressed by an
aggregated value integrating the time-resolved density of the movement parameter as a measure for a chemically
elicited PMR effect. Logistic concentration-PMR effect relationships were modeled for neuroactive test compounds with
different modes of action (acetylcholinesterase inhibition, activation and inhibition of voltage-gated sodium channels);
50% effect concentrations (EC50) were in the low to medium uM range (ECsg < 10 uM for flucythrinate, esfenvalerate,
azinphos-methyl, propoxur; ECs¢ > 10 pM for tricaine). Modulation of movement activities in different phases of the PMR
(i.e., “fingerprint”) by neuroactive test compounds varied across concentrations, showing that mode of action-specific
PMR fingerprints are also concentration-dependent. Above concentrations causing 10% lethality (LC1o; 48 h), 3,4-dichlo-
roaniline caused movement inhibition. This substance presumably is not neuroactive; its effect on the PMR therefore is
considered a secondary toxic effect. Quantitative morphological examinations of chemically exposed embryos showed
that malformations occurred only above PMR effect concentrations, indicating that changes in the PMR were not due
to such indirect effects. The PMR assay will provide a useful measure in ecotoxicological risk assessment of neuroactive
chemicals with zebrafish embryos and could potentially be used to infer acute fish toxicity levels from PMR effect concen-

trations of neurotoxic compounds.

1 Introduction

Acute fish toxicity (AFT) tests are the most frequently used verte-
brate tests in regulatory ecotoxicology (Scholz et al., 2013). They
are typically conducted according to the standard test guideline
OECD TG 203 (OECD, 2019) or similar guidelines. Fish embryo
toxicity (FET) tests are proposed as alternatives to AFT tests for
animal welfare reasons (Embry et al., 2010; Nagel, 2002; Scholz
et al., 2008; Strihle et al., 2012), and OECD TG 236 has been es-
tablished for chemical toxicity testing with the FET test (Busquet
etal., 2014; OECD, 2013).

The sensitivities of the FET and AFT tests are generally simi-
lar (Belanger et al., 2013; Lammer et al., 2009a); however, par-
ticularly neurotoxic substances were found to be considerably
less acutely toxic to fish embryos than to adult fish (Knobel et
al., 2012; Kliver et al., 2015; Sobanska et al., 2018). Failure of

the respiratory system is considered to be the cause of neurotox-
ic chemical-induced lethality in adult fish (Bradbury et al., 2008;
Russom et al., 2014). However, for fish embryos, respiratory fail-
ure does not appear to be caused by neurotoxic chemicals, since
gas exchange and distribution mainly proceed via passive diffu-
sion at those life stages. The function of the gills and the cardio-
vascular system is not required for distribution of oxygen in em-
bryo stages unlike in adult fish (Jacob et al., 2002; Rombough,
2002). Interestingly, however, concentrations of neuroactive
compounds causing lethality in adult fish were found to cause
changes in locomotion of embryos; these may thus be used as in-
dicators of concentrations of neuroactive compounds that would
be acutely toxic for adult fish (Kliiver et al., 2015).
Behavior-based biotests with zebrafish embryos enable detec-
tion of the neuroactive potential of chemicals (refer to review arti-
cles by Legradi et al., 2015; d’Amora and Giordani, 2018; Basnet
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et al., 2019; Ogungbemi et al., 2019). One is the so-called photo-
motor response (PMR) measurement. It quantifies the undirected,
5-7 s long movement of zebrafish embryos at 30-35 hours post fer-
tilization (hpf) elicited by a short light pulse. The PMR is mediated
by stimulation of the opsin-based photoreceptors in the hindbrain
by a light pulse. Neuroactive compounds were found to modulate
the PMR (e.g., Kokel et al., 2010, 2013a,b; Copmans et al., 2016;
Gauthier and Vijayan, 2018). During PMR measurements, embry-
os are kept in the dark and are exposed to two short light pulses,
typically after 10 s and 20 s. The 30-s PMR measurement can be
subdivided into four main phases: The background phase (PRE;
0-10 s) during which spontaneous movement of the embryos can
occur is prior to the first light pulse; the latency phase (L; ~1 s) is
defined as the phase between the first light pulse and the behav-
ioral response; in the excitation phase (E; 9 s), embryos show a
behavioral response to the first light pulse; the second light pulse
is followed by the refractory (R) phase (10 s), during which the
embryos are insensitive to any further light stimuli. In each of the
PMR phases, the movement characteristics of embryos exposed
to neuroactive chemicals can differ from those of untreated con-
trol embryos. The movement activity can be enhanced or reduced
in the excitation phase, and it can be prolonged or delayed and ex-
tended into the refractory phase. The second light pulse may trig-
ger movements of embryos exposed to certain neuroactive com-
pounds. Spontaneous movements of the embryo can be enhanced
during the background and evoked during the refractory phases
(Reif et al., 2016; Kokel et al., 2010; Copmans et al., 2016). The
embryonal movement activity, represented by the so-called “mo-
tion index”, is quantified by determining the number of pixels that
change due to movements of the embryo in the well within sub-
sequent video frames. The phase-resolved analysis of the motion
index has been used to establish fingerprints enabling compound
classification (Kokel et al., 2010; Copmans et al., 2016).

The quantitative description of concentration-dependent ef-
fects of the entire PMR measurement is challenging for various
reasons: 1) The activity parameter data is highly variable and not
normally distributed; 2) the PMR effect is complex; chemical-
ly caused shifts of events on the PMR timeline were so far not
included in effect quantification; 3) effect characteristics can be
inconsistent across concentrations as, e.g., shown for tributyltin
chloride (Reif et al., 2016). Therefore, PMR data analysis was
previously often limited to a qualitative description of differenc-
es between control and exposure groups (Reif et al., 2016; Leg-
radi et al., 2015).

In this study, PMR data for zebrafish embryos were obtained
for four known neuroactive pesticides, the organophosphate az-
inphos-methyl, the carbamate propoxur (Fukuto, 1990; Gruber
and Munn, 1998) and the a-cyano-pyrethroids esfenvalerate and
flucythrinate (Fukuto, 1990; Soderlund and Bloomquist, 1989;
Attili and Hughes, 2014; Gruber and Munn, 1998). Furthermore,
the effect of tricaine on the PMR was examined as a representa-
tive compound with an anesthetic mode of action (MoA; Attili
and Hughes, 2014).

The zebrafish embryos at the stage used in the experiments
(~35 hpf) possess molecular targets for neuroactive compounds.
For instance, acetylcholine esterase (AChE) is present in prima-
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ry motor neurons from 14 hpf onwards and appears in sensory
neurons and interneurons at around 24 hpf (Hanneman and West-
erfield, 1989). Furthermore, voltage-gated sodium channels are
expressed and functional already in early developmental stages
of zebrafish, indicated by the occurrence of spontaneous contrac-
tions at 17-30 hpf and sodium currents at muscle fibers in embry-
os (Buckingham and Ali, 2004; Coutts et al., 2006).

In this study, a data analysis approach was adapted that is
based on comparing the distribution of movement activities of
individual embryos from different treatments on the time axis.
We show that by including the parameter time in the data anal-
ysis, a quantitative description of chemically elicited PMR con-
centration-effect analyses can be made. So far, a similar ap-
proach has only been applied in studies examining the locomotor
response (LMR), another behavior-based biotest that measures
the locomotion of zebrafish embryos, i.e., the distance covered
within a certain time (Selderslaghs et al., 2010, 2013; Kliiver et
al., 2015). In contrast to the previous approach for LMR analy-
sis (Selderslaghs et al., 2010), we included the parameter time
as a second dimension and calculated a density volume of the
time-dependent activity parameter. The difference in density vol-
ume between control and treatment was used for the quantita-
tive assessment of the effect of chemical exposure on the PMR.
We show that this data analysis approach improves the estima-
tion of concentration-effect relationships for the PMR. We also
investigated whether the PMR response patterns to the selected
compounds were consistent across the tested concentration rang-
es. The effect of the non-neuroactive compound 3,4-dichloro-
aniline on the PMR was examined to determine to which extent
the PMR is specific for neuroactive compounds. The PMR ef-
fect concentrations were set in relation to FET and AFT effect
concentrations in order to obtain a measure for the sensitivity of
the PMR. Lethal effect concentrations for adult or juvenile zebra-
fish were not available for all test compounds. Therefore, in order
to avoid additional animal experiments with adult zebrafish and
given the overall high correlation of fathead minnow with zebraf-
ish FET data (Belanger et al., 2013), the respective AFT data for
fathead minnow (Pimephales promelas) were used for compari-
son of AFT and PMR effect data.

2 Animals, materials and methods

2.1 Chemicals and experimental solutions

3,4-dichloroaniline (CAS RN 95-76-1, 99.8% purity), tricaine
(MS222; CAS RN 886-86-2, 98% purity), propoxur (CAS RN
114-26-1, 99.8% purity), azinphos-methyl (CAS RN 86-50-0, >
99% purity), esfenvalerate (CAS RN 66230-04-4, 99.5% puri-
ty), and flucythrinate (CAS RN 70124-77-5, analytical standard)
were obtained from Sigma Aldrich (Deisenhofen, Germany). Ex-
posure solutions were prepared by dilution of chemicals in recon-
stituted water made according to OECD TG 236 (OECD, 2013).
All compounds exhibit no or a low degree of dissociation, as in-
dicated by their pKa values. Hence, all stock solutions (equal to
the highest compound concentrations tested) were at pH 7 + 1.
No deviation of the pH in the unbuffered exposure medium was
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observed at the end of exposures (measured in the treatments with
the highest test compound concentrations with no mortality of
embryos). The stock solutions were set up one day before start of
the exposures in closed graduated glass flasks and were stirred for
approximately 14 h. The experimental solutions were prepared by
serial dilutions of stock solutions. The stability of the concentra-
tions of azinphos-methyl, propoxur, tricaine and 3,4-dichloroan-
iline in experimental solutions was examined in independent ex-
periments by applying UV/VIS-absorption measurements (refer
to Text S1! in the supplementary file for details).

Within 48 h, a decline in concentrations of < 1% (azin-
phos-methyl, tricaine), < 5% (propoxur), and < 15% (3,4-dichlo-
roaniline) from initial concentrations in the aqueous solutions
was observed. It can therefore be assumed that the nominal con-
centrations of the compounds reported here concur with their ac-
tual concentrations to a high degree. For the pyrethroids esfen-
valerate and flucythrinate, the exposure concentrations were be-
low the detection limits for UV/VIS analysis. For esfenvalerate,
a strong deviation from nominal concentrations and a rapid con-
centration decline during 24 h exposure has been observed pre-
viously in a semistatic exposure setup (Kliiver et al., 2015). As
structure and physico-chemical properties of flucythrinate are
similar to esfenvalerate, a strong deviation of actual from nomi-
nal concentrations in the exposure medium is likely also for this
compound, and the calculated effect concentrations for these
compounds may therefore be overestimated. Oxygen saturation
of exposure solutions was > 90%.

2.2 Maintenance of zebrafish, determination

of zebrafish embryo toxicity (FET), and source of
fathead minnow acute fish toxicity (AFT) data
Information on zebrafish maintenance, embryo collection, ex-
posure conditions and FET tests are provided in Text S2, Tab.
S3 and Fig. S5!. Exposures of embryos were from 2-96 hpf, and
mortality data for LCso (50% lethal concentration) estimation at
48 h and 96 h were recorded.

AFT LCso (96 h) values for fathead minnow (Pimephales
promelas) were retrieved from a database from the U.S. Environ-
mental Protection Agency (US EPA, Russom et al., 1997) (see
also Text S2, Retrieval of AFT data (LCsp)Y).

2.3 Photomotor response (PMR) assay

Zebrafish embryos were exposed to concentration series of
the model compounds (3,4-dichloroaniline, azinphos-methyl,
propoxur, tricaine) with the zebrafish FET LCjg (96 h) as high-
est test concentration. For compounds not causing lethal effects
in the FET test, the highest test concentration corresponded to
maximum water solubility (flucythrinate, esfenvalerate; refer to
Tab. S4! for an overview of all test concentrations for each test
compound). Embryos were exposed in crystallizing dishes from
2 to ~30-35 hpf at 26°C. Embryos at this stage were then sub-
jected to PMR measurements. The time of day when embryos

1 doi:10.14573/altex.2004021s
2 http://www.R-project.org/
3 http:/r.analyticflow.com/en/
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were at 30-35 hpf and the PMR measurements were performed
corresponded to 2-7 pm. Prior to PMR measurements, embryos
were manually dechorionated with two forceps. The dechorion-
ated embryos were transferred together with 400 uL of the expo-
sure solution to the 24 central, round-shaped wells of a 96-well
plate (Cellstar Greiner Bio-One, Frickenhausen, Germany). The
zoom-lens of the camera used to video-record the embryos was
adjusted to these central 24 wells, providing sufficient magnifi-
cation to resolve the movement of the embryos while enabling
simultaneous recordings of multiple wells. Five embryos were
placed in each well, and six wells were used per control/treat-
ment. Three treatments along with a control were run simultane-
ously in each experiment. To obtain a measure for the variabili-
ty across controls from different plates and from different posi-
tions on a plate, an experiment with three control plates (control
embryos in all 24 wells) was performed. Plates were kept in the
dark at 28°C for at least 15 min before PMR measurements were
started. Prior to the measurement, the exposure solution level in
each well was adjusted to the maximum possible volume by ad-
dition of the respective exposure solution to avoid formation of
a meniscus. PMR measurements were performed using a Zebra-
Box (ViewPoint, Lyon, France) set to quantification mode, trans-
parent detection, and a sensitivity of 3, using 25 video frames per
second. The resolution was 0.2 mm/pixel. The temperature of the
exposure solutions was maintained at 28°C prior to and during
the measurements by placing the multiwell plate with the embry-
os in a waterbath. The embryos were recorded for 30 s using in-
frared (IR) illumination and an IR sensitive camera. At 10 s and
at 20 s of the measurement, a 1 s pulse of visible light was emit-
ted from the top light array in the ZebraBox (top light set to max-
imum intensity determined as 69384 lux using a LI-COR radia-
tion sensor, Bad Homburg, Germany). Embryo movements are
expressed by motion index values calculated by the ViewPoint
software based on the numbers of altered grey values per pixel
and per video frame. For further analysis, motion index values
were exported from the software as a text file.

2.4 PMR data analysis and statistics

Data analysis was performed using the software R2. For PMR ef-
fect quantification and calculations for qualitative PMR effect as-
sessment (fingerprint), we developed the program “PMaveRicks”
(available on request), which consists of R applets organized in
R AnalyticFlow3. Prior to analysis, motion index values from the
6 wells of the control/each treatment per plate were pooled and
then increased by one unit to enable In-transformation of values
of 0; motion index values were then In-transformed.

Quantitative analysis of the PMR for concentration —

effect modeling

For quantification of PMR effects based on the so-called two-di-
mensional (2D) density approach, a 2D kernel density function
was fitted to the motion index values of each treatment/control
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from the 5-25 s period of the PMR measurement. Densities were
estimated using the kde2d function within the R-package MASS
(Venables and Ripley, 2002). The number of grid points (n) was
set to 100 in both directions, and the limit of the rectangle covered
by the grid was set to 0, 30, -1, 10. The output of the function is
a matrix of density values with the two dimensions motion index
values and time. The calculated density describes the distribution
of the motion index values along the time axis, and the density in-
tegral equals a volume of 1. The density matrix calculated for the
respective plate control was subtracted from the density matrix
for a treatment; the resulting absolute value composes the effect
matrix. The integral of the effect matrix equals the effect density
volume, which defines the probability for a treatment being dif-
ferent from the control. The integral of the effect density is scaled
between 0 and 1 and is used as the final PMR effect parameter.

Three control plates were measured to estimate variations be-
tween controls. In each plate, embryos in the wells of the top row
were considered as reference to which the PMR 2D-density val-
ues of the three following rows were compared. Across all plates,
the mean difference between 2D-density values for these subsets of
control embryos was 19% (coefficient of variation was 4%; a mean
density difference of 0% would represent a 100% overlap of densi-
ty surfaces). Based on the assumption that PMR effects can be de-
scribed by a sigmoidal regression model, concentration response
curves were fitted using a four parametric logistic model (see Text
S2, Equation for concentration response modeling!) with a mini-
mum difference in density fixed to 19% (see paragraph “Concen-
tration dependency of PMR patterns” below). For esfenvalerate, no
clear PMR effect saturation was seen (Fig. 2d). However, this was
considered to impact the calculation of effect concentrations only
negligibly, since the maximum effects of this compound were in
the range of 60%, which was similar to effect saturation levels of
the other test compounds. The time course of changes of the mo-
tion index was illustrated with a loess spline fitted to motion index
values of each treatment using the R-function “loess”.

Furthermore, for PMR effect parameter estimation, the over-
lapping area (OA) approach was applied. This approach has pre-
viously been used for LMR analysis (Selderslaghs et al., 2010).
OA-density estimation was performed using the bckden function
of the R package evmix. The bandwidth was set to 0.5. In order
to avoid density estimations for motion index values of less than
0, we used a boundary-corrected kernel estimator. Motion index
values from the 5-25 s period were used. The resulting density
describes the distribution of the motion index values. The area
under the density curve equals 1. The overlapping areas of the
density curves of the treatments and the corresponding control
were calculated. The resulting value is scaled to a value between
0 and 1, describing the differences between the density curves;
the PMR effect parameter is defined by one minus the overlap-
ping area. Based on the data from the three multiwell plates con-
taining only controls (see above), the mean difference in OA den-
sities across controls was determined, which was 7% + 3.7 (SD).
Details on PMR effect modelling based on density volumes and
OA are given in Text S4, Tab. S2, Figs. S3, S4!.

Concentration dependency of PMR patterns

To group chemical concentrations that cause similar PMR move-
ment patterns, a cluster analysis was performed. Prior to the anal-
ysis, benchmark concentrations (BMC) were estimated using the
software BMDS250%. Concentrations below BMC were consid-
ered to be no-effect concentrations and were excluded from the
cluster analysis. For each experiment, motion index values of
each treatment were pooled with all detected values of specific
time intervals (PRE: 0-10's, L: 10-11's, E1: 11-12 s, E2: 12-16 s,
E3: 16-20 s, R1: 20-22 s, R2: 22-30 s), and the 75% (Q3) and
the 25% (Q1) quartiles were calculated as described by Kokel
et al. (2010). The quartiles were normalized to the correspond-
ing quartile of the plate control. The normalized quartiles of a
treatment represent the barcode-like PMR movement patterns
(fingerprints). Fingerprint replicates of a chemical concentration
were summarized by calculating the mean of each quartile. Hi-
erarchical clustering with complete linkage and a Euclidean dis-
tance matrix was performed using the MeV 2.0 software, a com-
ponent of the TM4 package (Saeed et al., 2003).

2.5 Quantitative assessment of morphological

changes by chemical exposure

Investigations of chemical effects on embryo morphology served
to obtain an indication whether a change in the PMR response
is related to morphological alterations and/or developmental de-
lay. Upon exposure to chemicals, the morphology of zebrafish
embryos at 30 hpf was examined using a quantitative approach
based on image analysis with the software FishInspector. The
embryos that were morphologically assessed were at the same
developmental stage as the embryos subjected to the PMR mea-
surements. Embryos from treatments with two different concen-
trations of test chemicals were examined for changes in morphol-
ogy. The concentrations corresponded to the PMR 50% effect
concentrations (ECsg) and to the FET 50% lethal effect concen-
trations (LCsp; 48 h). In the case that the chemical did not cause
lethal effects in the FET test and no FET LCsg (48 h) value could
be determined, the chemical concentration corresponding to the
maximum water solubility of the compound was used. Images of
the zebrafish embryos were obtained and analyzed as described
by Teixido et al. (2019). Prior to imaging, embryos at 24 to 30 hpf
were dechorionated using forceps. Dimension values of diverse
morphological features (e.g., body length, eye size, yolk size,
otolith-eye distance, body curvature) were compared between
controls and exposed embryos. Overlapping standard deviations
from three independent replicate experiments were considered to
indicate non-significant differences in morphology.

3 Results and discussion

Behavioral assays with zebrafish embryos have been suggested
as an approach for identifying chemicals with neuroactive MoAs
(Kokel et al., 2010; Kliiver et al., 2015) and to improve the pre-
diction of AFT (Kliiver et al., 2015). At present, analyses of PMR

4 Version 2.5 is no longer available. A recent version of the software with similar functionality is available at https://www.epa.gov/bmds/benchmark-dose-software-bmds-version-3
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Fig. 1: Exemplary graphical illustrations of motion index data representing the movement activities of zebrafish embryos
during a PMR measurement period (a,b), and graphs of PMR data analyzed with the OA-density approach (c) and the 2D-density

approach (d,e,f).

Data are from control embryos and from embryos treated with the voltage-gated sodium channel agonist flucythrinate (53 nM). For further
explanations of the OA- and 2D density approaches, please refer to the main text. (a) Control, (b) flucythrinate treatment: Each point in
the graphs represents the motion index value for five embryos in a well at a given time point. Data for six simultaneously recorded wells

per condition are shown. Blue and orange horizontal lines represent the upper and lower quartiles, respectively, of the motion index values
from the different time phases of the PMR measurement (PRE, background; L, latency; E1, E2, E3, excitatory; R1, R2, refractory phases).
The vertical dashed lines represent the time points of the 1 s light pulse. (c) OA-density approach: Density curves were fitted to the motion

index values from the 5-25 s period of the PMR measurement for the control group (black line) and the flucythrinate treatment (red line),
and the resulting OA between the density curves (lightblue area) is shown; integration of the OA equals the PMR effect (OA = 0.7).
(d) Control, (e) flucythrinate treatment; 2D-density approach: Time-resolved densities were fitted to the motion index values from control
and flucythrinate-treated embryos. (OA = 0.4) (f) Graphical illustration of the differences in the time-resolved densities of the PMR
movement activities between control and flucythrinate treatment obtained by subtraction of (d) and (e); integration of the density volume

equals the final PMR effect.

and LMR represent the methods most frequently used to quantify
behavioral effects in fish embryos (Ogungbemi et al., 2019). This
study focused on the analysis of the PMR to address two main
questions: (1) How can the time course of the PMR response be
considered appropriately in the characterization and quantifica-
tion of chemical effects? (2) Are PMR effect concentrations sim-
ilar to AFT concentrations of neuroactive compounds, and could
they be used to predict AFT?

86

3.1 PMR effect quantification using a 2D kernel

density function (2D-density approach)

The time-dependent PMR movement patterns can be altered by
neuroactive compounds in multiple ways. As demonstrated by
Kokel et al. (2010), decreased and/or increased movement ac-
tivity can occur in one or several of the four PMR phases (PRE,
L, E, R). However, in some cases, neuroactive compounds cause
changes in the time course of the PMR rather than in the level of

ALTEX 39(1), 2022
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movement activity. As an example for a shift of the PMR move-
ment activity on the time axis, the PMR pattern recorded upon
exposure of embryos to 53 nM flucythrinate, a voltage-gated so-
dium agonist, is depicted in Figure 1. Compared to the controls
(Fig. 1a), the movement response of flucythrinate-exposed em-
bryos was extended into the refractory (R) phase (Fig. 1b). When
using the OA-density approach for analysis of the movement ac-
tivity parameter (Selderslaghs et al., 2010) for a PMR measure-
ment, differences between treatment and control do not become
visible because the changes in movement along the time axis are
not considered (Fig. 1c). Considering the changes in movement
along the time axis, however, appears to be important to be able
to clearly differentiate between the PMR of individuals subject-
ed to different treatments. When the PMR data for the test com-
pounds were analyzed with the OA-density approach, only little
difference between treatments was seen in most cases (refer to
Fig. S41). In order to describe the frequency of movements (i.e.,
changes in pixels) at a certain time point, we added time as a sec-
ond dimension in our “2D-density approach”, incorporating the
scatter and time dependency of the PMR movement activity pa-
rameter (Figs. 1d (control), le (treatment)). Like for the OA-den-
sity analysis, integration of the 2D-density equals 1. However,
the value obtained with the 2D-density approach equals a vol-
ume along the three axes movement activity, time, and density;
the value does not represent an area as it does in the OA-density
analysis. The value obtained when subtracting the shared densi-
ty volume from 1 indicates the degree of difference between the
groups; the difference in volume is taken as an effect measure,
which is scaled between 0 and 1. The difference in density be-
tween the flucythrinate treatment and control is depicted in the
graph in Figure 1f.

3.2 Concentration-dependent PMR effects

Analysis of the 2D-density differences indicated that the simi-
larity of controls never approached 0%, which would represent
a 100% overlap of the density surfaces. This can be explained
by an intrinsic variability of the movement patterns, prevent-
ing a 100% match of density surfaces between replicated exper-
iments. A comparison across control replicates determined with
three multi-well plates containing only control embryos indicat-
ed an average difference of 19%, which is similar to the mean
variation observed for LMR data of zebrafish embryos quanti-
fied with the OA approach (Selderslaghs et al., 2010). Therefore,
for concentration-response modeling, the minimum was set to
19% (Fig. 2, Tab. 1, see also above). The residual standard er-
rors in the non-linear concentration-effect regression analyses
ranged from 6% for propoxur to 10% for tricaine. Residual stan-
dard errors were not found to be concentration-dependent and
did not differ in replicate experiments (for further details refer
to Text S21), confirming that the logistic model was well-suited
to describe the PMR effects. To determine the variability of con-
trols across different plates, the PMR values from control em-
bryos from 62 plates were evaluated. The motion index values
of controls varied by a factor of up to 10 between plates. Motion
index values for each embryo on a plate were therefore normal-
ized to the respective controls on this plate before values from
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different plates were combined for further analysis (Text S4,
Tab. S2, Fig. S3, S41).

A maximum PMR effect of 100% would represent a complete
separation of the density volumes between a treatment and the
control. PMR effects by test compounds in our experiments were
between 6-90% (Fig. 2), indicating that density volumes of con-
trols and treatments were jointly shared to a certain degree in all
cases. For example, 77 uM tricaine caused a general movement
inhibition in the excitation phase, but tricaine-treated and con-
trol embryos showed the same movement activity during laten-
cy, background, and refractory phases (Fig. 3, for further details
see Text S3, Fig. S21). This results in an equal density distribu-
tion in those three phases; differences are seen only in the ex-
citation phase. Based on the assumption that saturation of the
effect occurs at a certain point and a modeled saturation level, the
maximum effects of the examined compounds were ~86% for
tricaine, ~66% for flucythrinate, 55% for esfenvalerate, ~47% for
azinphos-methyl, and 39% for propoxur (Fig. 2, Tab. 1).

These differences in maximum effects can be related to
compound-specific alterations of the PMR that appear to cor-
respond to the neuroactive MoAs: The complete inhibition of
movement in the excitatory phase by the anesthetic tricaine is
probably related to its MoA as voltage-gated sodium channel
antagonist (Attili and Hughes, 2014). In contrast, flucythrinate
and esfenvalerate were shown to act as voltage-gated sodium
channel agonists, activating the voltage-gated sodium channels
to remain in an open state (Soderlund and Bloomquist, 1989);
they caused a prolonged movement extended into the refracto-
ry phase and reduced movement activity in the excitatory phase.
Azinphos-methyl and propoxur, inhibitors of AChE (Gruber
and Munn, 1998), caused increased movement during the exci-
tation phase with prolongation into the refractory phase (Fig. 3,
for further details see Tab. S41).

The compound concentration at which the maximum PMR
effect is seen may indicate the concentration at which target
saturation occurs. PMR effects by the neuroactive test com-
pounds were seen at concentrations in the sublethal range
(< LCjo; 48 h), whereas PMR effects by non-neuroactive 3,4-
dichloroaniline occurred only in the lethal concentration range
of the compound at concentrations > FET LCj (48 h), showing
a35% PMR effect at the highest test concentration (Fig. 2). The
PMR effects by the neuroactive compounds azinphos-methyl,
propoxur and tricaine at concentrations in the range of the LCjg
(48 h) and above differed from those found at lower concentra-
tions (Tab. S41). A general movement inhibition during the ex-
citation phase was seen for the compounds when the exposure
concentrations were > FET LCjo (48 h); PMR effect data for
these concentrations were therefore excluded from concentra-
tion-effect analysis. The PMR effects of high concentrations of
3,4-dichloroaniline were in the same order of magnitude of the
FET LCjp (48 h) and above. PMR effects by chemicals at con-
centrations > FET LCjo (48 h) likely represent unspecific ef-
fects rather than specific neuroactive interaction; the FET LCjo
(48 h) therefore appears to be suitable as a threshold defining
the concentration range causing predominantly specific neuro-
active PMR effects.
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Fig. 2: Concentration-dependent
PMR in zebrafish embryos
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Basically, changes in the PMR at sublethal chemical concen-
trations can also be due to non-neuroactive effects, such as mor-
phological alterations. Such a connection of behavioral respons-
es with gross morphological alterations has been shown in a me-
ta-analysis of zebrafish developmental toxicity data (Ducharme
et al., 2013). However, in our study no association of a modi-
fied PMR with morphological alterations was seen. A quantita-
tive image-based assessment of phenotypes indicated morpho-
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logical effects by the test chemicals only at high concentrations
that were close to lethal (refer to Text S5, Tab. S61).

Regarding neuroactive potencies based on PMR ECs values,
the test compounds were ranked as follows: esfenvalerate < flu-
cythrinate << azinphos-methyl < propoxur < tricaine (Tab. 1).
With ECsg values in the low nM range, the voltage-gated sodi-
um channel agonists esfenvalerate and flucythrinate represent the
compounds with the highest potency to exert effects on the PMR,
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Fig. 3: Cluster analysis of PMR fingerprints determined in zebrafish embryos from chemical treatments and a control
The PMR fingerprints are visualized in a heatmap with movement activities scaled from -3 to 3 depicting the first (Q1) and the third quartile

(Q3) of PMR subphases (PRE, background phase; L, latency phase; E,

excitatory phase; R, refractory phase). The five main clusters

to which fingerprints could be allocated are illustrated by representative graphs with single data points and a time-dependent spline of the
normal-scaled motion index: Cluster 1, control; cluster 2, 0.63 yM azinphos-methyl; cluster 3, 2.5 yM azinphos-methyl; cluster 4, 53 nM
flucythrinate; cluster 5, 4.7 uM azinphos-methyl. Substance and concentration ranges of the main clusters are shown. Concentration
ranges of test compounds allocated to respective clusters are also indicated. APM, azinphos-methyl; DCA, 3,4-dichloroaniline; EFV,

esfenvalerate; FCT, flucythrinate; MS222, tricaine; PPX, propoxur

whereas the ECs for the least potent compound, the voltage-gat-
ed sodium channel antagonist tricaine, was four orders of mag-
nitude higher (Tab. 1). Of the tested acetylcholinesterase inhibi-
tors, the ECsg for the organophosphate azinphos-methyl was ap-
proximately 40 times lower than that for the carbamate propoxur
(Tab. 1), which corresponds to the differences in the bimolecular
reaction constants for AChE binding of both compounds or their
active transformation products (1 x10° L x mol™! x min’! for az-
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inphos-methyl oxon and 0.13 x 106 L x mol"! x min"! for propox-
ur, AChE from electric eel (Herzsprung et al., 1992)). In contrast
to carbamates, organophosphates require metabolic activation by
cytochrome P450 enzymes, resulting in the oxon-metabolite that
acts as an AChE inhibitor (de Brujin et al., 1993). The strong PMR
effect of azinphos-methyl (Fig. 2, 3; Tab. 1; Tab. S4, S5!) thus in-
dicates that the zebrafish embryo at this developmental stage is
already able to metabolically activate organophosphates; indeed,
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evidence for metabolization of xenobiotics in the respective zebra-
fish embryo stages has been reported (Brox et al., 2016).

As shown here for compounds with different neuroactive
MoAs, PMR effect parameter values obtained with the 2D-densi-
ty approach incorporating the parameters motion index and time
could successfully be used for concentration-PMR effect mod-
eling, enabling PMR effect quantification. In contrast, PMR ef-
fect parameter values calculated with the OA approach showed a
weaker or no clear concentration dependence (Text S4, Tab. S2,
Fig. S3, S41).

3.3 Comparing PMR effects and lethal effects in
zebrafish embryos and adult fish (fathead minnow)
Due to a rapid decline in concentrations in the exposure solu-
tions during the experiment, the PMR effect concentrations,
as determined here, could be overestimated, specifically for
the hydrophobic pyrethroids esfenvalerate and flucythrinate
(Kliiver et al., 2015). This may explain the relatively small dif-
ference of the PMR effect and baseline toxicity concentrations
observed particularly for flucythrinate. Adaptation of the expo-
sure protocol for FET and PMR analysis would be required to
retrieve a stable exposure concentration, for instance by using
a flow-through system (Lammer et al., 2009b) and to demon-
strate that PMR effect concentrations are well below baseline
toxicity. Therefore, the comparison of the effect concentrations
at this stage must be regarded as preliminary. However, the ob-
servation of PMR effects at sublethal concentrations confirms

B

the diagnostic capacity of the PMR for detection of potential
neuroactive compounds.

Behavioral assays with fish embryos have been suggested ear-
lier as an approach for predicting acute toxicity of neuroactive
compounds for adult fish (Kliver et al., 2015). For determin-
ing whether effect concentrations of chemicals on PMR of fish
embryos correspond with lethal effect concentrations in adult
fish, PMR effect concentrations were compared with zebrafish
FET LCso and fathead minnow (Pimephales promelas) AFT
data (Tab. 1, Fig. 4). Although it can be assumed that the fathead
minnow AFT data provide a good representation of such data for
zebrafish (refer to Belanger et al., 2013), discrepancies between
AFT data for fathead minnow and zebrafish cannot be fully ex-
cluded.

The FET LCsq values for azinphos-methyl, propoxur, flucyth-
rinate, esfenvalerate and 3,4-dichloroaniline were determined for
48 h and 96 h exposure durations. Except for flucythrinate and
esfenvalerate (both compounds did not cause mortality in FET
tests), LCsg values after 48 h and 96 h exposure durations were
similar (Tab. 1; for further details regarding the FET results, refer
to Text S2! for Eq. 1 used for concentration-response modeling
and to Tab. S3 and Fig. S5! for concentration-response curves
and modeling parameters).

For the neuroactive substances azinphos-methyl, propoxur,
flucythrinate and esfenvalerate, FET LCsg (48 h) values exceed-
ed the AFT LCsg (96 h) values by 12- to 66-fold or compounds
did not cause lethal embryotoxic effects (Tab. 1). Hence, FET

Tab. 1: Names, Chemical Abstract Service (CAS) numbers, log Kow values, water solubilities, acute fish and fish embryo
toxicities (AFT, FET), and photomotor response (PMR) effect concentrations of test compounds

Azinphos-methyl, propoxur, flucythrinate, esfenvalerate and tricaine were applied as neuroactive test compounds; 3,4-dichloroaniline is

not neuroactive. AFT LCso (96 h; fathead minnow) data were retrieved from the literature, FET LCso (48 h) data are from this study. Baseline
toxicities of compounds to zebrafish embryos were calculated based on their log Kow (Kllver et al., 2016). PMR effects were estimated

with the 2D-density approach, and concentration-dependencies of effects were modelled using a 4-parameter logistic regression with

the minimum effect set to 19% (for further details refer to text; regression equation: Eq. 1 in Text S2'). PMR ECs values are shown together
with the estimated parameters slope and max-min, representing the effect range. PMR effect benchmark concentrations (BMC) were
estimated with BDMS software. The corresponding PMR effects at BMC are given as x(ECXx).

AFT FET Fish embryo behavioral effects — PMR at 35 hpf
Substance CAS # |log |Water LC50 LC50 Baseline | ECso Slope | LCso/ |max- |BMC X(ECx) at
Kow? |solubility? [(96h)® | (48 h) toxicity® ECso | min (%) BMC (%)
Azinphos-methyl [86-50- |2.53 |137 uM 0.2uyM |136uM [328uM [0.7uM |37 19 |28 0.4uM |24
0
Propoxur 114-  [1.90 |9,434uM |42uM 509.3uyM |[1377uM [9.8uM |1.6 52 20 6.0uM | 25
26-1
Flucythrinate 70124-6.56 |89 nM 1nM > solubility |33.5nM  [12.1nM |1.8 2.8d |47 42nM | 25
77-5
Esfenvalerate 66230-|6.76 |15nM 3.6 nM >solubility {21.3nM |1.1nM |2.4 19d |36 0.6nM | 26
04-4
Tricaine 886- |1.80 |11,496uM |[302uM |387.4uM [1730uM |58.3uM |1 6.5 |67 14.8uM | 33
86-2
3,4-Dichloroaniline | 95- 2.37 |2,086 uM 47 uM 11.8uM 472 uM - - - - 45uM | -
76-1

a Estimated with EP1 Suite™ — Estimation Program Interface v4.11, available at https://www.epa.gov/tsca-screening-tools/download-epi-
suitetm-estimation-program-interface-v411; bRussom et al. (1997); ¢ Calculated based on Kliiver et al. (2016); ¢ For compounds not causing
lethal effects, the ratio of FET LCs0/PMR ECso was calculated using the baseline toxicity of fish embryos instead of the LCso.
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LCso (48 h) values for those compounds cannot serve to pre-
dict AFT effect concentrations. The FET LCso (48 h) value of
propoxur was in the same range as baseline toxicity estimates.
No mortality in FET tests was seen for flucythrinate and esfen-
valerate up to concentrations close to their baseline toxicity es-
timates that were above their water solubilities (Tab. 1). It thus
can be assumed that the lethal effects of propoxur, flucythrinate,
and esfenvalerate in the FET test are due to a narcotic MoA or
baseline toxicity, respectively. For azinphos-methyl, the FET
LCs0 (96 h; 10.7 uM) was found to be considerably below base-
line toxicity for zebrafish embryos (274.5 uM) as already re-
ported by Kliiver et al. (2016). The authors considered oxidative
stress and not neurotoxicity by this compound as the MoA caus-
ing mortality. In contrast, AFT, FET and baseline toxicity effect
concentrations of tricaine were all in the same order of mag-
nitude (Tab. 1). This difference between tricaine and the oth-
er test compounds can be explained by differences in the MoA
and the related impact on oxygen demand. Tricaine, a voltage-
gated sodium channel antagonist, causes reduced muscular ac-
tivity. In contrast, AChE inhibitors and voltage-gated sodium
activators cause enhanced muscular activity, increasing the de-
mand for oxygen/energy. The respiratory failure syndrome
by those compounds may therefore be more severe in adult
fish, resulting in comparatively low AFT lethal effect values.
For 3,4-dichloroaniline, AFT and FET LCso values were be-
low baseline toxicity, indicating a specific rather than a narcot-
ic MoA of this compound (Kliiver et al., 2016). When embryos
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were exposed to 3,4-dichloroaniline, PMR effects only occurred
in the lethal effect concentration range, probably reflecting un-
specific responses related to overt toxicity (Tab. 1).

3.4 Concentration dependency of the PMR patterns
While PMR activity parameters determined with 2D-density
analysis are suitable for determining PMR effect concentrations,
they do not provide detailed qualitative information on PMR
movement patterns in specific PMR phases. In previous stud-
ies, movement pattern analysis was used to distinguish between
MoA-related movement patterns within PMR subphases based
on cluster analysis (Copmans et al., 2016; Kokel et al., 2010). In
those studies, however, a single or limited number of concentra-
tions were tested, and a potential concentration dependency of
PMR effects was not considered.

The concentration dependency of PMR movement found here
indicates that, dependent on the PMR phase, the effect direction
can change from increasing to decreasing movement activity.
This was particularly observed for the AChE inhibitors propox-
ur and azinphos-methyl (Tab. S4'!). Given that the change from
increased to decreased movement activity was observed at con-
centrations close to lethality, the decreased movement activity
may reflect intense muscular seizures or unspecific effects due to
overt toxicity. For esfenvalerate and flucythrinate, the concentra-
tion-dependent change from increased to decreased movement in
certain subphases of the PMR was less pronounced. However, no
mortality was observed for these compounds due to water solu-
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Fig. 5: Proposed workflow
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concentration.

AFT prediction with FET

AFT prediction with PMR or
consider conduction of acute fish
toxicity test TG 203

bility limitations and, thus, unspecific effects may not affect the
PMR responses.

It is obvious from our data that movement patterns can change
with concentration. Hence, it would be necessary to include con-
centration-dependency in pattern analysis and relate the effects
to toxicity for a diagnostic assessment.

4 Outlook - Complementing the FET assay
with PMR analysis
Discrepancies between AFT and FET effect concentrations were

found to be particularly large for neuroactive compounds (Kno-
bel et al., 2012; Kliiver et al., 2015; Sobanska et al., 2018; Gla-
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berman et al., 2017). For predicting the AFT effect concentra-
tions of neuroactive compounds with the zebrafish embryo, we
propose to complement the FET assay with a quantitative mea-
surement of the behavior, such as the presented approach for de-
termining PMR effect concentrations. PMR effects could be used
to increase the predictive capacity of the FET for AFT by infer-
ring AFT levels from PMR effect concentrations of neurotoxic
compounds (refer to Fig. 5). For the use of the PMR for diagnos-
tic assessment, it is also important to consider concentration-de-
pendency of the PMR response and confounding effects on the
behavior related to overt toxicity.

To confirm that the proposed combination of FET and PMR
assays provides robust data that reliably corresponds with AFT
effect concentrations of neuroactive compounds, further research
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should address 1) whether PMR responses determined across dif-
ferent labs are comparable and 2) whether stage-dependent dif-
ferences in absorption, distribution, metabolism, and elimination
(ADME) of chemicals could have an impact on effect concen-
trations and confound the detection of neuroactive compounds.
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