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Behavioral screening of the LOPAC1280 library in zebrafish 
embryos

Sara M. Vlieta,b, Trina C. Hob, and David C. Volzb,*

aEnvironmental Toxicology Graduate Program, University of California, Riverside, CA, USA

bDepartment of Environmental Sciences, University of California, Riverside, CA, USA

Abstract

Spontaneous activity represents an early, primitive form of motor activity within zebrafish 

embryos, providing a potential readout for identification of neuroactive compounds. However, 

despite use as an endpoint in chemical screens around the world, the predictive power and 

limitations of assays relying on spontaneous activity remain unclear. Using an improved high-

content screening assay that increased throughput from 384 to 3,072 wells per week, we screened 

a well-characterized library of 1,280 pharmacologically active compounds (LOPAC1280) – 612 of 

which target neurotransmission – to identify which targets are detected using spontaneous activity 

as a readout. Results from this screen revealed that (1) 8% of the LOPAC1280 library was 

biologically active; (2) spontaneous activity was affected by compounds spanning a broad array of 

targets; (3) only 4% of compounds targeting neurotransmission impacted spontaneous activity; and 

(4) hypoactivity was observed for 100% of hits detected, including those that exhibit opposing 

mechanisms of action for the same target. Therefore, while this assay was able to rapidly identify 

potent neuroactive chemicals, these data suggest that spontaneous activity may lack the ability to 

discriminate modes of action for compounds interfering with neurotransmission, an issue that may 

be due to systemic uptake following waterborne exposure, persistent control variation, and/or 

interference with non-neurotransmission-related mechanisms.
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1. Introduction

The use of mammalian models for drug discovery and toxicity testing is costly, time-

intensive, and requires millions of dollars per chemical (Kuhlmann, 2000, 1999; Zon and 

Peterson, 2005). Moreover, ethical concerns regarding high animal use have accelerated the 
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development of alternative testing methods to reduce, refine, and ultimately replace animal 

use for chemical testing (Arora et al., 2011; Bal-Price et al., 2012; Crofton et al., 2011; 

National Academies Press, 2007; Richmond, 2002; Zon and Peterson, 2005). As a result, 

high-throughput screening (HTS) and high-content screening (HCS) assays have been 

developed over the last decade to screen more chemicals at a lower cost within a shorter 

period of time (Möller and Slack, 2010; Persson and Hornberg, 2016; Zhu et al., 2014). The 

vast majority of HTS and HCS assays used for drug discovery and toxicity testing utilize 

cell-free and cell-based methods that model key biological events across a wide range of 

pharmacologically- or toxicologically-relevant pathways (Fernandes et al., 2009; Zanella et 

al., 2010; Zhu et al., 2014). However, since these assays do not adequately reflect the 

complex physiology of an intact organism, the use of smaller, alternative non-mammalian 

animal models (such as nematodes and fish embryos) have been proposed as complementary 

models, as these models are (1) suitable for microplate-based assays and (2) not protected by 

animal use regulations around the world (Coecke et al., 2007; Crofton et al., 2012).

Zebrafish offer one of the most promising alternative and cost-effective vertebrate models to 

support drug discovery and toxicity testing (MacRae and Peterson, 2015; Persson and 

Hornberg, 2016; Zon and Peterson, 2005), particularly for identification of neuroactive drugs 

and/or neurotoxic chemicals (Kokel et al., 2010; Lee and Freeman, 2014; Rihel and Schier, 

2012). As such, a repertoire of zebrafish-based behavioral assays across multiple life-stages 

(including adulthood) have been developed over the last 10–15 years (Bang et al., 2002; 

Brockerhoff et al., 1995; Egan et al., 2009; Kokel et al., 2010). Although different forms of 

larval and adult zebrafish locomotion have been leveraged within behavioral assays, 

spontaneous activity (tail contraction) – a behavior that occurs from late-segmentation (~17–

19 hours post-fertilization, hpf) through early-pharyngula (~27–29 hpf) – represents an 

early, primitive form of motor activity within zebrafish embryos, providing a potential 

readout for rapid identification of neuroactive chemicals (Kokel et al., 2010; Raftery et al., 

2014; Reif et al., 2015; Truong et al., 2016). Although previous studies have explored the 

biological basis of this behavior (Knogler et al., 2014; Knogler and Drapeau, 2014; Saint-

Amant and Drapeau, 2001, 2000), it remains unclear whether spontaneous activity is 

responsive only to certain compounds with specific mechanisms of action.

In 2014, we developed a high-content screening (HCS) assay that quantifies background 

(unstimulated) spontaneous activity within single zebrafish embryos after exposure to 

chemicals in 384-well plates (Raftery et al., 2014). Within this assay, 192 viable embryos 

were arrayed into a 384-well plate, resulting in one embryo per well and 16 initial embryos 

per treatment. Following static exposure from 5 to 25 hpf, automated image acquisition 

procedures and custom analysis protocols were then used to quantify spontaneous activity 

within live, non-malformed embryos using a 6-s video per well. Although survival and 

imaging success rates were >85% and the total assay duration was <30 hours, we observed a 

high degree of natural variability in the percent of control embryos exhibiting spontaneous 

activity despite efforts to control for developmental stage, temperature, and light conditions 

(Raftery et al., 2014). Moreover, initial attempts to use 384 embryos per plate were 

unsuccessful due to prolonged image acquisition times, resulting in across-plate variation in 

spontaneous activity (Raftery et al., 2014).
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To address these challenges, the objectives of the present study were to (1) decrease assay 

control variability by increasing video duration per well from 6 to 18 s; (2) increase assay 

throughput from 384 (one plate) to 3,072 wells (eight plates) per week by imaging four 

wells simultaneously (rather than one well at a time); (3) assess the reproducibility of our 

improved assay using negative and positive control wells across replicate plates; and (4) 

using our improved assay, reveal which targets are detected using spontaneous activity as an 

integrative behavioral readout. To accomplish the final objective, we screened the 

commercially available LOPAC1280 (Library of Pharmacologically Active Compounds) 

library – a widely used library of 1,280 marketed drugs, failed development candidates, and 

well-characterized small molecules that (1) span a broad molecular weight range (36 to 

1,485 g/mol), (2) represent multiple mechanisms of action, and (3) target a diverse set of 

biological receptors. In addition, nearly half of the LOPAC1280 library targets 

neurotransmission, providing an ideal, commercially available resource for identifying 

which targets are detected using spontaneous activity while, at the same time, increasing our 

understanding of targets that may be involved in regulating this behavior during early 

zebrafish embryogenesis (and presumably other vertebrates). For all assays, abamectin – an 

avermectin insecticide and potent anticonvulsant within zebrafish embryos (Raftery et al., 

2014; Raftery and Volz, 2015) – was used as a positive control.

2. Materials and Methods

2.1 Animals

For this study, we used a transgenic (fli1:egfp) strain of zebrafish that stably express 

enhanced green fluorescent (eGFP) protein within vascular endothelial cells (Lawson and 

Weinstein, 2002), as this strain begins expressing eGFP at ~14 hpf. Adult fli1:egfp zebrafish 

were maintained on a recirculating system with UV sterilization and mechanical/biological 

filtration units (Aquaneering, San Diego, CA, USA), and were kept under a 14-h:10-h 

light:dark cycle at a water temperature of ~27–28°C, pH of ~7.2, and conductivity of ~900–

950 μS. Water quality was constantly monitored for pH, temperature, and conductivity using 

a real-time water quality monitoring and control system. Ammonia, nitrate, nitrite, alkalinity, 

and hardness levels were manually monitored weekly by test strip (Lifeguard Aquatics, 

Cerritos, CA). Zebrafish were fed twice per day with dry diet (Gemma Micro 300, Skretting, 

Fontaine-lès-Vervins, France). Adult males and females were bred directly on-system using 

in-tank breeding traps suspended within 3-L tanks. For all experiments described, newly 

fertilized eggs were collected within 30 min of spawning, rinsed, and reared in a 

temperature-controlled incubator (28°C) under a 14-h:10-h light:dark cycle. All embryos 

were sorted and staged according to previously described methods (Kimmel et al., 1995). All 

adult breeders were handled and treated in accordance with an Institutional Animal Care and 

Use Committee (IACUC)-approved animal use protocol (#20150035) at the University of 

California, Riverside.

2.2 Chemicals

Abamectin was purchased from ChemService, Inc. (West Chester, PA, USA), and a low-

volume (25 μl per compound) library of 1,280 pharmacologically active compounds 

(LOPAC1280) was purchased from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions of 
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abamectin (50 mM) were prepared by dissolving abamectin in high performance liquid 

chromatography (HPLC)-grade dimethyl sulfoxide (DMSO) and stored at room temperature 

within 2-ml amber glass vials containing polytetrafluoroethylene (PTFE)-lined caps. Stock 

solutions (25 μl of 10 mM stock per compound) of the LOPAC1280 library (16 96-well racks 

containing 80 compounds per rack) were prepared and provided in DMSO by Sigma-Aldrich 

and stored at −30°C upon arrival; with the exception of partition coefficient (LogP) values, 

all compound-specific information was provided by Sigma-Aldrich within a Microsoft Excel 

spreadsheet following acquisition of the LOPAC1280 library. For each individual plate, 

working solutions of all treatments were freshly prepared by diluting stock solutions 1:1000 

into embryo media (EM) (10 mM NaCl, 0.17 mM KCL, 0.66 mM CaCl2, 0.66 mM MgSO4), 

resulting in 0.1% DMSO within all vehicle control and treatment groups.

2.3 Assay Setup

Newly fertilized embryos were collected immediately following spawning and incubated in 

groups of approximately 50 per plastic petri dish until 5 hpf. Embryo media, vehicle control 

(0.1% DMSO), positive control (abamectin), or test solution (50 μl/well) was loaded into a 

black 384-well microplate containing 0.17-mm glass-bottom wells (Matrical Bioscience, 

Spokane, WA, USA). For the LOPAC1280 screens, vehicle (0.1% DMSO) and positive (6.25 

μM abamectin) control groups each occupied two columns (32 wells per group) flanking the 

left and right sides of the plate (0.1% DMSO: columns 1 and 24; 6.25 μM abamectin: 

columns 2 and 23), whereas each LOPAC1280 compound occupied one column (16 wells) on 

each plate. At 5 hpf, 384 viable fli1:egfp embryos were manually arrayed into each well of a 

384-well plate over a 45-min time period, resulting in one embryo per well. The plate was 

then covered with a plate lid, wrapped with parafilm to minimize evaporation, and incubated 

at 28°C under a 14-h:10-h light:dark cycle until 24 hpf. At 24 hpf, the plate was placed in a 

second incubator at 25°C for 1 h to acclimate embryos to room temperature prior to 

imaging. At 25 hpf, the plate was then centrifuged for 2 min at 200 rpm to ensure all 

embryos were positioned at the well bottom.

2.4 Image Acquisition and Analysis

Using a time-lapsed image acquisition protocol optimized for our ImageXpress Micro 

(IXM) XLS Widefield High-Content Screening System equipped with MetaXpress 

6.0.3.1658 (Molecular Devices, Sunnyvale, CA), four wells were simultaneously imaged 

every 0.3 s over an 18-s time period using a 2X objective and FITC filter cube, resulting in a 

total of 96 acquisitions per 384-well plate, 60 frames per acquisition, and 5,760 frames per 

384-well plate. In addition, a 4X objective and FITC filter cube was used to acquire one 

frame per entire well for assessment of survival and quantification of total body area. During 

the entire ~30-min image acquisition period, internal temperature within the IXM system 

was maintained using previously described procedures (Raftery et al., 2014). Embryos were 

then euthanized by placing the plate at −30°C.

Using fully automated custom journal scripts, four-well frames were divided into individual 

quadrants and used to generate 18-s videos (.AVI files) representing individual wells. Videos 

(384 per plate) were manually checked to assess the presence or absence of spontaneous tail 

contractions and then analyzed within EthoVision XT 9.0 (Noldus Information Technology, 
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Leesburg, VA) using previously described procedures (Raftery et al., 2014). Using images 

captured with a 4X objective, survival and total body area was also quantified using 

previously described procedures (Raftery et al., 2014). Treatments resulting in a significant 

decrease in total body area, <85% survival, or gross malformations were not analyzed for 

spontaneous activity.

2.5 LOPAC1280 Library Screen

We relied on a two-tiered strategy to screen the LOPAC1280 library. For Tier I, embryos were 

exposed from 5–25 hpf to each compound at a single limit concentration of 10 μM. 

Compounds were identified as Tier-I hits if exposure resulted in a significant effect on 

survival, total body area, or spontaneous activity. Compounds resulting in autofluorescence, 

gross malformations (deformed axis, tail malformations, or underdeveloped head), or <85% 

survival were not analyzed for effects on total body area and spontaneous activity, and 

compounds resulting in a significant decrease in total body area were not analyzed for 

effects on spontaneous activity (Supplementary Figure S1).

2.6 Statistical Analysis

All statistical analyses were performed using SPSS Statistics 23.0 (IBM, Chicago, IL, USA). 

Total body area was analyzed using a general linear model (GLM) analysis of variance 

(ANOVA) (α = 0.05), as these data did not meet the equal variance assumption for non-

GLM ANOVAs. Pair-wise Tukey-based multiple comparisons of least-squares means were 

performed to identify significant treatment-related effects; treatments were only considered 

significant if total body area was statistically different from both vehicle control columns. 

Spontaneous activity data were analyzed using nonparametric tests, as these data were 

categorical and did not meet assumptions of normality. A Kruskal–Wallis test (α = 0.05) was 

used to test for main effect of treatment, and Mann-Whitney pairwise comparisons were 

used to test for differences between and among vehicle control, positive control, and 

treatment columns. For the LOPAC1280 screens, plates were analyzed for differences 

between vehicle controls (columns 1 and 24) and positive controls (columns 2 and 23) as 

well as treatments (columns 3–22) relative to vehicle and positive controls (α = 0.05); 

treatments were only considered significant if statistically different from both vehicle control 

columns and both positive control columns. If spontaneous activity between vehicle or 

positive control columns was statistically different based on the statistical tests described 

above, treatment columns were not analyzed and the plate was repeated.

3. Results

3.1 Assay Variability

To determine whether differences in 1-h acclimation temperatures affected spontaneous 

activity, we reared and acclimated a total of 96 embryos across two independent plates at 23, 

28, or 33°C from 24–25 hpf (following incubation from 5–24 hpf at 28°C) under normal 

light conditions. For all temperatures, percent survival was >85% for each column and total 

body area was consistent within and across acclimation temperatures (Supplementary Figure 

S2). Although there was a slight increase in the percent of embryos displaying spontaneous 
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activity following acclimation at 33°C, no significant differences in spontaneous activity 

were observed among all three acclimation temperatures (Figure 1).

After confirming that spontaneous activity was not significantly impacted by acclimation 

temperature, we reared and acclimated a total of 1,152 embryos across three independent 

negative control (embryo media only) plates from 5–24 hpf at 28°C and 24–25 hpf at 25°C; 

each plate was loaded on separate days to account for potential day-to-day variation. At 25 

hpf, each plate was analyzed for survival, total body area, and spontaneous activity. For all 

control plates, embryo survival was >85% and there were no significant within-plate nor 

plate-to-plate differences in total body area (Supplementary Figure S3). However, the 

percent of embryos with spontaneous activity ranged from 30–93% per column across all 

three control plates, with the majority of columns displaying 50–74% activity (Figure 2).

3.2 Assay Reproducibility

Two replicate concentration-response curves for abamectin (0.09–50 μM) – a positive 

control within our assay – were screened on a single plate to identify the lowest 

concentration resulting in complete elimination of spontaneous activity in the absence of 

effects on survival or total body area (Supplementary Figure S4). Based on these 

concentration-response curves (Figure 3A), three independent plates were then screened 

using 6.25 μM abamectin to confirm that effects on spontaneous activity were reproducible 

within and across plates (Figure 3B). For all three plates, embryo survival was >85% and 

there were no significant within-plate nor plate-to-plate differences in total body area 

(Supplementary Figure S5). Although vehicle controls were variable, there were no 

significant differences in spontaneous activity among vehicle control columns across all 

three plates. However, exposure to 6.25 μM abamectin resulted in complete elimination of 

spontaneous activity within and across all three plates (Figure 3B).

3.3 LOPAC1280 Library Screen

Based on a 5- to 25-hpf (20-h) exposure, approximately 8% (102 compounds) of the 

LOPAC1280 library was biologically active (relative to vehicle controls) due to significant 

effects on survival (51 compounds), total body area (5 compounds), or spontaneous activity 

(46 compounds) (Figure 4). For all three endpoints, Tier-I hits represented a wide range of 

compounds that were specific to both neurotransmission- and non-neurotransmission-related 

targets (Figure 5; Supplementary Data S1). Interestingly, all Tier-I spontaneous activity hits 

were driven by a significant decrease in spontaneous activity (hypoactivity), even for 

compounds that target the same receptor (e.g., dopamine receptor) but exhibit opposing 

modes of action (e.g., agonist vs. antagonist) (Supplementary Data S1).

For Tier II, all Tier-I hits were screened at a 10-μM limit concentration using a 23- to 25-hpf 

(2-h) exposure to eliminate false positives associated with adverse developmental effects 

prior to 23 hpf. Based on this secondary screen, there were no significant effects on survival 

or total body area, and approximately 15% (15 compounds) of the Tier-I hits were positive 

for significant impacts on spontaneous activity (Figure 4). Out of these 15 compounds, 

approximately 73% (11 compounds) resulted in significant impacts to spontaneous activity 

in both Tier I and II screens. Similar to Tier I, all 15 Tier-II spontaneous activity hits were 
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driven by hypoactive effects relative to vehicle controls, and spanned a wide range of 

neurotransmission- and non-neurotransmission-related targets with varying modes of action 

(Figure 5 and Supplementary Data S1).

3.4 Data Mining

Partition coefficient (LogP) values were retrieved for all 1,280 compounds from the NCBI’s 

PubChem database (https://pubchem.ncbi.nlm.nih.gov) (Supplementary Data S1), and 

molecular weights for all compounds were correlated by endpoint to determine whether 

hydrophobicity and/or chemical size predicted the potential for a Tier-I or Tier-II hit within 

our assay. There was no association between LogP and the potential for a Tier-I hit, with 

LogP values ranging from 0 to 10 for 98% of Tier-I hits (Figure 6A). Similarly, there was no 

association between molecular weight and the potential for a Tier-I hit, where molecular 

weights for all Tier-I hits ranged from 98 to 875 g/mol. Interestingly, while Tier-II 

spontaneous activity hits were not associated with molecular weights (180–875 g/mol), these 

hits clustered within a narrow range of LogP values (1.8–5.2) relative to Tier-I hits (Figure 

6B).

Using NCBI’s PubChem Chemical Structural Clustering Tool, the entire LOPAC1280 library 

was clustered based on two-dimensional (2D) structural similarity using the Single Linkage 

algorithm (https://pubchem.ncbi.nlm.nih.gov/assay/assay.cgi?p=clustering). Within this 

model, a Tanimoto Similarity score of 0.68 or higher denotes a statistically significant 2D 

structural similarity at the 95% confidence interval. Based on this analysis, the potential for 

a positive hit within Tier I – as well as impacts on survival, total body area, or spontaneous 

activity within both Tier I and II screens – were not associated with 2D compound structural 

similarity (Supplementary Figure S6).

4. Discussion

This study has revealed that (1) within the Tier-I screen, approximately 8% (102 

compounds) of the LOPAC1280 library was biologically active (at a 10-μM limit 

concentration) based on significant effects on survival, body area, or spontaneous activity 

relative to vehicle controls; (2) within the Tier-I screen, only 4% (25 compounds) of 612 

LOPAC1280 compounds that interfere with neurotransmission impacted spontaneous 

activity; (3) within both screens, spontaneous activity was adversely affected by LOPAC1280 

compounds that spanned a broad array of non-neurotransmission and neurotransmission 

targets; and (4) within both screens, hypoactivity was observed for 100% of hits detected, 

including those that exhibit opposing mechanisms of action (e.g., agonist vs. antagonist) for 

the same target (e.g., dopamine receptor). Therefore, while our assay was able to identify 

potent neuroactive chemicals, these data suggest that spontaneous activity may lack the 

ability to discriminate modes of action (e.g., stimulants vs. sedatives) for compounds 

interfering with neurotransmission, an issue that may be a result of (1) systemic uptake 

following waterborne exposure; (2) persistent control variation despite negligible effects of 

temperature acclimation and assay improvements (increased video duration per well and 

assay throughput) relative to our previous study (Raftery et al., 2014); and/or (3) interference 

with non-neurotransmission-related mechanisms.
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Within embryonic zebrafish, spontaneous activity is characterized by a series of trunk coils 

and represents the first sign of sensory-independent locomotion (Kimmel et al., 1995; Saint-

Amant and Drapeau, 1998). Early spontaneous activity consists of single coils that are 

driven by periodic, non-chemically-mediated depolarizations, excitation spikes, and gap-

junction-mediated electrical coupling within early spinal neurons (Saint-Amant and 

Drapeau, 2001, 2000). On the other hand, late spontaneous activity consists of side-to-side 

double coils that arise through the addition of chemically-mediated synapses to the existing 

electrical circuit and is regulated within the spinal cord as well as the hindbrain of 

embryonic zebrafish (Behra et al., 2002; Knogler et al., 2014; Raftery and Volz, 2015). As 

such, late spontaneous activity represents an intermediate form of behavior that precedes 

secondary motoneuron development and bridges early spontaneous activity with stimuli-

induced responses observed during later stages of embryonic and larval development 

(Knogler et al., 2014).

As image acquisition within our assay occurred during the peak frequency of spontaneous 

tail contractions (25–26 hpf when reared at 28°C) (Yozzo et al., 2013), LOPAC1280 

compounds that interfere with electrical coupling and/or chemically-mediated 

neurotransmission may have the potential to adversely affect late spontaneous activity 

following a 5–25 hpf exposure. Based on results from both screens, spontaneous activity was 

similarly impacted by LOPAC1280 compounds targeting neurotransmission- and non-

neurotransmission-related processes, where the magnitude of effect following a 10-μM 

exposure was, in a number of cases, equivalent for both groups of compounds. After 

eliminating the potential for false positive hits associated with systemic toxicity (based on 

survival and total body area), LOPAC1280 hits for spontaneous activity were not limited to 

compounds targeting neurotransmission, raising the possibility that, at least for our Tier-I 

screen (exposure from 5–25 hpf), non-neurotransmission-related compounds that impact 

electrical coupling during early spontaneous activity may lead to downstream effects on late 

spontaneous activity. However, even following a 2-h exposure from 23–25 hpf (Tier-II 

screen), four out of 15 hits for spontaneous activity were not classified as targeting 

neurotransmission, suggesting that other variables or mechanisms of action such as impaired 

muscle function and/or energy metabolism may influence spontaneous activity within our 

assay.

Interestingly, our results demonstrate that spontaneous activity may lack the ability to 

discriminate opposing modes of action (e.g., stimulants vs. sedatives) for neurotransmission-

interfering compounds. Indeed, hypoactivity was observed for all compounds affecting 

spontaneous activity – even for compounds with opposing mechanisms of action for the 

same target. For example, within our Tier-I screen, exposure to seven different dopaminergic 

drugs with varying mechanisms of action (e.g., agonist, antagonist, or inhibitor) all resulted 

in a significant decrease in spontaneous activity. In contrast, Irons et al. (2013) examined the 

effect of six different dopaminergic drugs – all of which were present within the LOPAC1280 

library – on larval zebrafish locomotion, and demonstrated that exposure to dopaminergic 

agonists and antagonists induce hyperactivity and hypoactivity, respectively (Irons et al., 

2013). Interestingly, dopaminergic drugs that resulted in changes to larval locomotion did 

not significantly alter embryonic spontaneous activity within our Tier-II screen. This 

discrepancy between life-stages may be due to differences in the presence and function of 
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dopamine receptors within embryonic vs. larval zebrafish, as the expression of dopamine 

receptor (D1–D4) genes is not initiated until ~24 hpf (Boehmler et al., 2007, 2004; Li et al., 

2007). Therefore, given that other receptors and targets for neurotransmission-related 

LOPAC1280 compounds are likely absent or minimally functional at 25–26 hpf, our data 

suggest that compounds may be acting through other pathways and that, regardless of 

whether the receptor or target is present and functional, other variables such as compound 

uptake, distribution, and exposure concentration may be influencing behavior within our 

assay.

Similar to our findings within embryonic zebrafish, a recently published study demonstrates 

that, even within larval zebrafish harboring a more complex nervous system, the observed 

behavioral response is not always consistent with the expected behavioral response based on 

the known mechanism and mode of action within mammals (Kirla et al., 2016). Within this 

study, the authors relied on cocaine as a model compound, as cocaine acts on the 

monoaminergic neurotransmitter systems and is a stimulant within mammals. However, 

contrary to the expected outcome (hyperactivity), acute exposure to non-teratogenic 

concentrations of cocaine resulted in a concentration-dependent decrease in locomotion 

(hypoactivity) within both dark and light conditions following a waterborne exposure of 

cocaine (Kirla et al., 2016). Importantly, the authors also quantified cocaine uptake and 

distribution using matrix-assisted laser desorption ionization mass spectrometry imaging 

(MALDI MSI), and observed significant accumulation within the brain, eyes, and trunk of 

larval zebrafish. Therefore, the authors concluded that cocaine-induced hypoactivity was as 

a result of systemic (rather than targeted) cocaine uptake across the skin of larval zebrafish, 

leading to an anesthetic effect on the peripheral nervous system that suppressed stimulatory 

targets present in the central nervous system (Kirla et al., 2016). Likewise, within our assay, 

there is a strong possibility that, for compounds expected to act as stimulants, waterborne 

exposure may have led to non-targeted, systemic uptake and distribution that overwhelmed 

the intended target and significantly biased behavior (spontaneous activity) toward an 

unidirectional hypoactive response.

Finally, the ability of our assay to identify and classify negative vs. positive hits was likely 

influenced by a complex interaction among exposure duration, compound potency (at a 

single limit concentration of 10 μM), and toxicokinetics (compound uptake over time) – 

variables that are dependent on assay design and physicochemical attributes. Clearly, 

exposure duration relative to the timing of key developmental landmarks is an essential 

consideration for assay design, as 87 of 102 Tier-I (5–25 hpf) hits for survival, total body 

area, or spontaneous activity were negative for all three endpoints within our Tier-II (23–25 

hpf) screen. However, a more significant challenge is related to uncertainties about the 

influence of compound partitioning from water into zebrafish embryos following a 5–25 hpf 

exposure. Since we did not quantify internal doses, we were unable to determine if negative 

hits within our Tier-I screen were a result of (1) insufficient compound uptake over a 20-h 

exposure (for compounds that may otherwise have been potent) or (2) sufficient compound 

uptake over a 20-h exposure, but minimal potency at the limit concentration (10 μM) tested. 

Importantly, our data suggests that physicochemical attributes do not have the potential to 

predict Tier-I hits within our assay, as negative and positive hits spanned a broad range of 

LogP values and molecular weights. On the other hand, the vast majority of Tier-I hits (98%) 
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had LogP values favoring water-to-embryo partitioning (LogP>0) and Tier-II hits clustered 

within a narrower range of LogP values relative to Tier-I hits, suggesting that a short (2-h) 

exposure biased hits to hydrophobic compounds within an optimal LogP range (LogP = ~2–

5). Therefore, these results are consistent with other studies showing that compound 

bioactivity is not associated with compound size (for compounds ≤3000 g/mol) but, rather, 

tends to be dependent on compound hydrophobicity (LogP>0) and partitioning from water 

into zebrafish embryos (whether chorionated or not) over a specific exposure duration (de 

Koning et al., 2015; Gustafson et al., 2012; Pelka et al., 2017; Sachidanandan et al., 2008). 

Finally, the lack of structural similarity suggests that, similar to LogPs and molecular 

weights, 2D chemical structures do not have the potential to predict hits within our assay; 

however, it is important to note that this lack of predictability may be driven by the inherent 

chemical diversity of the LOPAC1280 library.

In conclusion, results from this study suggest that, despite the seemingly simple biological 

basis of spontaneous activity (relative to more complex behaviors later in development), this 

primitive form of locomotion was affected by a wide range of pharmacologically and 

structurally diverse compounds. As a result, although the use of background (unstimulated) 

spontaneous activity was able to identify neuroactive compounds, this behavioral readout (as 

used in our assay) was unable to predict biological targets and discriminate chemical modes 

of action. This lack of specificity was likely due to a complex set of uncertainties associated 

with the underlying biology of embryonic zebrafish, persistent control variability (despite 

our efforts to control for developmental stage, temperature, and light conditions, and 

increase video duration per well), decisions about assay design, and toxicokinetics (i.e., the 

rate and magnitude of water-to-embryo partitioning). Despite limitations highlighted in this 

study, spontaneous activity may still hold utility as a readout within other behavioral assays, 

such as the photomotor response (PMR) assay, which relies on a high-intensity light 

stimulus to generate more robust “behavioral barcodes” to identify compounds that interfere 

with startle-response and habituation (Kokel et al., 2013, 2010). However, to our knowledge, 

the LOPAC1280 library has not been screened using the PMR assay, so it’s currently unclear 

whether the PMR assay will also suffer from similar uncertainties and limitations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Assay throughput was increased from 384 to 3,072 wells per week.

• 8% of the LOPAC1280 library was biologically active within zebrafish 

embryos.

• Spontaneous activity was affected by compounds spanning a broad array of 

targets.

• Only 4% of compounds targeting neurotransmission impacted spontaneous 

activity.

• Hypoactivity was observed for 100% of hits detected.
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Figure 1. 
Spontaneous activity is not significantly impacted by acclimation temperature from 24–25 

hpf. Spontaneous activity (%) after a 1-h acclimation from 24–25 hpf at 23, 28, or 33°C 

under normal light conditions. Data are presented as mean ± standard deviation across two 

independent plates. N=96 initial embryos (six columns) per acclimation temperature.
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Figure 2. 
Spontaneous activity is variable among control embryos within and across plates. 

Spontaneous activity (%) by column (A) and the number of columns within spontaneous 

activity (%) bins (B). Data represents spontaneous activity across three independent control 

plates (N= 48 initial embryos per column number). Spontaneous activity data in Panel A are 

presented as mean ± standard deviation.
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Figure 3. 
Abamectin induces a concentration-dependent and reproducible decrease in spontaneous 

activity. Spontaneous activity (%) following exposure to abamectin in concentration-

response format (A) or across three replicate plates (B). Spontaneous activity (%) in Panel A 

is presented as mean ± standard deviation based on two concentration-response curves 

(N=32 embryos per treatment group) within a single plate and asterisk denotes significant 

difference from vehicle controls (p<0.05). Spontaneous activity (%) in Panel B is presented 

as mean ± standard deviation across three replicate plates (N=48 initial embryos per 

treatment group). VC denotes vehicle control (0.1% DMSO). Asterisk denotes significant 

difference from all vehicle control columns on plate (p<0.05). Column numbers 

corresponding to each treatment group are provided along the x-axis above each panel.
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Figure 4. 
Summary of results from two-tiered behavioral screening of the Library of 

Pharmacologically Active Compounds (LOPAC1280).
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Figure 5. 
LOPAC1280 Tier I and II hits are not associated with unique Sigma-Aldrich-defined classes 

of biological targets. LOPAC1280 Tier I and II hits are presented as a function of 1) endpoint 

(survival, total body area, or spontaneous activity); 2) whether the compound targets 

neurotransmission; and 3) Sigma-Aldrich-defined biological class. Numbers within 

parentheses represent the total number of positive compounds within each group.
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Figure 6. 
LOPAC1280 hits are not associated with LogP and molecular weight. LogP values and 

molecular weights for all compounds were correlated to determine whether hydrophobicity 

and chemical size predicted the potential for a Tier I (A) or Tier II (B) hit within our assay.
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