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Abstract

Detection and toxicity assessment of waterborne contaminants are crucial for protecting human 

health and the environment. Development of easy-to-implement, rapid and cost-effective tools to 

measure anthropogenic effects on watersheds are critical for responsible management, particularly 

in times of increasing development and urbanization. Traditionally, environmental toxicology has 

focused on limited endpoints, such as lethality and fertility, which are directly affecting population 

levels. However, more sensitive readings are needed to assess sub-lethal effects. Monitoring of 

contaminant-induced behavior alterations was proposed before, but is difficult to implement in the 

wild and performing it in aquatic laboratory models seem more suited. For this purpose, we 

adapted a photo-dependent swimming response (PDR) that was previously described in zebrafish 

larva. We first asked if PDR was present in other aquatic animals. We measured PDR in larvae 

from two freshwater prawn species (Macrobrachium rosenbergii, MR, and Macrobrachium 
carcinus, MC) and from another fish the fathead minnow (FHM, Pimephales promelas). In all, we 

found a strong and reproducible species-specific PDR, which is arguing that this behavior is 
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important, therefore an environmental relevant endpoint. Next, we measured PDR in fish larvae 

after acute exposure to copper, a common waterborne contaminant. FHM larvae were hyperactive 

at all tested concentrations in contrast to ZF larvae, which exhibited a concentration-dependent 

hyperactivity. In addition to this well-accepted anxiety-like behavior, we examined two more: 

photo-stimulated startle response (PSSR) and center avoidance (CA). Both were significantly 

increased. Therefore, PDR measures after acute exposure to this waterborne contaminant provided 

as sensitive readout for its detection and toxicity assessment. This approach represents an 

opportunity to diagnostically examine any substance, even when present in complex mixtures like 

ambient surface waters. Mechanistic studies of toxicity using the extensive molecular tool kit of 

ZF could be a direct extension of such approaches.
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1. Introduction

Water resources are continuously and increasingly stressed by human populations. 

Monitoring of contaminants in drinking water and watersheds represents an essential service 

of environmental public health (https://www.cdc.gov/nceh/ehs/10-essential-services/

index.html), which is crucial for human health and for the environment1–5. Toxicity 

assessment of anthropogenic compounds has been performed with battery of in-vitro6,7 and 

in-vivo tests8–12. This helps regulatory agencies to establish toxicity thresholds. However, 

most thresholds for specific chemicals are based on endpoints, like mortality and fertility, 

which have an extreme impact on a species survival9,13–15. Increasingly, new endpoints 

associated with more specific potential adverse outcomes have been examined, such as 

embryonic spontaneous movements16, larval heartbeat and hatching rates17, shelter 

seeking18, and molting19 that allow detection of more subtle developmental disruptors. The 

needs for such tests is growing as new classes of chemicals are identified, often called 

contaminants of emerging concern (CECs), which have the potential to produce adverse 

effects even at nanomolar concentrations. Detection of CECs and other contaminants has 

advanced greatly with current analytical methods4 and more adequate monitoring of aquatic 

environments20, but read-outs for physiological adverse effects are still lacking. Chronical 

contaminant exposure probably causes ecological and physiological alterations at 

concentrations far lower than the presently established thresholds. Thus, it is crucial to 

develop sensitive assays able to detect more subtle effects of aquatic contaminants.

Alterations of the fauna behavior has been proposed as an alternative to survival 

monitoring21. Contaminant-induced behavioral changes may serve as a more subtle readout 

for physiological and ecological fitness22. Within the broad spectrum of behaviors, anxiety-

like behaviors are amongst those that can be quantified more readily, and numerous animal 

assays that were established for biomedical purposes could be adapted for environmental 

toxicology and diagnostic applications23,24. Increased anxiety-like behaviors are likely to 
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impact survival in the wild by affecting key responses like escaping a predator, avoiding a 

threat, parenting, or searching for food25. Similarly, social interactions necessary for mating 

could be compromised26–28. Recently, innovative work showed altered behavior in adult 

wild perch exposed to psychiatric drugs because of uncontrolled urbanization29. However, 

these types of studies on animals chronically exposed in their natural habitat are extremely 

challenging and not easily amenable to diagnostic applications. Reproducing chronical 

exposure in a laboratory setting comes with the same shortcomings. Therefore, behavioral 

assays detecting changes after acute exposure would present clear advantages for rapid and 

cost-effective pollution assessment.

The genetic and developmental laboratory model, zebrafish (ZF, Danio rerio) is widely used 

for human disease modeling30–34 and biomedical toxicological studies35. Multiple parallel 

behavior measurements can be performed rapidly, thus enabling high-throughput 

screening36. Statistical power is increased through adjusted sample size37 and substances 

can be readily tested at multiple concentrations38, which is indispensable for toxicological 

studies. Screens for small molecules39, neuro-active drugs40, and mutations affecting 

locomotor41 and visual systems42 were performed, but not applied to environmental 

research. Various photo-dependent swimming responses have been previously measured in 

ZF embryos and larvae43–46. In particular, a highly reproducible photo-dependent swimming 

response (PDR) was described in 6 day post fertilization (dpf) larvae43,47. To be relevant for 

aquatic contamination and environmental adverse outcome detection, PDR should be a 

conserved behavior found in various aquatic species. To be a useful environmental 

diagnostic tool, PDR should be modulated by waterborne contaminants, especially after 

acute exposure.

To assess if PDR was a commonly found behavior in larval aquatic species, including in 

invertebrates, we measured it in two freshwater prawn species. Macrobrachium rosenbergii 
(MR) is extensively farmed and adults are routinely used in behavior studies48,49, thus they 

can be assimilated to a laboratory model50,51. Macrobrachium carcinus (MC), also called the 

big claw river prawn, is mostly found in the wild from Florida to southern Brazil, including 

most of the Caribbean islands52. Next, we measured PDR in fathead minnow (FHM, 

Pimephales promelas) which is the model of choice for aquatic toxicology testing53. We 

found a strong species-specific PDR in all animals tested, arguing that it is strongly 

conserved behavior thus, a physiological relevant endpoint usable for environmental 

contaminant toxicity assessment and detection.

To test PDR alteration after acute exposure to a waterborne contaminant, we exposed ZF and 

FHM larvae to copper (Cu), a common contaminant in watersheds. We found that PDR was 

significantly altered in both fish species. Animals were more active, FHM larvae at all 

concentrations tested and ZF larvae in a [Cu]-dependent manner. FHM seems more sensitive 

but ZF responses were strikingly more reproducible and robust, which would arguably make 

it the model of choice. Hyperactivity is a well-accepted measure of anxiety-like behavior37, 

and so are photo-stimulated startle response (PSSR)45,54–56 and center avoidance (CA)57,58, 

which we also measured. PSSR and CA were also increased, therefore corroborating the 

observed hyperactivity.
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Taken together, we established that PDR was a strong behavior found in two invertebrate and 

two vertebrate aquatic species. PDR was significantly altered by acute exposure to copper, in 

both fish species. Highly reproducible [Cu]-dependent hyperactivity in ZF larvae allowed us 

to further analyze two additional anxiety-like behaviors, PSSR and CA which were both 

significantly increased. Thus, contaminant-induced PDR-alterations are sensitive and 

relevant endpoints for diagnostic screening of aquatic contamination. This approach, when 

coupled with mechanistic studies of toxicity using the extensive molecular tool kit of ZF 

could be further used for understanding adverse outcomes of a contaminant present in 

complex mixtures like ambient surface waters.

2. Results

2.1 PDR is a highly reproducible larval behavior in crustacean Macrobrachium rosenbergii 
(MR) and Macrobrachium carcinus

(MC) To validate larval PDR as an appropriate and relevant endpoint for establishing an 

environmental diagnostic tool, we first asked if this behavior was present in other aquatic 

species. We tested two invertebrate species Macrobrachium rosenbergii (MR) and 

Macrobrachium carcinus (MC). We monitored the swimming activity of individual untreated 

crustacean larvae (stage 1 = 0–2-day post hatching) of MR (Fig.1 orange lines and sur-

imposed bars) and of MC (purple lines and bars). We recorded during 4 cycles of alternating 

light (L1 to L4, white boxes) and dark (D1 to D4, grey boxes) periods of 10 minutes each. 

We reported the mean travelled distance (in cm) per larva (n = 72) and per minute for 80 

consecutive minutes, distinguishing two swim speeds: cruising (Fig.1A and C) and bursting 

(Fig. 1B and D). Remarkably, both MR and MC showed a clear light dependent behavioral 

pattern, but inverted when compared to each other.

MR (orange lines) displayed in both swim speeds, high activity in the dark that was greatly 

lowered in the light. In dark (D1 to D4, dark boxes), MR larvae steadily increased activity to 

~12 cm/min in cruising speed (Fig. 1A) and to ~1 cm/min in bursting speed (Fig.1B). 

Activity was lowered in all light periods (L1 to L4, light boxes) to ~8 cm/min in cruising 

(Fig. 1A) and ~0.5 cm/min in bursting (Fig. 1B) swim speeds. Remarkably, at all measured 

time points, there was a highly consistent response from larva to larva as illustrated by the 

small standard error (SEM, Fig. 1A and B orange error bars), which we also reported 

separately (Fig. 1C and D, superimposed orange bars), thus highlighting the strong 

reproducibility of this larval swimming behavior in MR.

MC (purple lines) displayed in cruising swim speed, high activity in the light that was 

significantly decreased in the dark, but activity was more erratic in bursting swim speed. In 

light (L1 to L4, light boxes), MC larvae increased activity to ~18 cm/min in cruising speed 

(Fig. 1A) and to ~2 cm/min in bursting speed (Fig.1B). Activity was lowered in all dark 

periods (D1 to D4, dark boxes) to ~15 cm/min in cruising (Fig. 1A). Noticeably and unlike 

MR recordings, the travelled distance was highly variable from larva to larva as indicated by 

the large SEM (Purple errors bars in Fig. 1A and B). This was even more obvious when 

reporting SEM of both species for each time point separately (Fig. 1C and D). Values for 

MC (purple bars) were approximately double the values for MR (sur-imposed orange bars). 

Interestingly, both species exhibited an opposite PDR when compared to each other 
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suggesting a species-specific response. Finally, the fact that this behavior was found in both 

tested invertebrates argued that it is a conserved behavior that is found even in distantly 

related aquatic species and therefore validating it as a good endpoint to be used in an 

environmental diagnostic tool.

2.2 PDR is a highly reproducible larval behavior in zebrafish (ZF) and fathead minnow 
(FHM)

To further validate PDR as a commonly found aquatic behavior, we monitored and 

compared the swimming activity of individual untreated 6-day post-fertilization (dpf) larva 

of zebrafish (ZF, Fig. 2 blue lines and bars) and of fathead minnow (FHM, black lines and 

bars). Mean travel distance/larva (ZF, n = 40, and FHM, n = 40) were reported in two swim 

speeds: cruising (Fig.2A) and bursting (Fig. 2B). As expected for ZF but also for FHM, we 

found a strong and highly reproducible PDR, but surprisingly the behavioral pattern was 

inverted when compared to each other like what we observed in crustaceans’ larvae.

ZF displayed high activity in the dark that was greatly lowered in the light. During all light 

periods, cruising activity was drastically reduced to ~5 cm/min. It abruptly rose to 17 

cm/min just after the light was turned off and then gradually decreased to 10 cm/min over 

the rest of each dark period. Likewise, bursting activity in light periods was below 0.5 cm/

min, which increased to 2 cm/min when light was turned off and then gradually stabilized to 

~1 cm/min during the remaining of the dark periods. Remarkably, at all measured time 

points the response was highly consistent from larva to larva as illustrated by the small SEM 

(Blue error bars and Fig. 2C and D blue bars) highlighting the strong reproducibility and the 

robustness of this swimming behavior in ZF larvae.

FHM displayed high activity in light, which was gradually lowered in dark. During light 

periods, cruising activity was ~7 cm/min and the bursting activity between 1–3 cm/min. 

When the light was switched off, a gradual decrease in activity was measured in all dark 

periods. In cruising swim speed, the travelled distances decreased from ~7 to 1.5 cm/min. In 

bursting swim speed, the travelled distances quickly dropped below 0.3 cm/min. 

Importantly, there was a relatively large variation in travelled distances from larva to larva as 

shown by the large SEM (black errors bars in Fig. 2A and B). SEM in cruising swim speed 

(Fig. 2C, black bars) varied from ~1.3 to > 2, which was in striking contrast with ZF SEM 

(superimposed blue bars) which were steadily around~ 0.5 overall. In bursting swim speed 

(Fig. 2D), differences were even more drastic, especially during light periods, with ZF SEM 

~0.3 compared to FHM SEM up to 1.5. This clearly indicated that the swimming behavior 

was less reproducible in FHM larvae arguing that the ZF model would be more adapted for 

this type of behavioral assays. Nevertheless, we found a strong species-specific PDR, which 

again highlighted the physiological importance of this swimming behavior for each species, 

arguing for the relevance of its usage in an environmental diagnostic tool.

2.3 Acute copper exposure significantly alters PDR in both ZF and FHM larvae

Next, we asked if PDR was affected in a concentration-dependent manner after acute 

treatment with a contaminant. We chose to work with copper since it is a commonly found 

metal contaminant in watersheds. We used concentrations of copper sulfate (Cu) ranging 
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from the EPA established maximum contaminant level goal for drinking water (MCLG= 1.3 

mg/L, = 1.3 ppm, = 8.23 µM) to a 100-fold dilution that approached water quality criterion 

values, which are considered environmentally acceptable for copper in freshwater and 

marine systems. The highest concentration tested was designated C1x (Fig. 3 red lines) and 

the two additional 10× serial dilutions, were called C1/10 = 0.13 mg/L (green lines) and 

C1/100 = 0.013 mg/L (khaki lines). Experiments were performed with larvae from ZF (n= 40/

concentration, Fig. 3 left panels) and from FHM (n= 40/concentration, Fig. 3 right panels) 

and two swim speeds analyzed: cruising (Fig.3A, B, C, D, E and F) and bursting (Fig.3G 

and H).

The distance travelled by ZF larvae Cu-treated with the lowest concentration C1/100 (Fig. 3A 

and G, khaki lines) was not significantly different at any recorded time point from untreated 

animals (blue lines). Differences were observed for the C1/10 treated ZF larvae (Fig. 3C and 

G, green lines, * p < 0.05) at discreet time points, especially just after lights transitions. In 

the cruising swim speed treated larvae were less active in dark and more active in light. Only 

at the highest concentration C1x (Fig. 3E red lines, * p < 0.05), treated larvae were 

hyperactive in light and in dark at most time points in the first two cycles. Noticeably, this 

effect was then attenuated in the last cycles. In the bursting swim speed (Fig. 3G), we saw a 

remarkably clear concentration-dependent hyperactivity in most of the time points in light 

and in dark periods suggesting that bursting would be a useful measure to examine with this 

contaminant.

The distances travelled by Cu-treated FHM larvae at any concentration, were significantly 

increased at most time points when compared to untreated (Fig. 3B, D and F, * p < 0.05). 

However, neither in cruising nor in bursting swim speed (Fig. 3H) was there a clear [Cu]-

dependent effect potentially due to the high SEM that we found at all measured time points. 

Therefore, we concluded that although ZF larvae seemed less sensitive than FHM, it appears 

as a more reliable model because of the consistency of PDR-contaminant-induced alteration 

([Cu]-dependent) and the robustness of the results (small SEM). Consequently, we decided 

to dissect additional aspects of the PDR in ZF focusing on additional anxiety like-behaviors, 

such as the photo-stimulated startle response (PSSR) and center avoidance (CA).

2.4 Acute copper exposure of ZF larvae increases the photo-stimulated startle response 
(PSSR)

The photo-stimulated startle response (PSSR) is a strong and extremely rapid reflex that is 

found in most animals after an abrupt change in the surroundings, such as the sudden light 

transitions (light to dark or dark to light) that we were using in this behavioral assay. PSSR 

is usually measured in millisecond(s) and though this was below our equipment detection 

levels, we reasoned that if the PSSR was significantly affected by the contaminant, we 

would detect it when analyzing travelled distances/second in the fastest swim speed: 

bursting. So, we analyze and graphed travelled distances in this swim speed, but in cm/

second for C1x (Fig.4). We reported swimming activity, 10 seconds prior and 60s after a 

light transition (Fig. 4A–G), of untreated (blue lines and bars) and copper treated (red lines 

and bars) larvae.
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When the light was turned off (Fig. 4A, C, E, and G), in all cycles we repeatedly detected a 

high peak of activity during the first second after the L/D transition in all animals, untreated 

and treated alike, saying that it was Cu-treatment independent. However, as expected, Cu-

treated animals travelled significantly more than untreated animals for most of the remaining 

59 seconds (*, p < 0.05). More interestingly, when the light was turned on (Fig. 4B, D and 

F), in all cycles, we detected a strong burst of activity in Cu-treated animals only, suggesting 

an aberrant or heightened PSSR. Less surprising was the higher activity observed for the 

remaining 59 seconds in Cu-treated animals.

Next, we averaged all successive single seconds over all cycles, before (−1), and after (+1) a 

light transition. After transitions from light to dark (L/D, Fig. 4H, +1), we found a strong 

increase in swimming activity (~0.3 cm/s) in both untreated (blue bars) and Cu-treated 

animals (red bars). After transitions from dark to light (D/L, Fig. 4I, +1), we found an 

intense burst of activity (~0.3 cm/s), but only in Cu-treated larvae (***, p <0.0001). These 

results clearly illustrated a strong and selective effect of copper during L/D transitions that 

can be assimilated to an aberrant or increased PSSR. Thus, this was clearly demonstrating 

that the tested waterborne contaminant was significantly and specifically increasing another 

anxiety-like behavior, which was readily measured in this PDR-alteration assay.

2.5 Acute copper exposure of ZF larvae increases Center avoidance (CA)

The next anxiety-like behavior that we measured was center avoidance (CA) during the first 

minute after light transitions (Fig.5). To do so, we delimited a virtual inner open space 

(diameter, d = 0.5 cm) in the center of the well (d = 1 cm) and split the recorded swimming 

activities accordingly, for both swim speeds. From the total swimming activity that we 

recorded in the entire well (Fig5, A to F, bars), we subtracted the activity performed in close 

vicinity to the walls (Outer distance, lighter shade of bars) to calculate the travelled distances 

in the center. Next, we determined the percentage of center occupancy (CO = swimming 

activity in the center/total swimming × 100). Consequently, CA would be the direct inverse 

reading of CO (Fig.5 G and H), as more a larva swam in the center the less it was avoiding 

it.

During light periods (Fig.5G and H, white boxes), as expected we found that all larvae spent 

significantly less time in the center when compared to dark periods (grey boxes). 

Nevertheless, Cu-treated larvae were increasingly avoiding the center in a [Cu]-dependent 

manner in both bursting and cruising swim speeds (Fig.5, G and H respectively, white boxes, 

* p < 0.05). This was even more pronounced during dark periods (grey boxes, * p < 0.05). 

Therefore, Cu-treated larvae were increasingly avoiding the center in a clear [Cu]-dependent 

manner, corroborating the two previous measures of anxiety-like behaviors and firmly 

establishing PDR-alterations as a sensitive read-out for detection and toxicity-assessment of 

this waterborne contaminant.

3. Discussion

In this work, our goal was to generate new endpoints for a rapid, cost-efficient diagnostic 

tool for screening aquatic contamination. We hypothesized that sub-lethal effects induced by 

an acute exposure to a waterborne contaminant in aquatic animals could be detected with the 
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adequate behavioral read-out. To test this hypothesis, we adapted a larval photo-dependent 

swimming response (PDR) which was previously characterized in ZF larvae for biomedical 

purposes39,46,59–61. Light/dark responses were described in various terrestrial species like 

Drosophila62, and Ciona intestinalis63, and are routinely used for anxiety testing in rodent 

models64. It was described only in a few instances in aquatic species and used for 

environmental purposes like Daphnia magna65, but never in comparative studies. We showed 

for the first time that PDR was a reproducible and strong larval behavior that we found in 

three additional aquatic species, two crustaceans MR and MC and one more fish species, 

FHM. This underlies the importance of this behavior, possibly for survival, and therefore 

established its relevance and value as a new environmental endpoint.

We found that PDR was species-specific. MC and FHM were more active during light 

periods, whereas MR and ZF were more active during dark periods. This species-specificity 

of PDR might be linked to the circadian rhythm and whether animals are diurnal or 

nocturnal which would need further exploration. But more relevant to our goal, these results 

suggested that diagnostic detection of contaminants could be performed even with wildlife 

fauna. The species-specific PDR would not be an issue as all measurements would be done 

intra-species, meaning using untreated and treated larvae from the same chosen species. 

However, more of a concern is the much higher larva-to-larva variability that we found both 

with MC and FHM larvae. Remarkably, both are the less inbred species which could at least 

in part explain this variability. More importantly, this will be a real problem to obtain 

significant results. Sample size would have to be adjusted meaning using more animals, 

which besides being an ethical issue might not be trivial when getting animal from the wild. 

Therefore, using a well-established laboratory model like zebrafish would offer clear 

advantages like, up-scalability and possibility to couple the behavioral assay with molecular 

and genetic approaches to mechanistically address the contaminant toxicity.

In this study, we performed acute exposure (30 minutes + recording time) to a contaminant, 

copper, using a range of concentrations that were relevant to human health and aquatic 

environments. We could discern specific alterations especially with the higher concentration 

therefore overcoming the difficulty of performing extended exposures. Whether the observed 

PDR alterations are comparable to behavioral alterations that would result from chronic 

exposure across different developmental stages, even with lower concentrations, is an open 

question. Chronic exposure to low concentrations might trigger an adaptive physiological 

response in the animal that could counteract the subtler deleterious effects overtime. Thus, 

this approach might generate false positives. To the contrary, not all molecules might 

generate a detectable effect after acute exposure. We observed PDR alterations after acute 

exposure to other neurotropic molecules like diphenhydramine (DPH)43 and valproic acid 

VPA66, but one cannot exclude that some chemicals might go undetected, thus generated 

false negatives. However, because of the ease of use and low cost of this approach, one could 

use it in a first-pass screening effort and then complemented it with a variation of the PDR 

assay using longer exposure times to mimic chronic exposure.

We chose copper, because its deleterious effects have been extensively documented in fish in 

particular. Previous experiments in larvae showed that exposure to waterborne copper 

enhanced cortisol production67, induced cellular stress68, provoked hair cell death in the 
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lateral line69, and damaged ciliated cells in the olfactory sensory system70,71. In adult fish, 

deficits in avoidance memory72, and failure to perceive odorant alarms73 were reported. 

Furthermore, human post-mortem studies have shown that altered copper levels in human 

brain correlate with various neurodegenerative diseases74. Taken together, this suggested that 

copper would most probably alter PDR. Presumably, only few contaminants will affect the 

nervous system directly or exclusively, and this might be the case for copper too. Other vital 

organs, like the digestive track for example could be affected. However, when using this 

diagnostic tool, one does not need to know which organ/tissue is affected, and this is a clear 

advantage as the test can be performed without any prior knowledge about the nature, the 

mode of action, or the putative effect of the contaminant(s) at study.

For practical reasons, we did not perform Cu-treatments in crustacean’s larvae. To raise 

prawn larvae, we had to reproduce a complex and dynamic salinity profile of the water to 

mimic natural developmental conditions. In the wild, larvae travel upstream in the rivers, 

going from higher to lower salinity. The early stage larvae that we analyzed required high 

salinity for survival, rendering exposure to copper sulfate challenging. The bioavailability of 

the copper will be extremely difficult to determine because of copper oxidation in salt 

water75,76 and because of sodium-dependent copper uptake across epithelia77. This is 

obviously adding another layer of complexity and illustrating a short-coming of this assay 

when using marine wildlife to test a certain class of contaminants.

Our comparative studies of Cu-treatments in fish seemed to highlight a higher sensitivity of 

FHM larvae. They had strongly altered-PDR even with the lowest tested [Cu] to which ZF 

seemed largely insensitive. This was suggesting that for FHM, we were using concentrations 

above their copper sensitivity-threshold. However, PDR-alterations were completed [Cu]-

independent, pointing to an absence of cause and effect. Furthermore, FHM swimming 

behavior was highly variable from larva to larva especially in light and in all swim modes 

and that was also the case for untreated animals. Possibly, the animals were already at a 

heighten stress/anxiety level because of other parameters of our experiments (size of the 

well, intensity of the light, ambient noise…). Alternatively, higher sensitivity might be due 

to developmental differences78. We age-matched the ZF and FHM larvae and tested 6 dpf 

larvae for both species, however this might not reflect a real correspondence as development 

is not necessarily happening at the same rate in two different species. It is also not clear if 

the FHM higher sensitivity is copper-specific. One comparative study using FHM and ZF 

with a dozen of different chemicals, reported LC50 which were lower in FHM for some and 

lower in ZF for others79. Ultimately, using a more sensitive species can appear as 

advantageous for establishing an environmental diagnostic tool, but it is most certainly 

strongly offset by a diminished reproducibility and lack of robustness in responses. This was 

suggesting that, for the specific set-up that we were using, ZF was more appropriate. 

Ultimately, the fact that the same contaminant can elicit highly different responses in two 

fish species is illustrative of the importance of performing tests in more than one animal 

model. Furthermore, it highlights the need to adjust appropriately the experimental 

conditions (plate size, exposure time, developmental stage, light conditions…) for each 

tested species. Measuring PDR in optimal conditions for a species will probably be more 

informative than trying to reproduce the exact same experimental conditions from species to 
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species. This in-turn implies that an optimization phase will be necessary to determine 

adequate species-specific conditions, rather than using a “one fits all” approach.

Behavioral alterations after sub-lethal exposures are considered to be among the most 

sensitive indicators of environmental disturbances, far more than the classical endpoints like 

survival and growth21. Identifying behaviors predictive of adverse outcomes represents an 

important research need and anxiety-like behaviors seem like a promising avenue to explore. 

Physiological levels of anxiety promote defensive behaviors alerting an organism about 

potentially dangerous situations, thus promoting species survival. Dysregulation of anxiety 

levels in aquatic fauna is already occurring in aquatic ecosystems due to anthropogenic 

contamination29,80,81. Our study represents an initial effort to rapidly measure anxiety-like 

behaviors in fish larva. Future studies are needed to understand relationships between PDR 

measures and ecologically important behaviors like shelter seeking and predator avoidance. 

Altered exploratory behaviors could be detrimental if animals do not react to stimulus 

adequately. For example, we showed a strongly altered PSSR in dark to light transitions after 

acute exposure to MCLG of drinking water for copper. Exposures to such conditions in the 

wild are not improbable and when coupled to light pollution which is on the rise worldwide, 

the risk to alter population trajectories seems real. We also found that larvae were 

increasingly avoiding the center in a clear [CU]-dependent manner. This can disrupt 

reproduction by altering mating, nest strategies, shelter protection and food seeking 

behaviors. Therefore, both PSSR and CA behaviors deserve future studies with additional 

contaminants.

In future studies, this diagnostic tool could be adapted for monitoring adverse effects of 

isolated or complex mixture of contaminants. Detection of chemicals in water samples from 

contaminated sites could be performed without any prior knowledge of the nature or 

concentrations of those contaminants. Furthermore, the use of the zebrafish larvae would 

allow to rapidly linking altered PDR to damaged organs, tissues, and cells. Classical 

molecular approaches like whole-mount in situ hybridization (WISH), antibody staining, 

and use of transgenic lines will help to identify the molecular mechanisms underlying 

contaminant-induced altered PDR59,66. Eventually, genetically sensitized animals, which are 

carrying mutations in genes important for establishing and maintaining the neural circuitry 

implicated in anxiety-like behaviors, like GABA receptors for example, could be used as 

environmental sentinels. Early detection of aquatic contaminants and better understanding of 

the mechanisms of toxicity will support protection of human health and the environment.

4. Material and Methods

4.1 Zebrafish care and husbandry

AB × TUB inbred lines designated as TAB5 Zebrafish (Danio rerio) were used82 for all 

experiments, raised and maintained in the UPR-MSC Satellite Fish Room facility according 

to standard procedures as recommended83 and following the IACUC authorized protocol 

(#A880216). All fish were raised and kept at 28°C on 14:10 hour light/dark cycles on a 

recirculating system (Techniplast®). Water supplied to the system was filtered by reverse 

osmosis (Siemens) and maintained at a neutral pH (~7.0–7.5) and stable conductivity (1,000 

µS/cm) by adding sea salt (Instant Ocean®). Water coming from the filtered system and 
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under the mentioned conditions will be referred to as system water (SW). After each 

crossing, embryos were collected, rinsed and raised for the first 24-hour post fertilization 

(hpf) in system water with methylene blue (0.2 %). The following day, fertilized and 

anatomically normal embryos were raised in SW at 28 °C on 14:10-hour light/dark cycles 

until 6-day post fertilization (dpf) larvae. Only larvae with an inflated swim bladder devoid 

of obvious anatomical abnormality and exhibiting upright swimming were used for the 

behavioral recordings.

4.2 Fathead minnow care and husbandry

Fathead minnow (Pimephales promelas) were raised and maintained according to standard 

procedures previously reported by our laboratory in Baylor University84. Individuals were 

housed in a recirculating system supplied with dechlorinated tap water at a constant 

temperature of 25 °C under a 16:8 light/dark photoperiod. Routine water quality parameters 

(e.g., alkalinity, hardness, pH, conductivity, ammonia, dissolved oxygen) are routinely 

measured following standard methods. Copper treatment levels were confirmed using a 

copper ion selective electrode. Newly fertilized fathead minnow embryos were collected 

from breeding tiles and were left to mature until 6 dpf with continuous and increasing 

aeration. After hatching (4dpf), larvae were daily fed with Artemia. Culture and 

experimental conditions followed IACUC protocols approved at Baylor University.

4.3 M. rosenbergii and M. carcinus care and husbandry

M. rosenbergii were obtained from Caribe Fisheries Inc. in Lajas, PR. M. carcinus were 

caught in non-urban rivers in Yabucoa and Canovanas, PR, as authorized through permit 

2016-IC-145 (R-VS-PVS15-SJ-00560-08092016) of the local Department of Environmental 

and Natural Resources. Both adult species were maintained in the lab in 5-gallon tanks with 

continuous filtered and aerated water under a 12:12-hour light/dark cycles. Adults animals 

from which larvae were to be harvested were fed a high protein (>40%) pelleted purina 

chow once every two days. Water temperature was maintained at 26–28 °C and the pH 

adjusted to 7.2–7.5. To perform the larval experiments, both M. rosenbergii and M. carcinus 
fertilized female prawns were kept individually in 5-gallons tanks with the same conditions 

until the larvae were hatched. Once hatched, prawn larvae were collected immediately with a 

mesh and placed in another tank with aerated saline water 10–12 ppt using sea salt (Instant 

Ocean®). This same water was used throughout the behavioral experiments. Larvae were 

fed twice a day with newly hatched artemias. The larvae used for the experiments were 

staged using the presence of sessile eyes and were carefully selected for being free of 

anatomical abnormalities. All procedures were approved by IACUC (#A3240113).

4.4 Dark/light response behavioral recordings in ZF, FHM, and Macrobrachium larvae

Individual ZF, FHM, and Macrobrachium larvae were placed into a well of a 48-well 

transparent plate (Greiner bio one, CELLSTAR®). A single larva per well was added into 

450 µl of SW. Each well was topped up to 500 µl with 50 µl of SW or 50 µl SW plus the 

desired amount of copper. Macrobrachium larvae were not exposed to copper 

concentrations. Plates were placed into the Zebrabox® (Viewpoint, France) for recording. 

The Zebrabox® is an isolated recording device with a camera and infrared light-emitting 

base where temperature and light were controlled. Larvae were first habituated to the dark 
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for 30 minutes without recording followed by 80 minutes of recording. The 80-minute 

recording was divided in 4 × 20 min cycles of alternating light (L) and dark (D) periods of 

10 minute each. Three independent experiments were performed for each species

4.5 Swimming activity tracking

Individual ZF, FHM and Macrobrachium larval activity was recorded and measured using 

the Viewpoint video tracking software (Viewpoint, France). Swim speed thresholds for ZF 

and FHM were set experimentally and used to define: freezing (< 0.2 cm/s; data not shown) 

during which larvae displayed minimal activity, cruising swim speed (0.2 > s < 2.0 cm/s) 

covering most of the commonly measured larval speeds, and bursting swim speed (> 2.0 

cm/s), which were short, intermittent and powerful bouts of activity. For the prawn larvae, 

different speed thresholds were defined: freezing (< 0.2 cm/s), cruising swim speed (0.2 > s 

< 1.3 cm/s), and bursting swim speed (> 1.3 cm/s). All results were binned into one-minute 

intervals, therefore resulting in 80 data points. For further analysis, the Viewpoint software 

was used to recalculate results and time binning.

4.6 Place preference test

We further defined the recording of swimming traveled distance according to the location in 

the well. We virtually defined an inner perimeter (inner distance= 0.5 cm) within the whole 

well (total distance = 1.0 cm) for each well using the Viewpoint software. To calculate the 

outer perimeter (outer distance = 0.5), the inner area was subtracted from the total area.

4.7 Copper treatment and exposure period

All solutions were made fresh before each experiment by diluting copper sulfate (Sigma, # 

7758-98-7) in SW. As a reference point, we chose the maximum contamination level goal 

(MCLG) as set by the United States Environmental Protection Agency (EPA) for copper 

(C1x = 1.3ppm = 1.3 mg/L = 8.23 µM) in drinking water. A 2-fold magnitude of 

concentrations were assessed below the C1x that we called C1/100, C1/10. The addition of 

copper to the well was done 30 minutes prior each recording (the acclimation period is not 

included in the graphs).

4.8 Statistical analyses

Data from at least 3 independent experiments for each concentration of choice were 

compiled and analyzed using GraphPad Prism software (v.7). Results were plotted in 

cruising or bursting swim speeds as mean distance covered, binned into 1 min intervals. We 

analyzed mean total distances traveled per larva from triplicate experiments and plotted them 

versus a time axis, displaying the entire time-course of the experiment. Error bars represent 

the standard error of the mean (SEM). Statistical differences between untreated and treated 

were calculated using multiple t-tests and were considered significant when p<0.05. We 

performed Two-way ANOVA in graphs when two or more groups were compared. Detailed 

tables of results are available in Supplemental data: Tables (S1 to S5b).

Supplementary Material

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

PDR photo-dependent swimming response

CEC chemicals of emerging concern

ZF zebrafish

FHM fathead minnow

MC Macrobrachium carcinus

MR Macrobrachium rosenbergii

PSSR photo-stimulated startle response

CA center avoidance

MCLG maximum contaminant level goal

L light

D dark

dpf days post-fertilization
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Highlights

• Our work represents an effort to rapidly measure sensitive and relevant 

endpoints for diagnostic screening of aquatic contamination.

• A photo-dependent swimming response (PDR) showed a reproducible and 

strong larval quantifiable behavior in four aquatic species: two crustaceans 

(M. rosenbergii and M. carcinus) and two fish (Zebrafish and Fathead 

minnow).

• The larval PDR is species-specific and dose-dependent.

• Contaminant-induced PDR alterations were found at sub-lethal concentrations 

resulting in anxiety-like behaviors.

• We interrogated two additional anxiety-like behaviors that were significantly 

different suggesting relevance of the PDR assay as a diagnostic screening tool 

to evaluate the integrity of aquatic fauna.
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Figure 1. 
Distances travelled by minute by 2-day post-hatching larvae of Macrobrachium rosenbergii 

(MR, orange) and Macrobrachium carcinus (purple) measured in 4 successive cycles of 10-

minute-long alternating light (L, white boxes) and dark (D, grey boxes) periods. A and B. 

Swimming activity was divided according to swim speed (S): cruising (0.2 cm/s < S < 1.3 

cm/s) shown in A and bursting (S > 1.3 cm/s) shown in B. C and D. Standard errors of the 

mean (SEM) of averaged distances travelled for each recorded time point (also represented 

as error bars in A and B) were graphed for cruising (in C) and for bursting (in D) for larvae 

of MR (super-imposed orange bars) or MC (purple bars). Statistical significance (* = p 

<0.05) of A and B are shown in top panels A and B and values are reported in the 

supplemental data section.
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Figure 2. 
Distanc2es travelled per minute by 6-day post fertilization (dpf) larvae of zebrafish (ZF, 

blue) and fathead minnow (FHM, black) in 4 successive cycles of 10 minute long alternating 

light (L, white boxes) and dark (D, grey boxes) periods. A and B. Swimming activity was 

divided according to swim speed (S): cruising (0.2 cm/s < S < 2 cm/s) shown in A, and 

bursting (S > 2.0 cm/s) shown in B. Standard errors of the mean (SEM) of averaged 

distances travelled for each recorded time point (also represented as error bars in A and B) 

were graphed for cruising (in C) and for bursting (in D) for ZF (super-imposed blue bars) 

and FHM (black bars) larvae. Statistical significance (* = p <0.05) of A and B are reported 

in the supplemental data section.
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Figure 3. 
Distances travelled per minute by 6-day post fertilization (dpf) larvae of zebrafish (ZF, left 

panels) or fathead minnow (FHM, right panels) in 4 successive cycles of 10 minute long 

alternating light (L, white boxes)/dark (D, grey boxes) periods after acute exposure to 

increasing copper concentrations. A to F. Distances travelled in the cruising swim speed. G 

and H. Distances travelled in the bursting swim speed. Respective untreated controls for 

each treatment group are shown for ZF larvae (blue lines) and for FHM larvae (black lines). 

Distances travelled by larvae after a given copper treatment level are represented as 

following: C1/100 = 0.013 mg/L = kaki lines and triangles; C1/10 = 0.13 mg/L = green lines 

and triangles; C1x = 1.3 mg/L = red lines and squares. Error bars represent the mean of the 
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error (SEM) for each mean distance. Statistical significance (* = p <0.05) are reported in the 

supplemental section.
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Figure 4. 
Distances per second travelled in the bursting swim speed by 6dpf ZF larvae after an acute 

copper treatment (C1x = 1.3 mg/L) shown 10 seconds before and 60 seconds after a 

transition from light to dark (L/D, left panels) and from dark to light (D/L, right panels). A 

to G. Distances travelled per second during each successive transition (L1/D1, D1/L2, 

L2/D2, D2/L3, L3/D3, D3/L4, L4/D4) by control untreated animals (blue lines) and by C1x 

treated animals (red lines). H and I. Distances travelled during the second before (−1) and 

the second after (+1) all cumulated transitions from light to dark (L/D shown in H) and from 
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light to dark (L/D, shown in I). Statistical significance (* = p <0.05) are reported in the 

supplemental section.
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Figure 5. 
Distances travelled during the first minute after the successive light to dark and dark to light 

transitions by 6dpf ZF larvae after copper treatments in cruising (left panels) and bursting 

swim speeds (right panels). Distances travelled exclusively in close vicinity to the walls 

(=outer distances) are superimposed in a lighter shade on top of each respective total 

travelled distance in the entire well. Total distances travelled by control untreated animals 

(dark blue bars) and outer distances (light blue bars) are superimposed for all respective 

treatments. A and B. Distances travelled by larvae after a copper treatment at C1/100 = 0.013 

mg/L (kaki bars). C and D. Distances travelled by larvae after a copper treatment at C1/10 = 
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0.13 mg/L (green bars). E and F. Distances travelled by larvae after a copper treatment at 

C1x = 1.3 mg/L (red bars). G and H. Percentage of center occupancy is shown for cruising 

and bursting swim speeds, respectively. Error bars represent the mean of the error (SEM) for 

each mean distance. Statistical significance (* = p <0.05) are reported in the supplemental 

section.

Colón-Cruz et al. Page 26

Ecotoxicol Environ Saf. Author manuscript; available in PMC 2019 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	1. Introduction
	2. Results
	2.1 PDR is a highly reproducible larval behavior in crustacean Macrobrachium rosenbergii (MR) and Macrobrachium carcinus
	2.2 PDR is a highly reproducible larval behavior in zebrafish (ZF) and fathead minnow (FHM)
	2.3 Acute copper exposure significantly alters PDR in both ZF and FHM larvae
	2.4 Acute copper exposure of ZF larvae increases the photo-stimulated startle response (PSSR)
	2.5 Acute copper exposure of ZF larvae increases Center avoidance (CA)

	3. Discussion
	4. Material and Methods
	4.1 Zebrafish care and husbandry
	4.2 Fathead minnow care and husbandry
	4.3 M. rosenbergii and M. carcinus care and husbandry
	4.4 Dark/light response behavioral recordings in ZF, FHM, and Macrobrachium larvae
	4.5 Swimming activity tracking
	4.6 Place preference test
	4.7 Copper treatment and exposure period
	4.8 Statistical analyses

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5

