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Abstract
Pesticides such as chlorpyrifos (CPF) and metals such as copper can impair swimming behavior in
fish. However, the impact to swimming behavior from exposure to mixtures of neurotoxicants has
received little attention. In the current study, we analyzed spontaneous swimming rates of adult
zebrafish (Danio rerio) to investigate in vivo mixture interactions involving two chemical classes.
Zebrafish were exposed to the neurotoxicants copper chloride (CuCl, 0.1 μM, 0.25 μM, 0.6 μM, or
6.3, 16, 40 ppb), chlorpyrifos (CPF, 0.1 μM, 0.25 μM, 0.6 μM, or 35, 88, 220 ppb) and binary
mixtures for 24 hr to better understand the effects of Cu on CPF neurotoxicity. Exposure to CPF
increased the number of animals undergoing freeze responses (an anti-predator behavior) and, at
the highest CPF dose (0.6 μM), elicited a decrease in zebrafish swimming rates. Interestingly, the
addition of Cu caused a reduction in the number of zebrafish in the CPF-exposure groups
undergoing freeze responses. There was no evidence of additive or synergistic toxicity between Cu
and CPF. Although muscle AChE activity was significantly reduced by CPF, there was a
relatively poor relationship among muscle AChE concentrations and swimming behavior,
suggesting non-muscle AChE mechanisms in the loss of swimming behavior. In summary, we
have observed a modulating effect of Cu on CPF swimming impairment that appears to involve
both AChE and non-AChE mechanisms. Our study supports the utility of zebrafish in
understanding chemical mixture interactions and neurobehavioral injury.
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Introduction
Surface waters within many watersheds receive run-off and discharges from urban,
agricultural, and household sources which can lead to the accumulation of contaminant
mixtures containing neurotoxic compounds (Gilliom 2007). The biological significance of
these mixtures represents an important ecological issue, as neurobehavioral swimming
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impairment from metals and pesticides occurs in a number of fish, including threatened and
endangered salmonids (Brewer et al. 2001; Sandahl et al. 2007; Tierney et al. 2008).
However, understanding mixture interactions on behavioral function can be difficult to
address. For these reasons, it is of utility to develop rapid diagnostic assays of
neurobehavioral impacts on fish. Such an approach necessitates that the model species of
choice exhibits a relevant behavioral phenotype. In this regard, zebrafish (Danio rerio) are
an established neurobehavioral laboratory fish model with a well characterized genome
allowing for the application of sophisticated molecular approaches to investigate
mechanisms of toxicity (Nikonov et al. 2001; Levin et al. 2004; Swain et al. 2004).
Furthermore, the extensive number of potential environmental mixture combinations favors
the use of small laboratory fish species such as zebrafish as surrogates for ecological
species.

Of the established environmental neurotoxicants, organophosphate pesticides (OPs) such as
chlorpyrifos are potent inhibitors of acetylcholinesterase (AChE), a key enzyme pathway
responsible for terminating transmission of many neuronal cell types across synapses (Szabo
et al. 1992; Behra et al. 2002; Yang et al. 2008). Accordingly, chemical inhibition of AChE
results in overwhelming of post-synaptic acetylcholine receptors and hyper-stimulation,
which leads to physiologic aberrations ranging from behavioral impairment to death. The
measurement of AChE inhibition is a widely used biomarker of exposure to OPs and
carbamate insecticides in wild fish species (Tierney et al. 2008). However, non AChE-
associated mechanisms of CPF neurotoxicity and behavioral injury have also been described
(Garcia et al. 2002; Howard et al. 2005; Eaton et al. 2008). Similar to the organophosphates,
metals such as copper may cause behavioral abnormalities which can be manifested by a
number of swimming impairments (Sandahl et al. 2004; De Boeck et al. 2006; McIntyre et
al. 2008). As with chlorpyrifos, the mechanisms of copper mediated neurobehavioral injury
are complex, and can involve disruption of olfactory sensor cells and olfactory transduction
signaling (De Boeck et al. 2006; Linbo et al. 2006; Tilton et al. 2008).

In the current project, we used a swimming behavior assay in adult zebrafish exposed to
relevant neurobehavioral toxicants to further our understanding of neurobehavioral impacts
from environmentally relevant mixtures. Our experimental approach was to expose zebrafish
to copper, chlorpyrifos, or a mixture of the two neurotoxicants in various molar ratios, and
to assess the consequences of exposures on lateral swimming movement and muscle AChE
inhibition. Our results indicate in vivo interactions at a behavioral level of two different and
relevant chemical classes and support the use of zebrafish to study interactive effects among
environmental neurotoxicants on AChE and non AChE mechanisms of behavioral injury.

Materials and Methods
Animals and Exposures

All zebrafish studies were conducted in accordance with University of Washington
Institutional Animal Care and Use Committee regulations. One year old adult AB zebrafish
(Danio rerio, Cyprinidae) were maintained in 38 L aquaria with re-circulating filtration at 4
animals/L. Fish were fed twice daily and water quality was recorded daily. The water source
was Seattle municipal water passed through a treatment system containing 0.2 μm filtration,
activated carbon, ionic and mixed bed filters. The resulting water pH was 5.5 and devoid of
conductivity and chlorine. Water for fish was reconstituted freshwater using Instant Ocean®
salts at 1000±100 μS, pH adjusted to 7.0 using Na2HCO3 and heated to 27 °C in a holding
reservoir. Tanks received a 20% (v/v) daily water change or more as necessary. The
zebrafish were exposed in groups of five to each experimental concentration of CuCl2, CPF
or the CuCl2/CPF mixtures and this was replicated three times. Vehicle controls with one
group of five fish were carried out as closely time-matched as practically possible for each
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type of the three toxicant exposures (i.e. Cu, CPF or CPF+Cu), resulting in a total of three
groups of vehicle controls. A stock solution of CPF (Chem Service Inc, West Chester, PA,
USA) was made up in dimethylsulfoxide (DMSO) and the final DMSO concentration in all
exposure jars was 0.001%. Nominal chlorpyrifos concentrations employed throughout this
study were 0.1 μM, 0.25 μM, 0.6 μM, or 35, 88, 220 μg/L. The CuCl stock was prepared in
distilled water. All copper treatments were spiked with 0.001% DMSO to equalize any
carrier solvent effects across treatment groups. Nominal copper concentrations were 0.1 μM,
0.25 μM, 0.6 μM, or 6.3, 16, 40 μg/L or ppb. For the binomial mixtures, the copper
concentration was maintained at 0.25 μM (16 ppb) in combination with each of the three
concentrations of CPF. This experimental design resulted in three experimental conditions in
which the binomial concentrations were equivalent (1:1 molar ratio), or in which Cu or CPF
predominated the mixtures (2.5:1 molar ratio). Exposures were conducted in 3L of water
held in aerated sealed 3.5L glass jars maintained at 28 °C using a water bath. The exposure
jars containing CPF were pretreated with the respective concentrations for 24 h prior to use
and were reused (but with fresh CPF solution) for each of the treatments of CPF to minimize
possible adsorption to the glass surfaces. Exposures occurred over 24 h prior to post-
exposure behavioral testing and tissue was collected within one hour of the final behavioral
trial. The three experimental treatment groups included copper chloride (CuCl2),
chlorpyrifos (CPF), and binomial mixtures of the two agents. Exposures were conducted
independently. The three replications of each treatment group were rotated such that no
replicate was initiated (or terminated) at the same time of day as the other experimental
replicates. Each replicate pool (exposure jar) contained two males and three females (or vice
versa) that were alternated so that the ratios across replicates approximated 1:1 (males:
females). After 24 h of exposure, water quality parameters (pH, dissolved oxygen, and
temperature) were recorded. Water quality parameters did not appreciably change over the
course of the experiment. Water samples were analyzed at 24 h for CPF and CPF-oxon
(CPO) concentrations (Pacific Agricultural Laboratory, Portland, OR, USA) and for total
copper analysis (Frontier GeoSciences Inc., Seattle, WA, USA).

Muscle cholinesterase measurements
Cholinesterase measurements were conducted on zebrafish tissues following removal of the
head (above the operculum) and the internal organs. Cholinesterase (EC 3.1.1.7/8)
enzymatic activities were determined at 25 °C using an Optimax plate reader (Molecular
Devices) with absorbance monitored at 412 nm (Sandahl et al. 2002). Briefly, the group of 5
fish per replicate were pooled and homogenized prior to centrifugation at 16,000 g for 10
min at 4 °C. Supernatant was collected and stored at −80 °C until analysis. After thawing,
the tissue extracts were incubated in 10 mM PBS containing 0.7 mM DTNB (Sigma-Aldrich
Chemical Co., St. Louis, MO, USA), pH 7.4 for 15 min. at 25 °C. Acetylthiocholine iodide
(3 mM) was added to the samples prior to vortexing and transferred to a 96 well microtiter
plate. Each sample was assayed three times in separate wells and averaged to provide a
single value, and each 96 well plate contained tissue and substrate blanks. Enzymatic
activities were corrected for spontaneous hydrolysis of acetylthiocholine iodide and for
nonspecific reduction of DTNB in the presence of tissue extracts. An AChE inhibitor, 1,5-
bis(4-allyldimethyl-ammoniumphenyl)pentane-2-one dibromide (BW284c51, Sigma) was
used to distinguish between the different cholinesterases that might be present in zebrafish
muscle tissue. The inhibitor was co-applied with DTNB during the 15 min incubation that
preceded the addition of substrate.

Swimming Behavior Assay and Behavioral Trials
A 19 L aquarium with one inch squares drawn across the outside bottom of the tank with
distinguishing marks to form ten 7.6 × 8.9 cm grids was used as the behavioral testing
chamber. Prior to testing each experimental group, the behavioral chamber was filled with 5
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L of water (~7.5 cm deep) to provide each fish with ample room to swim horizontally while
limiting its vertical movement. The testing chamber was wrapped in white bench paper
leaving only the top open for viewing. A Nikon A95 digital camera was mounted above the
center of the tank to record video of the swimming trials and a clip lamp using a 15W
incandescent light bulb was placed approximately 1 meter above the camera to provide
uniform lighting throughout the tank.

Preliminary studies established an average number of times a fish crossed over one of the
7.6 × 8.9 cm grid lines in a one min trial (75 ± 35 crossings over one min). For each 1 min
behavioral trial, individual adult fish were placed in the center of the testing chamber and
allowed to swim for 1.25 min to equilibrate (as determined to be a sufficient amount of time
for these animals to resume normal swimming rates and behavior). Animals that showed
little or no movement (i.e. by crossing < 35 grids/min) were not used in the experiments.
Each exposure group of five animals was randomly selected from the group tanks. Gender
was phenotypically determined and no more than three animals of one gender were used per
replicate. Every attempt was made to maintain equal ratios of males and females across the
three treatment replicates. After the equilibration period, the video recording was initiated
and the timer was allowed to count down 15 s before the one minute trial. A handheld
counter was used to record the number of times the eyes (e.g. head) of the animal crossed a
7.6 cm line. This was accomplished for 5 consecutive 1 min trials per animal with 15 s
intervals between trials, resulting in 25 data points per treatment group. Swimming behavior
was measured in identical fashion for each individual animal pre-and post-exposure to the
test agents. A random blind sub-sample of the video recordings was later evaluated to
confirm the real-time data collection. Before and after behavioral testing, the fish were held
in the appropriate exposure water until tissue samples were collected.

Statistical analysis
A linear mixed effects model was used to calculate the statistical significance of the data
displayed in Table 2 and Figures 1, 2, 3 and 4. More specifically, the R/Bioconductor limma
package was used (http://www.R-project.org). This approach was employed to determine a)
whether the swimming behavior of the various pre- and post-exposure controls differed
significantly from each other (data presented in Table 2); b) whether Cu, CPF or CPF+Cu
exposures resulted in statistically significant inhibition of AChE activity relative to the
control (data presented in Figure 4), and c) whether the difference in swimming behavior
between the pre and post-exposure control groups was statistically significantly different
from the difference between the corresponding pre and post-toxicant exposure groups (data
presented in Figures 1,2 and 3). Statistical significance of the freeze response in toxicant
exposed versus control animals (data presented in Table 3) was assessed using a Fisher’s
exact test from the R statistical software package’s function fisher.test
(http://www.R-project.org). The R statistical software package’s function lm (“lm” stands
for linear model) was used to fit a linear model to determine the statistically significant
relationship between “OD min mg protein” and “mean swim behavior data for series” (data
presented in Figure 5) (http://www.R-project.org).

Results
Nominal and measured copper and CPF concentrations

Presented in table 1 are the nominal and measured aqueous chemical concentrations of the
two neurotoxicants. The CPF concentrations measured at 24 hours were in reasonable
agreement with the nominal concentrations in the jars that did not contain fish. More
specifically, the measured CPF concentrations were 137% (48 ppb), 125% (110 ppb) and
109% (240 ppb) of the 35, 88 and 220 ppb corresponding nominal concentrations
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respectively. There was little loss of CPF over 24 hours in exposure jars devoid of fish
(Table 1). By 24 hours, however, CPF concentrations in exposure jars containing fish had
decreased by more than 80% for each concentration, indicating efficient uptake of CPF. A
small amount of chlorpyrifos oxon (CPO) was detected at the different CPF concentrations
(mean of 0.8 ppb, Table 1). The copper concentrations measured were 170% (10.7 ppb),
116% (18.5 ppb), and 99% (39.7 ppb), of the 6.3, 16 and 40 ppb corresponding nominal
concentrations respectively Table 1). Thus, with exception of the low concentrations, the
measured and nominal concentrations were in good agreement. As anticipated, there was a
minor background level of 1.4 ppb Cu in the reconstituted zebrafish control water which
could not be removed by filtration.

Zebrafish swimming performance of pre- and post-exposure control groups
Behavioral trials were conducted in pre- and post-exposure control animals. Pre-exposure
controls were not exposed to the vehicle DMSO, whereas the post-exposure controls were
exposed to 0.001% DMSO for the same duration as the actual exposures to a toxicant. Each
pre and post-exposure control group (n=5 fish) had a corresponding pre- and post-toxicant
exposure group (n=5 fish) assigned and measurements in these groups were as closely time
matched as practically possible. This design was chosen to take into account the effect any
non-toxicant related parameters (e.g. time of day and its effect on circadian rhythm, slight
temperature differences) may have on swimming behavior. There was no statistically
significant difference between any of the pre- and their corresponding post exposure
controls (e.g. pre-exposure control Cu versus post-exposure control Cu) that were as closely
time matched as practically possible with the actual Cu, CPF and Cu+CPF exposure
scenarios (Table 2). Similarly, the differences between any of the possible post-exposure
control comparisons (e.g. post-exposure control Cu versus post-exposure control CPF, etc.)
were not statistically significant (Table 2).

Zebrafish swimming performance following Cu exposure
There was extensive individual variation in swimming responses in the high dose Cu group
(40 ppb Cu), with 3 of the 15 animals accounting for the variability. Specifically, 2 animals
in the first replication and 1 animal in the third replication froze upon being placed in the
behavior chamber, accumulating a score in only 3 of the 15 one minute trials that were
carried out for these three fish. The number of fish and the number of trials in which this
freeze response was observed for all exposure groups are presented in Table 3. Essentially,
freeze response indicates that these animals simply stopped their swimming behavior and
dropped to the bottom of the tank. This is a common predator avoidance response observed
in other fish exposed to environmental chemicals (Treberg et al. 2002).

In both the 16 ppb and 40 ppb Cu behavioral trials, there was a noticeable change in
zebrafish swimming behavior as reflected by periods of little to no swimming, followed by
high rates of swimming. In contrast to 40 ppb Cu exposure, there were no significant
differences in swimming behavior between the 16 ppb pre and post-exposure groups and the
corresponding pre and post-exposure control groups (Figure 1). Some of the animals
exposed to the medium (16 ppb) and high doses (40 ppb) of copper jumped out of the water
of the behavioral chamber after spending time facing the corners and swimming up and
down in the water column. This aforementioned behavior was not observed at the lowest
dose of 6.3 ppb Cu, which did not differ significantly from its corresponding controls (Table
1).

Zebrafish swimming performance following CPF exposure
Exposure to 35, 88 and 220 ppb CPF reduced swimming rates in a dose dependent manner
(Figure 2). However, only the highest exposure resulted in a statistically significant effect
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(p<0.01). Out of the 15 fish each exposed to 35, 88 or 220 ppb CPF, 4, 6 and 4 showed
freeze responses respectively (table 3). These animals would typically stay immediately
adjacent to the testing chamber wall with both pectoral fins rigid and extended. It is note
worthy that 2 fish exposed to 220 ppb CPF exhibited a freeze response the entire time
swimming behavior was measured and, thus, resulted in 0 scores. The same scenario was
observed for 1 fish exposed to 88 ppb CPF, but none of the 35 ppb CPF exposed animals.

Three animals in the highest CPF treatment group showed clear toxic responses with
obvious muscle twitches as they swam. One of these fish had significant buoyancy issues
which resulted in sporadic movement to maintain position, resulting in an obvious reduced
swimming score. There were no other obvious behavioral impairments in the CPF treated
animals.

Zebrafish swimming performance following exposure to a mixture containing CPF and Cu
The three treatment groups from the binomial exposures were designed to investigate the
possible interactions of Cu and CPF. One group was exposed to equimolar concentrations of
Cu and CPF. In the other groups, Cu or CPF predominated by a molar ratio of 2.5:1.
Accordingly, the measured data are described primarily on a molar basis for clarity. In the
first treatment group Mix A, consisting of 0.1 μM CPF (35 ppb) + 0.25 μM Cu (16 ppb), Cu
was in 2.5-fold molar excess of CPF. Animals exposed to Mix A showed a slightly reduced
swimming rate, but this reduction was not significant (Figure 3). In the second treatment
group Mix B, 0.25 μM CPF (88 ppb) + 0.25 μM Cu (16 ppb), the toxicants were added in
equal molar concentrations. The swimming rate in this group was also reduced relative to
the control group. However, this decrease was not statistically significant. Finally, in the
third treatment group Mix C, 0.6 μM CPF (220 ppb) + 0.25 μM Cu (16 ppb), CPF was in 2.5
fold molar excess. A trend in decreased swimming rate was observed for animals exposed to
Mix C, but it did not reach statistical significance (Figure 3).

Muscle AChE activity and correlation analysis of AChE activity and swimming behavior
Increasing Cu concentrations were inversely correlated with AChE activity with the lowest
Cu exposure (6.3 ppb) resulting in a statistically significant (p=0.007) reduction (63% of
control) in AChE activity, whereas 16 and 40 ppb Cu had no significant effects (Figure 4).
Exposure to 35, 88 and 220 ppb CPF resulted in significant decreases of AChE activity to
29% (p=0.001), 25% (p=0.010) and 14% (p=4.53 × 10−6) of control respectively. Similarly,
Mix A (35ppb CPF + 16ppb Cu), Mix B (88ppb CPF + 16ppb Cu), and Mix C (220ppb CPF
+ 16ppb Cu), lowered AChE activity in a dose response like fashion to 37% (p=0.007), 19%
(p=5.15 × 10−5) and 13% (p=5.82 × 10−6) of control and were statistically significant.

In order to investigate whether AChE activity was correlated with swimming behavior, we
assessed the correlation of these two types of measurements. Interestingly, linear regression
analysis indicated a weak negative correlation between AChE activity and swimming
behavior (R2=0.076, p=0.440) in the Cu exposed animals. However, this correlation was not
statistically significant (Figure 5). In contrast, fish exposed to CPF displayed a positive
correlation (R2=0.368; p=0.063) that approached, but was not statistically significant. Fish
exposed to the CPF+Cu binomial mixtures also exhibited a positive correlation that was not
statistically significant (R2=0.212, p=0.180; (Figure 5).

Discussion
A number of sensitive neurobehavioral measures have been used to assess the effects of
pesticide exposures on behaviors critical to survival in ecologically sensitive fish species.
One of the more sensitive techniques, electro-olfactogram (EOG) recordings, is an in vivo
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measure of peripheral olfactory function and sublethal neurotoxicity in fish involving
analysis of odorant stimulated negative potentials generated from the olfactory epithelium
(Baldwin et al. 2005). However, such approaches, while quantitative and linked to system-
specific behavioral injury (i.e. impairment of olfaction originating from the olfactory rosette
receptor neurons) are logistically difficult in large experiments assessing the effects of
complex mixtures. By contrast, using assessment of lateral swimming behavior, although
not olfactory-specific or pinpointing the target organ origin of the behavioral impairment,
integrates physiological impacts that lead to modulation of behavior. The potential myriad of
combinations of binomial interactions that can occur under natural conditions between
metals and organophosphates were reduced in the present study to three environmentally
relevant exposure scenarios. While the 88 and 220 ppb CPF doses used in this study were
higher than those reported in threshold studies elsewhere for wild fish (Sandahl et al. 2004;
Scholz et al. 2006), the lowest dose (35 ppb approached more realistic environmental levels.
The fact that the CPF doses employed resulted in a dose-dependent reduction in swimming
behavior suggests that zebrafish may be somewhat more resistant to the neurobehavioral
toxicity of this compound relative to wild fish. As discussed, the doses used in our study
allowed us to investigate hypothetical environmental exposure situations in which CPF or
Cu predominated, or that were roughly similar on a molar basis.

The fact that the addition of Cu to the moderate dose of CPF partially attenuated the number
of animals undergoing freeze responses suggests that copper may somehow block
biochemical neurological impacts of CPF exposures, or modify its uptake or action at
sensitive neuronal sights. However, the fact that swimming behavior, as reflected by the
number of grid lines crossed per minute was still impaired for each CPF exposure group in
which CPF predominated, underscores the complexity of neurobehavioral injury by CPF.
Neurobehavioral impairment in fish exposed to CPF has been shown to involve AChE and
non-AChE mechanisms, the latter of which can include disruption of cAMP-related cell
signaling, apoptosis, oxidative stress, excitotoxicity, development of neurotransmitter
synthesis, serotonin norepinephrine and dopamine receptor modulation (Slotkin et al. 2007;
Geter et al. 2008; Saulsbury et al. 2009; Slotkin et al. 2009). Using microarray analysis, we
have reported that exposure of zebrafish to CPF preferentially impacts olfactory gene
expression pathways associated with the maintenance of cellular morphogenesis, growth and
development, and odorant binding (Tilton et al., 2010). Some of these aforementioned
mechanisms are likely not unique to CPF and organophosphates, as alterations in swimming
behavior of delta smelt exposed to the pyrethroid pesticide esfenvalerate is associated with
alterations in the expression of genes associated with immune responses, along with
apoptosis, redox status, osmotic stress, detoxification, and growth and development (Connon
et al. 2009).

One particularly interesting aspect of the responses observed on exposure to Cu was that the
behavioral effects predominately consisted of freeze responses, an anti-predator behavior, as
opposed to modulation of lateral swimming movement. Such responses have been observed
on exposure to copper in other aquatic species (Sandahl et al. 2007). While the molecular
basis for this behavior is not well established, we have shown that copper modulates signal
transduction pathways in the zebrafish olfactory system with a likely involvement of
oxidative stress (Tilton et al. 2008). Inhibition of olfaction by metals such as copper can
underlie neurobehavioral injury (Sandahl et al. 2007). Copper is also known to have
neuronal excitability potential (Aedo et al. 2007) and it was interesting that we observed
excitatory responses (e.g. jumping behaviors and rapid bursts of swimming) in a number of
fish exposed to 40 ppb Cu. This observation may be indicative of a neurostimulatory
potential associated with copper exposure
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In general, the responses observed in adult zebrafish exposed to either Cu or CPF on AChE
and swimming behavior in our study are consistent with those reported for other species of
fish. For example, brief CPF exposure increases startle responses in adult zebrafish (Eddins
et al. 2010). It is also interesting that despite the fact that copper and chlorpyrifos are both
behavioral toxicants, most of the neurobehavioral toxicity observed in the present study
(including both swimming behavior and on AChE levels) were associated with the CPF
treatments and not Cu. Although we did not anticipate a modulating effect of Cu on muscle
AChE, the reduction in muscle AChE on exposure to a low dose copper is consistent with
other studies reporting metal induced alterations of AChE in several vertebrate and
invertebrates (Frasco et al. 2005; Frasco et al. 2007; Pari et al. 2007; Frasco et al. 2008;
Petraglio et al. 2008). Potentially, the behavioral effects observed following Cu exposure
may have been due to a transient effect in muscle AChE. Clearly, the relatively small sample
size used in the present study, which was necessitated by the logistics of conducting mixture
exposures, suggests that the observed modulating effect of Cu on muscle AChE requires a
follow-up study with larger sample sizes. It is also important to note that brain AChE plays a
crtical role in mediating CPF effects on locomotion. The pronounced impact on both AChE
and swimming impairment of CPF relative to copper suggests that muscle AChE is
informative with regards to assessing the contribution of AChE impairment to changes in
swimming behavior.

Of consideration is the dose-response characteristics of the agents used in the present study
relative to those of others. Copper effects on fish neurotoxicity have been most closely
studied in salmonids. By contrast, several others have observed quantitative behavioral
impairment of larval zebrafish on exposure to chlorpyrifos at concentrations 10 to 100 μg/L,
which were within the concentrations used in this present study (Levin et al. 2004).
Similarly, exposure to chlorpyrifos at concentrations from 180–750 ppb CPF concentrations
increases locomotor activity in zebrafish embryos (Kienle et al. 2009, Selderslaghs, #344).
Developmental differences in sensitivity of copper behavioral injury susceptibilities have
not been well established in zebrafish, and thus it is important to discriminate results of
those studies conducted in adults from those involving earlier life stages. Studies in adult
mosquito fish (Gambusia affinis) exposed to chlorpyrifos for 20 days at 60 μg/L revealed
decreases in both brain AChE and swimming behavior (Rao et al. 2005). When viewed
collectively, our study and those of others suggest that zebrafish are an attractive in vivo
model to address behavioral outcomes from multiple compounds of different chemical
classes that are commonly encountered in surface waters. Studies investigating the
molecular and biochemical basis by which environmental neurotoxicants and their mixtures
are acting are continuing in our laboratory.
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Figure 1.
Effect of exposure to CuCl2 on lateral line swimming behavior in adult zebrafish. The bars
% post-exposure swimming rates relative to the corresponding pre-exposure rates. Data
represent mean (SD) of 5 consecutive 1 min trials per animal with 15 s intervals between
trials. 5 fish each were used for the pre- and post-exposure control groups resulting in 25
data points per group. 15 fish (3 replicate trials with 5 animals each) were used for each of
the pre- and post-exposure Cu groups for each Cu concentration resulting in a total of 75
data points for each of these groups. The difference in swimming behavior between the pre-
and post-exposure controls was not statistically significant when compared to the difference
between the pre and post-Cu exposure groups at any Cu concentration examined. A p-value
of <0.01 was considered significant.
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Figure 2.
Effect of exposure to CPF on lateral line swimming behavior in adult zebrafish. The bars
show % post-exposure swimming rates relative to the corresponding pre-exposure
swimming rates. Data represent mean (SD) of 5 consecutive 1 min trials per animal with 15
s intervals between trials. Five fish each were used for the pre- and post-exposure control
groups resulting in 25 data points per group. 15 fish (3 replicate trials with 5 animals each)
were used for each of the pre- and post-exposure chlorpyrifos (CPF) groups for each CPF
concentration resulting in a total of 75 data points for each of these groups. The difference in
swimming behavior between the pre- and post-exposure controls was statistically significant
when compared to the difference between the pre- and post-220 CPF exposure group only.
A p-value of <0.001 was considered significant. * indicates p<0.01.
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Figure 3.
Effect of exposure to a binomial CPF+Cu mixture on lateral line swimming behavior in
adult zebrafish. The bars show % post-exposure swimming rates relative to the
corresponding pre-exposure swimming rates. Data represent mean (SD) of 5 consecutive 1
min trials per animal with 15 s intervals between trials. 5 fish each were used for the pre-
and post-exposure control groups resulting in 25 data points per group. 15 fish (3 replicate
trials with 5 animals each) were used for each of the pre- and post-exposure CPF+Cu groups
for each of the three CPF+Cu concentration combinations resulting in a total of 75 data
points for each of these groups. The difference in swimming behavior between the pre- and
post-exposure controls was not statistically significant when compared to the difference
between the pre and post- CPF+Cu exposure groups at any of the CPF+Cu concentration
combinations used. A p-value of <0.01 was considered significant.
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Figure 4.
Muscle AChE activity in adult zebrafish exposed to CuCl2, CPF or a mixture of the two
chemicals. Data represents mean (SD) of 3 pools of 5 fish each resulting in 3 data points per
condition. AChE activity is shown as optical density measurement per min per mg of protein
(OD/min/mg protein). * indicates p< 0.01 relative to the control values.
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Figure 5.
Scatter plots showing the relationship among swimming rates (number of gridlines crossed
per minute) and AChE activity in adult zebrafish exposed to CuCl2, CPF, or CPF+Cu
binomial mixtures. Linear regression analysis indicated a negative correlation between Cu
exposure and swimming behavior (R2=0.076, p=0.440), whereas fish exposed to CPF alone
(R2=368, p=0.063) or a mixture of CPF+Cu (R2=0.212, p=0.180), exhibited a positive
correlation. However, none of these correlations were statistically significant.
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Table 1

Nominal and actual waterborne copper and chlorpyrifos concentrations1

Nominal CPF (ppb)
Mean measured CPF at 24 hr
without fisha (ppb)

Mean measured CPF at 24 hr
with fishb (ppb)

Mean measured
CPO without fish
at 24 hra (ppb)

Measured CPO
with fish at 24 hrb
(ppb)

0 0 0 0 0

35 48 6.2 (1.4c) 0.5 0.7 (0.4c)

88 110 10.2 (5.8c) 1.1 0.6 (0.2c)

220 240 12.9 (11.4c) 1.6 1.3 (1.1c)

Nominal Cu Mean measured Cu at 24 hr
without fishb

Mean measured Cu at 24 hr with
fish

0 1.4 (0.5c) NDd

6.3 10.7 (3.2c) ND

16 18.5 (0.9c) ND

40 39.7 (2.3c) ND

1
Analytical analyses for Cu were conducted using EPA Method 1669 by inductively coupled plasma mass spectrometry (detection limit of 0.04 μg/

L), and for CPF and CPO using EPA method 8141B (Gas chromatography-flame photometric detection.

a
One grab sample from independent sample containers, N=1

b
One grab sample from each exposure, N=3

c
Standard Deviation

d
ND: not determined
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Table 2

Statistical analysis of swimming behavior of pre and post-exposure controls

Specific pre and post-exposure control comparisons p-value

a control Cu pre-exposure versus control Cu post-exposure 0.194

a control CPF pre-exposure versus control CPF post-exposure 0.878

a control Cu+CPF pre-exposure versus control Cu+CPF post-exposure 0.513

a control Cu post-exposure versus control CPF post-exposure 0.326

a control Cu post-exposure versus control Cu+CPF post-exposure 0.112

a control CPF post-exposure versus control Cu+CPF post-exposure 0.576

a
five fish were used for each of the pre-exposure and the post-exposure control groups.
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Table 3

Post-exposure freeze responses in zebrafish

Treatment controls
Number of animals with post-exposure freeze

response (%; p-valuec)
Number of one min intervals with fish exhibiting post-

exposure freeze responses (%;p-valuec)

0/15 (0%; N/Aa) 0/75 (0%; N/Aa)

6.3 ppb Cu 1/15 (7%; 1.0000) 2/75 (2.6%; 0.497)

16 ppb Cu 2/15 (13%; 0.486) 2/75 (2.6%; 0.497)

40 ppb Cu 3/14 (21%; 0.229) 11/70 (15.7%; 0.0007)

35 ppb CPF 4/15 (27%; 0.113) 6/75 (8%; 0.029)

88 ppb CPFb 6/15 (40%; 0.030b) 17/75 (22.6%; 0.00003b)

220 ppb CPFb 4/15 (27%; 0.113) 14/75 (18.6%; 0.0001b)

35 ppb CPF + 16 ppb Cu 3/15 (20%; 0.233) 4/75 (5.3%; 0.121)

88 ppb CPF + 16 ppb Cub 6/15 (40%; 0.030b) 7/75 (9.3%; 0.014b)

220 ppb CPF + 16 ppb Cu 2/15 (13%; 0.486) 2/75 (2.6%; 0.497)

a
not applicable

b
p<0.05 in bold print

c
p-values assesses statistical significance relative to the controls
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