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Abstract

Zebrafish are increasingly used for developmental neurotoxicity testing because early embryonic
events are easy to visualize, exposures are done without affecting the mother and the rapid
development of zebrafish allows for high throughput testing. We used zebrafish to examine how
exposures to three different organophosphorus pesticides (chlorpyrifos, diazinon and parathion)
over the first five days of embryonic and larval development of zebrafish affected their survival,
acetylcholinesterase (AChE) activity and behavior. We show that at non-lethal, equimolar
concentrations, chlorpyrifos (CPF) is more effective at equimolar concentrations than diazinon
(DZN) and parathion (PA) in producing AChE inhibition. As concentrations of DZN and PA are
raised, lethality occurs before they can produce the degree of AChE inhibition observed with CPF
at 300nM. Because of its availability outside the mother at the time of fertilization, zebrafish
provides a complementary model for studying the neurotoxicity of very early developmental
exposures.
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1. Introduction

Zebrafish is a vertebrate model increasingly used to examine toxicant effects and underlying
mechanisms that impact environmental and human populations (Law 2003; Spitsbergen and
Kent 2003; Teraoka et al. 2003). Its usefulness in toxicological studies has been reviewed by
several groups (Augustine-Rauch et al. 2010; Hill et al. 2005; Linney et al. 2004; Peterson et
al. 2008; Scholz et al. 2008; Teraoka et al. 2003). Zebrafish is an oviparous species, which
allows one to expose from shortly after fertilization and visually follow early effects upon
development that are otherwise restricted with mammalian models. Such aqueous exposure
regimens can closely mimic environmental exposures. During early development zebrafish
acquire simple behaviors that can easily be tested. The embryo’s transparency, small size,
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and ease of use make zebrafish an excellent candidate for high-throughput approaches in
exposure studies and behavioral analysis. A major, complementary strength of this
vertebrate model is the access it provides, both visually and through direct exposures, for
studying the very earliest effects on neurodevelopment. Our objective in this study is to use
zebrafish to compare how early exposures to different organophosphorus pesticides (OPs)
could affect its development and subsequent behavior.

OPs are used as pesticides to increase agricultural yields, but its use also presents a threat to
human and environmental health. They are manufactured in large amounts and applied
widely to food crops and in household environments to control insect pests. As much as 500
million kg of pesticides are applied annually in the US (Timchalk et al. 2002) and China,
India and other developing countries have substantially increased production of pesticides.
Two of the most common organophosphorous pesticides are chlorpyrifos (CPF) and
diazinon (DZN) (Cong et al. 2009; Zaim and Jambulingam 2009). Parathion (PA) is banned
worldwide. In 2001, the United States Environmental Protection Agency (EPA) banned CPF
application for household use after studies indicated that children were put at risk by
unintended exposures (Interim Reregistration Eligibility Decision for Chlorpyrifos, US EPA,
2001). Studies conducted in New York City determined that children had neurological and
developmental impairments after indoor application of OPs (Landrigan et al. 1999; Rauh et
al. 2006; Whyatt et al. 2004). DZN use was also restricted by the EPA due to developmental
risks. These regulatory actions have resulted in both CPF and DZN levels falling in urban
areas as measured by detection of metabolites of both chemicals in air and plasma blood
samples (Whyatt et al. 2005). At this time, the EPA has not extended the OP ban to
agricultural and industrial use. Despite the limitations on OP use in the United States and
Europe, many other countries still employ CPF and other OPs for pest control needs and
there is still much to be learned about how to measure the risks of OP use to human and
environmental health.

CPF, DZN and PA have a thiophosphate backbone that is metabolized by cytochrome p450s
into their respective OP-oxon forms that inhibit acetylcholinesterase (AChE). One model
suggests that the result of AChE inhibition is an accumulation of the neurotransmitter
acetylcholine (ACh) in the synapse which causes hyperstimulation of ACh receptors
(AChR) (Chiappa et al. 1995; Fukuto 1990). This is consistent with the phenotype of a
zebrafish ache mutant (Behra et al. 2002) in which axial musculature was disrupted due to
hyperstimulation of cholinergic receptors. We observed a similar phenotype after embryonic
exposure to 500 ng/mL (1.43uM) CPF exposure (Linney et al. 2004). Since AChE is highly
conserved across species, OP exposure becomes a problem for humans despite its
effectiveness on pests (Bertrand et al. 2001).

Our laboratory and collaborators have studied OP toxicity to zebrafish and have found
effects on neurochemistry and behavior (Eddins et al. 2010; Levin et al. 2003; Levin et al.
2004; Linney et al. 2004). 100 ng/mL (285nM) CPF exposure from 0-5 days post
fertilization (dpf) inhibits AChE by the end of the exposure by at least 80% resulting in
hypoactive fish when tested at 6 dpf (Levin et al. 2004; Linney et al. 2004). The fish in that
study had spatial discrimination and startle response impairments when tested as adults
(Eddins et al. 2010; Levin et al. 2003). There has not been a comprehensive study
comparing three major OPs and their effects on early zebrafish development measuring
lethality, AChE activity and simple behavior. A recent study examining DZN exposure on
early zebrafish development evaluated mortality and found that a 3-day exposure at 9uM
DZN results in approximately 35% mortality with some fish experiencing developmental
malformations (Osterauer and Kohler 2008). A 5-day exposure of 6uM DZN resulted in
significantly reduced locomotor activity (Scheil et al. 2009). However, neither study
measured AChE inhibition in larvae. PA has also been studied in zebrafish, but with a 28- or
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250-day sublethal exposure, and do not address the question of how an exposure early in
development might result in a later behavioral alteration (Roex et al. 2002; Roex et al.
2003). Two recent studies have examined the effects of CPF-oxon exposure on embryonic
zebrafish (Jacobson et al. 2010; Yang et al. 2011).

In the current study, we investigate how CPF, DZN and PA affect zebrafish by 1)
determining what dose of each of the three chosen OPs would result in substantial AChE
inhibition without significantly changing viability and 2) comparing whether developmental
OP exposure affects zebrafish motility at 6 dpf. Earlier studies from our laboratory used 100
ng/mL (285 nM) CPF exposure as a standard. In order to make comparisons between
different OPs, we are using 300nM as our standard dose.

2. Materials and Methods
2.1 Reagents

2.2 Animals

Chlorpyrifos (CPF, P-094N), diazinon (DZN, P-033N) and parathion (PA, P-070N) were
purchased from Accustandard Inc. (New Haven, CT, USA). All chemicals were stored
according to manufacturer’s instructions. Test concentrations were prepared fresh using
100% DMSO at the beginning of a 5 day exposure series.

All experiments were carried out with protocols approved by the Duke University
Institutional Animal Care and Use Committee. Adult wild-type zebrafish (AB* strain) were
bred in our facility maintained in deionized water containing final concentrations of 0.013%
SeaChem (SeaChem Laboratories Inc., Madison, GA, USA) and 0.05% Instant Ocean
(Instant Ocean, Cincinnati, OH, USA). Fish were kept on a 14/10 h light/dark cycle at
28.5°C, with continuous fluid recirculation. In each experiment, embryos were collected by
placing glass dishes covered by a plastic mesh into tanks the evening prior to embryo
collection and removing the dishes from tanks no later than 4 h after the start of embryo
fertilization. After embryos were collected, they were rinsed thoroughly with, and
maintained in 30% Danieau’s Solution (58 mM NaCl, 0.7 mM KCI, 0.4 mM MgSQy, 0.6
mM Ca(NOs3), 5 mM HEPES, pH 7.2). Embryos were checked under a light microscope for
proper cell division and general health before use in an experiment. Embryos and larval fish
were kept under the same temperature and lighting conditions as adults.

2.3 Exposures

Exposures to determine survival were carried out by exposing sets of 10 healthy 6 hpf
(shield stage) embryos in 150-mL glass beakers with 10-mL of exposure solution consisting
of 30% Danieau’s solution with the desired OP that achieved a final concentration of DMSO
of 0.1%. For AChE inhibition and larval motility studies, we exposed sets of 30 healthy 6
hpf (shield stage) embryos in 150-mL glass beakers to 10-mL of previously described
exposure solution. A lid is kept on each beaker to minimize volatilization of the OPs from
the beaker. The exposure solution was changed daily to provide the embryos with a constant
concentration of chemical. At 5 dpf, larvae were rinsed twice with 10-mL of 30% Danieau’s
solution and released from the exposure regimen.

2.4 AChE Activity Assay (Ellman assay)

AChE activity was measured using the modified Ellman assay (Ellman et al. 1961). Each
sample consisted of ten larvae homogenized in 100 mM Tris-Cl, pH 7.4 and 1% Triton
X-100. To an aliquot of the homogenate, we added 5,5'-dithiobis-2-nitrobenzoic acid
(DTNB) and acetylthiocholine iodide (ATChl) to final concentrations of 0.33 mM and 0.8
MM respectively. Spectrophotometric measurements were made at 412-nm after 15 minutes.
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The BioRad DC Protein assay (Hercules, CA, USA), a modified Lowry assay, was used to
determine the total protein concentration in the homogenate for determination of specific
activity.

2.5 Larval Behavior

6 dpf larvae in 100mm petri dishes were allowed to acclimate to the light on the presentation
platform in a dark room for at least 15 minutes. 6 dpf larvae were placed in individual wells
of a 9 well clear spot plate with 1 mL of 30% Danieau. Fish were allowed to acclimate to the
well for 2 minutes and their motility was tracked for 2 minutes by Noldus Ethovision 3.0
Wageningen, The Netherlands. Tracks were visualized and analyzed for total distance
moved over 2 minutes. Incomplete tracks were filled in by interpolation between the two
nearest points.

2.6 Data Analysis

3. Results

Survival was assessed using 2 analysis for observed vs. expected frequencies for all
comparisons where the expected frequency was at 5 or greater; where the expected
frequency was less than 5, we used the Fisher’s Exact Test. The expected frequency was
determined from the DMSO controls. Significance for these parameters was assessed one-
tailed, since exposures were expected only to contribute to lethality.

AChE activity for Figure 2 and 3 was assessed using ANOVA with differences among
groups assessed using Fisher’s Least Significant Differences with control group defined as
DMSO exposed.

Larval motility for Figure 4 was assessed using ANOVA with differences among groups
assessed using Fisher’s Least Significant Differences with control group defined as DMSO
exposed. For all statistical tests, significance was assumed at p<0.05.

To compare the effectiveness between each OP (CPF, DZN, PA), we determined how
different concentrations of each OPs affected zebrafish survival over the first 5 days post
fertilization. For larval zebrafish exposed to 300nM CPF, survival was not significantly
affected when compared to control DMSO exposed zebrafish (Fig. 1). However, a 3uM and
30pM exposure to CPF over 5 days resulted in 75% and 100% mortality, respectively. DZN
and PA had milder effects compared to CPF at equimolar concentrations. There was no
significant effect on mortality up to 10uM DZN and 3uM PA exposure for 5 days when
compared to DMSO control. At 30uM DZN exposure over 5 days, the highest concentration
examined, there was only 50% mortality, which is significant compared to DMSO but not as
lethal as equimolar CPF and PA. 10uM PA exposure achieved a similar mortality as 30uM
DZN whereas 30uM PA nearly reduced survival to zero. Therefore at equimolar
concentrations, CPF is much more lethal to larval zebrafish than PA and DZN. Given the
lack of significant mortality and no detectable effect upon morphogenesis at 300nM for all
three OPs, we used this concentration for comparison of effects on AChE activity and larval
motility.

Previous studies have shown that AChE inhibition plays an important role to larval zebrafish
survival (Behra et al. 2002); therefore we compared the effect of all three OPs on AChE
activity and whether it correlated to mortality (Fig. 2). For DMSO exposed fish at 5 dpf,
there is robust AChE activity at 447+18 pM ATChI hydrolyzed per min. per mg of tissue.
300nM CPF exposure over 5 days inhibited AChE activity by over 80% when compared to
DMSO controls. Both DZN and PA exposures did not have as potent of an effect on AChE
activity as CPF. 300nM DZN and 300nM PA exposures did not significantly inhibit AChE
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activity. 10uM DZN exposure inhibited AChE activity over 50% and 10uM PA exposure
inhibited AChE activity by almost 70% confirming that PA is more potent than DZN based
on mortality. In conclusion, we found that 300nM CPF is much more effective than
equimolar DZN and PA at inhibiting AChE. Up to 10uM of DZN and PA was not able to
inhibit AChE as much as 300nM CPF without causing a significant increase in mortality.

We examined the effect of CPF exposure upon AChE activity daily. Over a 5 dpf exposure,
300nM CPF exposure began to inhibit AChE at 2 dpf and steadily increased day after day
until it culminated with a 80% inhibition at 5 dpf when compared to DMSO control (Fig. 3).

As shown in Figure 5, we examined the motility of 6 dpf larvae that had been exposed for 5
days to 300nM of the 3 different OPs, which had not caused significant mortality. Using a
Noldus video tracking/software interrogation system, we tracked the movement of 6 dpf
zebrafish that were one day removed from their 0-5 dpf exposure. DMSO exposed controls
swam 175 mm/min (Fig. 4). 300nM CPF exposures reduced locomotor activity by 35%.
300nM DZN and PA did not significantly affect locomotor activity when compared with
DMSO. However, 10uM DZN exposure reduced locomotor activity by 50%. 10uM PA
exposure resulted in larval fish unable to move because they did not hatch out of the chorion
and had developed a number of developmental malformations.

4. Discussion

In this study we compared the effects of DZN and PA with CPF during the first 5 days of
zebrafish development. In Figure 1 using the criterion of lethality, the developmental
sensitivity to OPs for zebrafish is CPF > PA > DZN. In Figure 2, the reduction in AChE
activity at the nonlethal concentration of 300nM was significant for CPF exposed fish, but
not for DZN and PA exposed fish. At 33x higher concentration (10uM), DZN and PA
exposures do not result in as much inhibition as 300nM CPF exposure. In Figure 3, we show
the large increase in AChE activity from 2 dpf through 5 dpf for control DMSO exposed
fish, and also describe increasing AChE inhibition with continued exposure from 6-120 hpf
with 300nM CPF. Small changes in AChE levels are difficult to determine before 2 dpf due
to low absolute values of AChE activity at 1 dpf. AChE activity is inhibited by 300nM CPF
beginning at 3 dpf. In Figure 4, using Noldus video tracking and Ethovision software
interpretation to analyze distance moved, we show that after 5 days of exposure to each of
the three OPs at 300nM, only CPF exposed fish show a significant difference in distance
moved in time. At the higher concentration of 10uM DZN, exposed fish showed a
significant difference in motility.

Table 1 summarizes survival, AChE activity and larval motility after a 5 day exposure to
different concentrations of CPF, DZN and PA. At 300nM none of the three OPs studied
affected survival and there was no detectable evidence of morphological changes in larvae.
However, 300nM CPF exposure reduced AChE activity by 81% and motility by 35%. In
comparison, 300nM DZN or PA did not have a significant effect on AChE activity or
motility, and even 10uM DZN or PA did not result in as much AChE inhibition as 300nM
CPF. At a concentration that does not affect survival (300nM), only CPF has a significant
effect on AChE activity and larval motility.

10uM PA exposure resulted in 45% lethality by 5 dpf, and of the fish that survived, there
was 73% AChE inhibition and most did not hatch out of the chorion by 5 dpf. In rodents, PA
is the most potent of the OPs we tested in inhibiting AChE (Chambers and Carr 1993).
However, in exposing young channel catfish to CPF and PA, one set of investigators found
that as the fish aged, the previously CPF exposed fish had an increase in AChE inhibition in
the brain compared to those exposed with PA (Carr et al. 1995). Increased lipophilicity of
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CPF versus PA was suggested to play a role in the differential toxicities between rodents and
fish. Also, the authors later published reviews suggesting that the different affinities of
AChE for CPF and PA play a bigger role in their toxicities for fish (Carr and Chambers
1996; Chambers and Carr 1995).

10uM DZN exposures did not result in a significant effect on survival, and exposed fish had
over 50% AChE inhibition. Despite not having as large an AChE inhibition as fish exposed
with 300nM CPF, 10uM DZN exposed fish moved less than 300nM CPF exposed fish,
indicating that AChE activity is not the only factor in determining behavioral outcomes with
this assay.

Each OP has its own phenotypic profile where some inhibit AChE more effectively than
others, but the final larval behavioral outcome is most likely due to a combination of various
factors. From our studies, at the non-lethal concentration of 300nM the efficiency of
inhibiting AChE for the 3 compounds was CPF > PA, DZN. While we cannot tell from this
study why there is a difference in the molar effectiveness among the OPs, there could be
several possible explanations: i) a different efficiency in forming the OP-oxon form for each
OP (Buratti et al. 2003; Ma and Chambers 1994, 1995; Sams et al. 2000); ii) a difference in
how effective each OP is at entering the different developmental compartments of the
developing embryo; or iii) a difference in the effectiveness of each OP—oxon form at
inhibiting AChE (Katz et al. 1997). For further discussion we refer the reader to the
discussion section of Yang et al. (2011).

Our previous collaborative work with the Levin laboratory has shown that non-lethal 5 day
exposures of zebrafish with CPF results in adults with learning and behavioral differences
(Levin et al. 2003). Previous research has also shown significant locomotor hypoactivity at 6
dpf and 10 dpf after 0-5 dpf exposure to 285nM CPF (Levin et al. 2004). Correlative with
these exposures was an inhibition of AChE (Linney et al. 2004). In those studies we
mimicked environmental exposures by exposing shortly after fertilization through 5 days of
development. Also in collaboration with the Levin laboratory, we injected embryos with an
ache morpholino, which resulted in a knock down of AChE activity and behavioral changes
in adults (Aschner et al. 2010).

We were interested in CPF exposures and its effect on the developing nervous system,
because it is designed specifically to inhibit AChE. One clue to what we might expect comes
from genetic studies with zebrafish. The first zebrafish AChE mutant, ache, abolished AChE
activity and its phenotype involved disruptions in both neural and muscle fiber development
(Behra et al. 2002). By crossing the ache mutant with a mutant for the a-subunit of the
zebrafish nicotinic acetylcholine receptor (nicl) the muscle phenotype was eliminated. This
suggested that losing AChE activity caused hyperstimulation of the muscle fibers, which
lead to fiber disruption. In our initial CPF dose response work we observed deterioration of
muscle cells at 4 days from a 500 ng/ml CPF exposure (see Figure 4 in Linney et al. 2004).
Therefore, we have continued to look at the possibility that one of the effects of OP
exposure on the developing embryo involves hyperstimulation at cholinergic synapses.

Two recent CPF related studies (Yang et al. 2011 and Jacobson et al. 2010) have provided
useful information in understanding its effects on developing zebrafish. In Figure 5, we
contrast our exposure times with Yang et al. (2011). While Yang et al. showed that from 6
hpf to 24 hpf CPF is incorporated into the embryo, their exposure study started at 24 hpf and
concluded at either 48 hpf or 72 hpf. They did not detect AChE inhibition using 300nM CPF
from 24 hpf to 48 hpf or from 24 hpf to 72 hpf exposures. In our study of exposures starting
at 6 hpf we did measure significant AChE inhibition. At 6 hpf the embryo has not completed
epiboly, so immersion exposure to compounds does not require partitioning or complex
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transfer through multiple layers of tissue. Also, at 6 hpf gastrulation has just begun; neurons
have not been born; organs have not yet formed. In contrast, at 24 hpf somitogenesis has
occurred; the embryo has a spinal cord, a five-lobed brain and musculature; and it exhibits
tail movement. One possible explanation for the difference seen in AChE inhibition between
an exposure that starts at 6 hpf and an exposure that starts at 24 hpf is the clear anatomical
differences between 6 hpf and 24 hpf zebrafish embryos and the length of time CPF is
allowed to be taken up. Another possible explanation for the difference between exposures
with different start times might involve a transient level of cytochrome p450 activity
inherited maternally. A recent study of the zebrafish cytochrome p450 family and its
expression in zebrafish embryos (Goldstone et al, 2010) suggests the possibility that
cytochrome p450 mRNAs may be maternally inherited in the embryos. In the absence of
identifying which cytochrome p450s are involved in producing the OP—oxon form, this
remains to be determined.

In Jacobson et al. (2010) the focus was on a one-time 300nM exposure of embryos to CPF-
oxon and observing up to 3 days of age (Jacobson et al. 2010). They described effects on
Rohon-Beard neurogenesis and described severe phenotypes in up to 14.3% of the fish by
days 1 through 3. They showed that the half-life of CPF-oxon in egg water alone was 1 day.
In Yang et al. (2011) exposing with 100nM CPF-oxon from day 1 to day 3 resulted in
effects on axonal growth and motor behavior in 3 day old zebrafish. The CPF-oxon studies
provide useful information regarding direct effects of the OP-oxon to a developing
vertebrate embryo at the time of neural connectivity. However, exposure to the OP is more
environmentally relevant, because the parent compound must first be metabolized by
cytochrome p450s into the OP-oxon form. An OP-oxon exposure will not accurately reflect
what may result from the parent compound exposure if the enzyme activity is not present at
the time of exposure. In this context, the comparison of these three OPs (CPF, DZN and PA)
provides one with a description of their effects on lethality and the sublethal effects on larval
motility.

While it would be convenient and fortunate to identify a single mechanism for CPF effects
on neural development, the mature nervous system and subsequent behavior, it is clear from
mammalian and zebrafish studies that mechanisms behind differential lethality and
behavioral/learning differences from CPF exposure are complex and that they may be
different for CPF, CPF-oxon, and for the developmental stage of exposure.

Highlights
> Developing zebrafish were exposed to three different organophosphorus
pesticides.
> Chlorpyrifos inhibited acetylcholinesterase activity more than diazinon
> or parathion 300nm exposed larvae, chlorpyrifos motility < diazinon or
> parathion larvae motility
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1.
Effects of CPF, DZN and PA on embryonic survival after exposure from 0-5 dpf with
exposure renewed fresh daily. The number of fish used in each group: 560 for 0.1% DMSO;
CPF, 320 at 0.3 uM, 100 at 3 uM, 40 at 30 uM; DZN and PA, 160 at 0.3 uM, 40 at 1pM,

100 at 3 uM, 120 at 10 pM, 60 at 30 pM. The solid line shows the survival for control
embryos (DMSO); treatments that are significantly different from control (x2 analysis) are

marked with asterisks.
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2.

Effects of CPF, DZN and PA on AChE activity measured at 5 dpf after an exposure from
0-5 dpf renewed fresh daily. n > 4 per treatment with each sample having 10 fish. ANOVA:
Treatments, p < 0.0001; asterisks indicate treatments significantly different from DMSO.
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3

AChE activity of control DMSO zebrafish larvae measured daily throughout 0-5 dpf
exposure and effects of 300 nM CPF on AChE activity measured daily throughout 0-5 dpf
exposure with exposure renewed fresh daily. n > 4 per treatment with each sample having 10
fish. ANOVA: Treatments, p < 0.0001; asterisks indicate treatment was significantly
different from DMSO control.
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4.

Effect of CPF, DZN and PA on larval motility (distance swum per minute) measured at 6
days using Noldus Ethovision video-tracking after exposure from 0-5 dpf with exposure
renewed fresh daily. n > 34 per treatment. ANOVA: Treatments, p < 0.0001; asterisks
indicate treatments significantly different from DMSO.
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Motility studies

Yang et al CPF/CPF-O exposures

ul wash —»

5.
Our exposure regimen for 0-5 dpf exposure using CPF, DZN and PA along with normal
development of zebrafish. Compared to Yang et al. (2011) whose exposures start at 24 hpf,
our exposures begin at 6 hpf. At 6 hpf, gastrulation has just begun and neurons are not
formed. At 24 hpf, somitogenesis is ending and a nervous system is rapidly developing.
After a 0-5 day exposure, larvae are washed and tested for motility at 6 dpf.
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