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Abstract
Developmental exposure of rats to the pesticide chlorpyrifos (CPF) causes persistent
neurobehavioral impairment. In a parallel series of studies with zebrafish, we have also found
persisting behavioral dysfunction after developmental CPF exposure. We have developed a battery
of measures of zebrafish behavior, which are reliable and sensitive to toxicant-induced damage.
This study determined the critical duration of developmental CPF exposure for causing persisting
neurobehavioral effects. Tests of sensorimotor response (tap startle response and habituation),
stress response (novel tank diving test) and learning (3-chamber tank spatial discrimination) were
conducted with adult zebrafish after early developmental CPF exposure. The CPF exposure level
was 100 ng/ml with durations of 0-1, 0-2, 0-3, 0-4 and 0-5 days after fertilization. Developmental
CPF exposure had persisting behavioral effects in zebrafish tested as adults. In the tactile startle
test, CPF exposed fish showed decreased habituation to startle and a trend toward increased
overall startle response. In the novel tank exploration test, exposed fish showed decreased escape
diving response and increased swimming activity. In the 3-chamber learning test, the 0-5 day CPF
exposure group had a significantly lower learning rate. There was evidence for persisting declines
in brain dopamine and norepinepherine levels after developmental CPF exposure. In all of the
measures the clearest persistent effects were seen in fish exposed for the full duration of five days
after fertilization. In a follow-up experiment there were some indications for persisting behavioral
effects after exposure during only the later phase of this developmental window. This study
demonstrated the selective long-term neurobehavioral alterations caused by exposure to CPF in
zebrafish. The zebrafish model can facilitate the determination of the molecular mechanisms
underlying long-term neurobehavioral impairment after developmental toxicant exposure.
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1. Introduction
A variety of studies have shown that exposure to the organophosphate (OP) pesticide
chlorpyrifos (CPF) during development can cause persisting neurobehavioral dysfunction,
even with low doses that do not elicit acute cholinergic toxicity. In mammals, developmental
CPF exposure clearly alters neurochemical and neurobehavioral function. Epidemiological
studies have shown significant association between developmental CPF exposure and
persisting cognitive impairment. Experimental studies with rodents have demonstrated the
causative nature of developmental CPF exposure being the source of cognitive impairment.
Zebrafish with a clear chorion and elegant molecular reporter systems offer an important
model for determining the mechanisms of neurotoxicity throughout embryonic development
and into early larval growth. The zebrafish model has also been shown to be sensitive to the
persistent cognitive impairment from developmental exposure to low doses of CPF. The
current study examined in the zebrafish model the critical duration of CPF which was
necessary to produce persisting cognitive impairment as well as other persisting
neurobehavioral dysfunction.

Epidemiologic evidence supports the harmful neurodevelopmental effects of prenatal
exposure to organophosphate pesticides, in particular CPF. Whyatt et al. (2004) investigated
the effects of CPF exposure on development of children in New York and found a
significant adverse impact of high prenatal exposure to CPF, which caused deficiencies in
birth weight and birth length. The same group (Rauh et al., 2006) showed that there was an
increased risk of developmental delay in behavior symptoms of attentional impairment. It
was also concluded that ADHD-like problems at three years of age were due to CPF
exposure in the residential area (Rauh et al., 2006). Supporting these findings, Bouchard and
colleagues (2010) also found a significant relationship between pesticide exposure during
development and higher ADHD rates in children. Continuing to study CPF will bring us a
step closer toward finding appropriate treatment and understanding its effects on the central
nervous system.

Experimental rodent studies have shown that developmental exposure to CPF and other OP
pesticides causes persistent neurobehavioral impairment. Exposure to low doses of CPF
during development that do not cause persistent systemic toxicity do cause neurotoxic
damage in rats (Campbell et al., 1997; Roy et al., 2004; Slotkin et al., 2006a; Slotkin and
Seidler, 2007; Song et al., 1997; Whitney et al., 1995), including effects on DNA synthesis
(Dam et al., 1998), gene transcription (Crumpton et al., 2000), cell differentiation (Roy et
al., 1998), and synaptogenesis (Dam et al., 1999). Developmental exposure to CPF in rats
alters neuronal development of serotonin (5HT), acetylcholine and to a lesser degree
dopamine (DA) systems (Dam et al., 1999; Slotkin, 1999; Slotkin et al., 2001; Slotkin et al.,
2006a; Slotkin et al., 2002; Slotkin et al., 2006b).

Developmental CPF also causes long-term alterations in behaviors related to these neural
effects (Aldridge et al., 2005a; Aldridge et al., 2005b; Icenogle et al., 2004; Levin et al.,
2002; Levin et al., 2001). Studies with rats revealed that early neonatal exposure to CPF
induces long-term changes in cognitive performance in the 16-arm radial maze that
selectively impaired males (Levin et al., 2001). When challenged with the muscarinic
antagonist scopolamine there was less of an amnestic effect in CPF-exposed rats, which
indicated that muscarinic acetylcholine receptors were not as critically important for
memory function in rats with a history of CPF exposure during development (Levin et al.,
2001).

In addition to cognition CPF effects changes in emotional function. Increased risk taking
behavior was seen in male rats treated in early postnatal periods with a low dose of CPF as
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indicated by significantly increased time spent in the opened arms of the elevated plus maze
(Aldridge et al., 2005a). Persisting alterations in emotional function was also seen after
developmental exposure to other OPs, diazinon and parathion (Roegge et al., 2008;
Timofeeva et al., 2008).

Complementary models like zebrafish (Danio rerio) are increasingly becoming models of
choice in studying the molecular bases of neurodevelopment. The clear chorion of zebrafish
allows continual visualization of the entire development process. The rapid development of
zebrafish facilitates the throughput of studies. These are just some of the qualities that make
the zebrafish an excellent model for studying neurodevelopment. The extensive library of
genetic mutants that are widely available in zebrafish offers the promise of determining the
molecular mechanisms of neurobehavioral effects. Using the zebrafish for
neurodevelopment studies has led to the identification of a variety of genes that affect
various aspects of neurodevelopment and function. Zebrafish can be quite useful in looking
at neurotoxic effects in overall neurodevelopment as we move toward future mammalian
investigations. With a single acetylcholinesterase gene that has been show to cause lethality
as a homozygous null mutant (Behra et al., 2002) and with mutant studies implying that its
loss results in hyperstimulation of muscle cells, zebrafish allows one to isolate specific
functional roles for acetylcholinesterase inhibition. In our current research the zebrafish
model has emerged as a promising and sensitive tool enabling reliable detection of
neurodevelopmental injury in response to OP pesticide exposure (Levin et al., 2003; Levin
et al., 2004; Linney et al., 2004).

Past studies show that the zebrafish model has helped to discover molecular processes that
underlie neurodevelopmental impairments (Levin et al., 2003). The integration of zebrafish
has helped to develop more profound methods for assessing cognitive systems such as those
previously mentioned including the startle response task, the novel tank swim test, and the
three-chamber spatial discrimination task. In startle response and swim activity measures,
methods are applied to show motor responses to stimuli and habituation over time. In spatial
discrimination, tasks are more directed toward differentiating response latency from choice
accuracy as seen in the three-chambered spatial learning test. Levin et al. (2003) showed that
low and high doses of CPF were administered at 10 and 100 ng/ml to zebrafish embryos for
the first 5 days post-fertilization. It was concluded that both doses had significant persistent
effects on spatial discrimination as well as response latency. It was also found that the
higher dose but not necessarily the lower dose significantly accelerated mortality rates, but
the long-term mortality rate was just subthreshold for being higher than controls. The low-
dose effect was observed mainly in early testing, while impairment caused by the higher
dose became more pronounced as testing continued. The higher dose of CPF caused more
persistent impairment in zebrafish. The two doses had opposite effects on response latency,
the lower dose significantly increased discrimination and the higher dose significantly
decreased response latency (Levin et al., 2003).

The study with zebrafish and CPF showed response latency over 18 weeks of testing (Levin
et al., 2003). Developmental exposure to either 10 or 100 ng/ml of CPF caused significant
spatial discrimination impairments in zebrafish when they were adults. Both of these effects
diminished with continued testing within the study. CPF exposure during early development
was said to cause clear behavioral impairments. These behavior impairments were seen
throughout adulthood in zebrafish. The molecular mechanisms by which early
developmental CPF exposure produces these behavioral impairments were expressed
throughout adulthood and are now being studied in the current neurobehavioral studies using
the zebrafish model.
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The zebrafish model offers the opportunity for critical neurodevelopment analysis at a low
cost in a timely and sufficient manner. Zebrafish develop outside of the mother and their
clear chorion enhances its ability to be easily studied during neurodevelopment. It is known
that zebrafish show the ability to learn and discriminate color difference (Arthur and Levin,
2001). Developmental CPF has shown impacts in learning in zebrafish (Levin et al., 2003).
Previously, Eddins et al. assayed the effects of developmental CPF exposure on startle
response, startle habituation, and recovery from habituation (Eddins et al., 2010). They
found that a quick automated test of startle can detect persisting neurobehavioral
impairments caused by developmental exposure to CPF. They also concluded that the
finding will better determine time windows and help in screening for persisting
neurobehavioral defects from a variety of toxicants to validate the model.

Our laboratory has developed a battery of methods to evaluate sensory function, motor
behavior, and learning to characterize behavioral response to environmental toxicants in
adult zebrafish. We have worked to increase the efficiency of throughput by developing an
automated assessment of startle response and habituation as well as novel tank exploration.
Startle response has previously provided a quick measure of sensory and motor integration
(Eddins et al., 2010). This task detects rapid habituation curves with repeated trials and has
given substantial information concerning behavior. The novel tank diving procedure, a
newly developed assay, takes into consideration the advantage of the natural tendency for
zebrafish to dive to the bottom of the novel tank and gradually spend more time in the entire
tank over a given time period. When introduced to the tank the zebrafish dives to the bottom
naturally as a measure of avoidance and predatory escape. The tank provides a novel
environment where over a period of minutes their position of swimming increases to higher
portions of the test tank. Spatial learning was assessed in three-chambered task (Levin et al.,
2006). This method acts to differentiate response latency from choice accuracy in zebrafish.
With this task it has been shown that adult zebrafish after exposure to CPF (10 or 100 ng/ml
on days 0–5 post-fertilization), exhibited persisting defects (Levin et al., 2003). Therefore,
zebrafish have shown to be valuable in determining abnormal developmental
neurobehavioral function after CPF exposure.

The current study was conducted to determine whether the persisting neurobehavioral
impairments could be seen in zebrafish after early developmental exposure at different
developmental times. The 100 ng/ml dose was chosen because from previous research
assessing the dose-response effect of chlorpyrifos we found this dose given over the first
five days post-fertilization caused moderate inhibition of acetylcholinesterase and persistent
behavioral and neurochemical effects while being at the cusp for excessive long-term
mortality. The current study focused on how long the duration of CPF exposure during early
development needed to be to cause these neurobehavioral effects. Thus the variable
investigated was duration of exposure to a fixed dose of CPF. The critical durations of
exposure at which we start to see these effects are unknown. We hypothesize the later
embryonic exposure may be more sensitive because of rapid brain development. These
effects impair cognitive function, as well as a cascade of adverse sensory, motor response,
and learning events. We performed a battery of behavior assessments and pinpoint the
duration of exposure where we start to see these cascading events of persisting and
neurological deficits. These deficits will help determine the critical time windows of
zebrafish over given durations of 0, 1, 1-2, 1-3, and 1-4 and 1-5, as well as 4-5, 3-5, 2-5, 1-5
and 0-5 days post fertilization, and to provide critical assessment on the involvement of
monoaminergic neurotransmitters dopamine, serotonin, and norepinephrine after exposure to
CPF.
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2. Methods
2.1. Subjects

AB strain of zebrafish (Danio rerio) embryos was kept at approximately 28.5 °C on a 12
hour dark and a 12 hour light cycle. Embryos were fed only brine shrimp for the first two
months post-fertilization. At month three adult zebrafish were fed brine shrimp and flake
fish food (Tetra Fish Food, Blacksburg, VA, USA) once a day. Female and male zebrafish
were housed together with like CPF-exposed groups together in 3-liter tanks. Tanks were
housed on a 6-tier dual filtration and constantly aerated rack unit. The tank water consists of
de-ionized H2O, sodium bicarbonate, and sea salts (Instant Ocean, 1.2 g/20 l of water).
Adult behavioral testing of pre-exposed embryos took place at the third month post
fertilization. Experiments were performed during the light phase between 8:00 a.m. and 5:00
p.m.

2.2. Chlorpyrifos Administration
The purity of the CPF was assayed by the manufacturer at 99.6% pure (Accustandard, Inc.,
New Haven, CT, USA). The dosing solutions were replaced each day. CPF was
administered the first five days at either 0 ng/ml or 100 ng/ml with 0.1% dimethyl sulfoxide
(DMSO), which served as the vehicle in which to administer CPF in liquid form. We have
previously found 100 ng/ml CPF dose to cause significant inhibition of AChE in zebrafish
embryos and larvae (Aschner et al., 2010). Embryos were exposed to CPF in 30% Danieau
solution in the first experiment for durations from fertilization until 1 through 5 days after
fertilization in one-day increments (0-1, 0-2, 0-3, 0-4, and 0-5 days post-fertilization
exposure) and in the second experiment the effects of differential duration of CPF exposure
during the later developmental stages were assessed (4-5, 3-5, 2-5, 1-5 and 0-5 days post-
fertilization exposure). In both experiments controls were exposed to the vehicle. At three
months, the fish were transported to the Levin laboratory for neurobehavioral testing.

2.3. Tap Startle and Habituation Test
The testing apparatus (Fig. 1) consisted of flat white 20.4 cm × 38.1 cm surface with white
12.7 cm × 15.2 cm frontal and rear blocking barriers attached. On the flat surface attached
eight 5.1 cm × 7.6 cm clear cylindrical arenas which were made of Plexiglas and arranged in
a 2 × 4 setup. Each arena contained 30 ml of tank water. The apparatus was positioned
between two 50.8 cm white opaque barriers, which faced each other and projected a bare
white screen. Mechanical solenoids were positioned underneath each cylindrical arena. A
Samsung 8mm camcorder was located approximately 71 cm above the apparatus. The
solenoids were used to administer impulse taps to the bottom of the cylindrical arena with
instruction from the computer. The zebrafish ranged from 12 to 32 per group. Eight
zebrafish were taken from the holding tanks and each one was placed into a cylindrical arena
on the tap apparatus. Zebrafish were allowed to acclimate in the arena for 3 min. prior to
testing. After the adjustment period, the tap test was started and solenoids tapped the testing
arenas at 1 min. intervals every 30 s. for 10 consecutive trials. The zebrafish response in
distance traveled was recorded 5 s. before the tap and 5 s. after the tap. The total testing time
for the initial phase was 10 min. The image of the fish movement in response to the repeated
taps was indexed by the EthoVision™ program (Noldus, Wageningen, Netherlands).

2.4. Novel Tank Dive Test
Two zebrafish were placed separately in two 1.5-liter plastic tanks filled with 1350 ml of
tank water. The tanks were trapezoidal in shape and extended 22.9 cm along the bottom and
27.9 cm in length cross the top. The diagonal side of the tank was approximately 15.9 cm in
length and the opposing side was 15.2 cm long. (Fig. 2) (Levin et al., 2007). The two tanks
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had the short side next to each other with a barrier between them and a solid white 60 cm ×
122 cm plastic board that was positioned behind the tanks. The video image was divided
into lower, middle, and top swimming areas using the EthoVision™ program (Noldus
Information and Technology, Wageningen, Netherlands) (Figure 4). There was a one-minute
acclimation period prior to testing. After the acclimation period ended, the trial series was
started with a five-minute trial duration for testing. The video signal was transmitted through
an 8 mm Samsung Camcorder that was positioned approximately 88 cm away from the
horizontal facing tanks. The video was then transmitted to the computer for analysis.

2.5. Three-Chamber Learning Test
There were 19 to 32 zebrafish ran per group in this task. The testing apparatus was a half
cylindrical pipe unit that was divided into three chambers, the start chamber, right-choice
chamber and the left-choice chamber (Figure 3). Plexiglas rods extended through both sides
of the apparatus. On the inner part of each of the two rods were rotatable plastic partitions
that allowed swim entrances for the zebrafish. A choice of one side or the other was
recorded when the fish swam past the threshold of the open partition from the central start
chamber into one of the lateral choice chambers. The partitions were circular and stood
vertical on both side within the test chamber. The partitions were attached to the 12.7 cm
long rod rails. The two rails could be moved completely back toward the wall or completely
forward toward the central chamber. Three thick black lines outlined the back of the
chamber as a visual cue to provide an axis of orientation for right–left discrimination.

One zebrafish was placed in the start chamber after acclimation. After 60 s., the partitions to
each of the choice chambers were simultaneously opened. If the fish swam into the correct
choice chamber, the partition was closed and the fish was left alone in that chamber
unpunished for 1 min. However, if the fish swim into the incorrect choice chamber, the
partition was closed and then moved back to the wall 1 cm to reduce swimming space as
punishment for 10 sec. If the fish did not make a choice within 20 s., a plastic beaker was
dropped just above the start chamber to induce a selection. Choice accuracy and response
latency were recorded. Prior to training, 5 preliminary trials were done to establish a
preferred side. After preliminary testing, 10 trials were performed to test zebrafish learning
against their preferred side.

2.6. Neurochemistry
Neurochemical levels of DA, 5HT, and norepinepherine were assayed after the adult
behavioral task to observe long term effects of CPF exposure over 0–5 day post-fertilization
period. 18 to 34 zebrafish were run per group. The zebrafish were sacrificed and brain
tissues were removed for analysis. Zebrafish were anesthetized by submersion in 4 °C
aquarium water and decapitated. The brains were rapidly removed and homogenized (25 ×
volume per weight) in a solution. The excised samples underwent column purification and
were diluted in a mobile 1:10 solution. 20 μl were analyzed for neurotransmitter levels.

The methods are the same as we have used previously to determine monoamine levels in the
zebrafish brain (Eddins et al., 2010; Eddins et al., 2008). The HPLC system used consists of
an isocratic pump (Model LC1120, GBC Separations, Hubbardston, MA), a Rheodyne
injector (Model 7725i) with a 20 μl PEEK loop, and an INTRO Amperometric detector
(Antec Leyden, Zoeterwoude, Netherlands). The electrochemical flow cell (model VT 03,
Antec Leyden) had a 3 mm carbon working electrode with a 25 μm spacer. An Ag/AgCl
served as reference electrode. The cell potential was set at 700 mV. The signal was filtered
with a low pass in-line noise killer, (LINK) set at a 14 seconds peak width and a cut off
frequency of 0.086 Hz. The signal was integrated and aligned using the EZ Chrom elite
chromatography software by Scientific Software Inc. The injector flow cell and analytical

Sledge et al. Page 6

Neurotoxicol Teratol. Author manuscript; available in PMC 2012 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



column were placed in the Faraday shielded compartment of the detector where the
temperature was maintained at 30 °C. The stationary phase was a reverse phase BDS
Hypersil C18 column often used to minimize peak tailing. The column expanded 100 mm ×
2.1 mm, with 5 μm particle size and 120 Å pore size (Keystone Scientific). The mobile
solution for experimental phase consist of 50 mM H3PO4, 50 mM citric acid, 100 mg/l 1-
octanesulfonic acid (sodium salt), 40 mg/l EDTA, 2 mM KCl and 3% methanol. pH was
obtained to 3.0 with NaOH. The mobile phase was continually degassed with a Degasys
Populaire, an on-line degasser (Sanwa Tsusho Co., Tokyo, Japan.). Delivery was set at a
flow rate of 0.26 ml/min. The limit of quantitation was approximately 1.56 pg/mg tissue.
The limit of detection was approximately 1.07 pg/mg tissue. There were external standards
ran with this procedure. The standard curve was run at concentrations of 2.5, 10, 40 and 160
pg/20 μl. Data was stored and profile by computerized software.

2.7. Statistical Analysis
Data was assessed by analysis of variance. The factors included were exposure of
chlorpyrifos and repeated measures of time that were assessed by using a statistical model of
mixed design analysis between variance and subjects. Trials were used for the tap test and
the 3-chamber learning test and minutes were used for the novel tank dive test. Linear trend
analyses across repeated measures and CPF exposure duration were performed to evaluate
the progressive effects of these factors across the levels of each factor. Planned comparisons
were used to evaluate the effect of each CPF dosed group vs. vehicle treated controls.

3. Results
3.1. Effects of Chlorpyrifos on Tap Startle and Habituation

CPF effects on startle response and habituation were measured over ten trials (1/min) in the
tap startle test. CPF exposure to zebrafish had persisting effects on startle response only in
the group exposed to the full five days after fertilization (Fig. 4). In terms of comparing
mean startle response, there was no significant effect but there was a trend toward increase
startle response. The effect of the five-day CPF exposure was seen with significantly
(p<0.05) lower habituation of the startle response compared with controls over the ten trials
of the session. The second experiment compared the effects of CPF exposure during the full
first five days after fertilization vs. the later stages of development. This study also detected
an effect of the five-day CPF exposure. In this case it was the mean startle response which
was significantly (p<0.01) increased in the five-day exposure group relative to controls. A
significant (p<0.01) elevation in mean startle across the session was also seen with the group
exposed to CPF on days 3-5. Curiously, the group exposed to CPF on days 2-5 did not show
a significant increase in startle relative to control. As shown in figure 5B, there was a
significant (p<0.005) effect of trial reflecting the habituation of response over the ten-trial
session. No significant differential habituation between CPF treated groups and controls was
seen in this experiment though there was a trend toward a decreased habituation in the five-
day CPF exposure group compared with controls (Fig 5B, right panel). In the two studies the
full length CPF exposure caused either an increase in startle or a decrease in habituation
over the session.

3.2. Effects of Chlorpyrifos on the Novel Tank Diving Test
To assess whether CPF had effects on diving response and swimming activity the zebrafish
were assayed on the novel tank diving task. CPF exposure over the full five days of
development caused a significant (p<0.01) decrease in diving response (Fig. 6A). There
were no significant effects seen with lesser durations of exposure. As also shown in figure
6A, there was a significant (p<0.005) linear decrease in diving over the five-minute test
session. No interaction of minute within session with CPF exposure was seen. There was a
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significant (p<0.05) increase in swimming activity with CPF exposure during the full first
five days after fertilization (Fig. 6B). Swimming activity also showed a significant
(p<0.005) linear increase in swim speed over the five-minute session (Fig. 6B). There was
no indication of a differential effect of minute across CPF treatment groups. In the second
experiment (Fig. 7) comparing the full duration exposure with exposures during the later
phases of development, zebrafish exposed to CPF for the first five days also showed a
significant (p<0.05) decrease in the normal novel tank diving response compared with the
controls, replicating the first experiment. The group exposed for only days 3-5 also showed
a significant (p<0.05) decrease. Curiously, no significant effect was seen in the group
exposed to CPF for days 2-5 post fertilization.

3.3. Effects of CPF on Spatial Discrimination
As shown in figure 8 average percent correct after exposure to CPF during the full five days
after fertilization was not significantly different from control (p=0.05). None of the other
groups showed significant deficits relative to control either. The learning rate as indicated in
Figure 8 showed linear improvements over trials. In contrast to the control group, a
significant (p<0.005) decline at was seen in group 1-5. There was no evidence of learning in
this group over the ten trials of training. There were no effects on response latency in this
task.

3.4. Effects of CPF on Monoamine Transmitters
Whole brain DA concentration was significantly (p<0.025) decreased in a linear duration
effect manner by CPF (Fig. 9). Specifically, the full duration exposure of the first five days
after fertilization caused a significant (p<0.05) decrease in dopamine levels relative to
vehicle-treated controls. Brain norepinepherine showed a similar significant (p<0.05) linear
decrease over the increasing durations of CPF exposure. However none of the individual
CPF treated groups showed significant decreases relative to controls. 5HT concentration in
the brain was not found to be significantly affected by CPF.

4. Discussion
CPF exposure during early development in zebrafish caused long-lasting neurobehavioral
deficits. These deficits in the zebrafish model are related to OPs and are detrimental to
humans. OP exposures during development pose a substantial risk to produce developmental
neurotoxicity (Slotkin et al., 2006a). Since these compounds are widely used, it is imperative
that we investigate the use of pesticides and the risk they pose to neurobehavioral
development. Rodents were traditionally used to study the neurobehavioral effects of these
environmental toxicants. Extensive studies have shown that early developmental exposure to
CPF caused persisting impairment in cognition and prenatal deficits that persisted long after
the initial exposure period (Aldridge et al., 2005a; Icenogle et al., 2004; Levin et al., 2002;
Levin et al., 2001; Slotkin, 1999; Slotkin, 2004; 2005; Slotkin and Seidler, 2007). The effect
of CPF in zebrafish has provided similar behavioral deficits and to further develop the
zebrafish model we must examine deficits in the rat model that advanced neurotoxicity. This
project examines whether zebrafish like rats are impaired by developmental exposure to OPs
and develop persistent neurotoxicity.

In this study we investigated the critical durations of CPF exposure necessary to induce
significant persisting impairment. Exposure was administered during the first five days to
produce the effects. This study showed that developmental CPF exposure during the first
five days significantly altered behavior function in a battery of test. A significant decrease in
habituation was produced in startle response in adult zebrafish during the first ten trials at
the full five day exposure. In the second startle experiment there was a significant main
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effect in startle response. Startle effects were seen with increased average startle response
and attenuated habituation across repeated trials. This effect was also seen in previous
studies by Eddins et al. where CPF exposure had similar effects (Eddins et al., 2010). We
found that for the full effect of startle response the first five days were necessary. However,
we did see changes in startle response from an exposure of days 3-5. In terms of the novel
tank diving task, developmental exposure during the first days after exposure caused a
significant decrease in normal diving response. In the second experiment we also found
decreased diving caused by CPF exposure. For the first time we demonstrated that CPF
exposure after fertilization days 1-5 caused persisting impairment in diving response. This
was not seen in CPF exposure, as with the startle response there were indications at days
3-5, in the novel tank CPF also caused similar effects. However all CPF groups showed the
normal habituation over the five day period. In the novel tank study swim speed was
significantly increased over days 1-5 and there was also a significant increase in bottom
dwelling by the adult zebrafish across all groups tested. These effects were replicated in our
second experiment. The results from both studies indicated that it was the full five-day
exposure that significantly affected overall response.

In terms of the three-chamber learning test we performed the task to assess the full five days
of exposure. There was a nearly significant effect and a decrease in percent correct. There
was a significant decrease effect in learning rate. Zebrafish with the complete CPF exposure
during the first five days showed no learning at all when tested as adults. Previous studies
from Levin et al. (2003) showed these impairments. There were strong trending possibilities
that suggest an effect; however, due to variability it is not significant. There are trends with
shorter exposure also of decrease accuracy however not significant in comparison to the
control. All three of the behavioral tasks showed significant impairments caused by CPF
exposure from fertilization through day five, indicating that the neurobehavioral toxicity was
not focal.

At the end of behavioral task assessment, the adult zebrafish were euthanized and the whole
brain neurochemical levels were determined. In this study there were no significant effects
in whole brain DA, 5HT, norepinepherine or 5HT turnover concentrations. In previous
studies Slotkin and colleagues (Slotkin et al., 2006a) stated that through a diverse
combination of mechanisms adverse effects are rendered in synaptic activity and patterns of
innervations from CPF exposure. In this study the neurochemical aspect was important
because it allows for the observation of what other systems are interrelated that may affect
the basis of neurobehavioral teratology. In recent studies Eddins et al. (2010) tested these
conclusions and found that in adult zebrafish, developmental CPF exposure had significant
effects on neurochemical levels.

Eddins et al. showed a significant decrease in whole brain activity but not in DA turnover of
zebrafish after exposure to CPF (Eddins et al., 2010). Significant effects in DA turnover
were seen in all five groups. Exposure from day 1-3 had an even greater decrease when
compared to the control group. Decreases in DA turnover of adult zebrafish can be
important in short and long term behavior defects. In accordance with Eddins et al., our data
showed that developmental CPF exposure had no significant effect on 5HT, 5HT turnover,
or norepinephrine concentrations. There are persisting behavioral defects after early
developmental exposure to CPF but the cause of the effect is unclear. The brain is very
complex, especially the frontal cortex which within itself presents challenges when
determining systemic behavioral effects. Through more research of monoamines and
mechanistic approaches we may better determine causes for altered behaviors from CPF
exposure.
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The current study found persisting neurobehavioral effects of developmental CPF exposure
in zebrafish as has also been seen in rodent model (Aldridge et al., 2004; Icenogle et al.,
2004; Levin et al., 2001; Slotkin and Seidler, 2007; Slotkin et al., 2002). These effects
provide broad deficits in increase startle response, decrease predatory avoidance, increase
hyper-activity, and impairment in learning. Similarly these are the types of impairments that
are seen in epidemiological studies. The zebrafish model can be a useful screening tool for
persisting adverse effects in developmental exposure to CPF and other toxicants. The model
is economical and its rapid throughput provides a distinct advantage over other models. The
zebrafish model will be useful in future studies that aim to discovering molecular and
cellular activity that are associated with behavioral these effects.
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Highlights

• Embryonic exposure of zebrafish to the pesticide chlorpyrifos causes persisting
neurobehavioral impairment.

• Chlorpyrifos exposure for the first five days after fertilization caused significant
increase in tactile startle and a decrease in habituation.

• Chlorpyrifos exposure for the first five days after fertilization caused significant
impairment in the normal novel tank diving response and locomotor
hyperactivity.

• Chlorpyrifos exposure for the first five days after fertilization caused significant
impairment in spatial learning.

• Chlorpyrifos exposure for the first five days after fertilization caused significant
decrease in brain dopamine concentration.

• Embryonic chlorpyrifos exposure of shorter durations had much-attenuated
effect.
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Figure 1.
Zebrafish tactile startle apparatus: Overview of the eight test wells; Cross-section schematic
of the tap solenoids, test wells, screen and digital video camera; Computer screen shot of the
Noldus program recording the movement of the fish (Eddins et al., 2009).
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Figure 2.
Zebrafish novel tank diving test apparatus: A) Digital video camera and two 1.5 liter test
tanks; B) Computer screen shot of the Noldus program recording the movement of the fish
over the five minutes of the test.
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Figure 3.
Zebrafish 3-chamber learning apparatus: A) Overview of the 3-chamber tank with the
central start chamber and two lateral choice chambers (the lines along the length of one wall
the apparatus provide an axis of orientation for the fish); B) when the incorrect side is
chosen the partition is moved to one cm of the end wall to sequester the fish in a small
space; C) when the correct side is chosen the fish is left to swim in the full space of the
choice chamber; D) cross-section of the apparatus showing a partition rotated in the closed
and open configuration below the water surface (Eddins et al., 2009).
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Figure 4.
Developmental CPF (earlier vs. complete exposure) effects on tactile startle response and
habituation: Left Panel) cm traveled in the five seconds after each tap, (log of cm/second);
Right Panel) linear rate of habituation (slope) over the ten trials of the session (mean±sem).
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Figure 5.
Developmental CPF (later vs. complete exposure) effects on tactile startle response and
habituation: A) cm traveled in the five seconds after each tap (log of cm/second); B)
Response on individual trials in the 10-trial session (mean±sem)
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Figure 6.
Developmental CPF (earlier vs. complete exposure) effects on diving in the novel tank
diving test: A) seconds/minute spent in the bottom third of the tank; B) Swimming speed
(cm/min) (mean±sem)
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Figure 7.
Developmental CPF (later vs. complete exposure) effects on diving in the novel tank diving
test: A) seconds/minute spent in the bottom third of the tank; B) Swimming speed (cm/min)
(mean±sem)
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Figure 8.
Developmental CPF (later vs. full exposure) effects on spatial learning in the 3-chamber
test: Left Panel) percent correct; Right Panel) Linear improvement (slope) in percent correct
over the training trials (mean±sem).
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Figure 9.
Developmental CPF (later vs. full exposure) effects on the monoamine neurotransmitters,
dopamine, norepinepherine and serotonin brain concentration (mean±sem).
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