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Chlorpyrifos and Malathion have opposite effects on behaviors
and brain size that are not correlated to changes in AChE
activity
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Abstract

Organophosphates, a type of neurotoxicant pesticide, are used globally for the treatment of pests
on croplands and are therefore found in a large number of conventional foods. These pesticides are
harmful and potentially deadly if ingested or inhaled in large quantities by causing a significant
reduction in acetylcholinesterase (AChE) activity in the central and peripheral nervous system.
However, much less is known about the effects of exposure to small quantities of the pesticides on
neural systems and behavior during development. In the current study we used zebrafish larvae in
order to determine the effects of two of the most widely used organophosphates, chlorpyrifos and
malathion, on zebrafish behavior and AChE activity. Embryos and larvae were exposed to the
organophosphates during different time points in development and then tested at 5 days post-
fertilization for behavioral, neurodevelopmental and AChE abnormalities. The results of the study
indicate that chlorpyrifos and malathion cause opposing behaviors in the larvae such as swim
speed (hypoactivity vs. hyperactivity) and rest. Additionally, the pesticides affect only certain
behaviors, such as thigmotaxis, during specific time points in development that are unrelated to
changes in AChE activity. Larvae treated with malathion but not chlorpyrifos also had
significantly smaller forebrain and hindbrain regions compared to controls by 5 days post-
fertilization. We conclude that exposure to very low concentrations of organophosphate pesticides
during development cause abnormalities in behavior and brain size.
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1. Introduction

Organophosphates are a class of neurotoxicant pesticides that are widely used on croplands
worldwide. In the United States, 60 million pounds of organophosphates are used on about
60 million acres of land every year (EPA, 2011). Two of the most widely used
organophosphates are chlorpyrifos and malathion (NASS, 2011). At high levels these
pesticides work by inhibiting the activity of acetylcholinesterase (AChE) thereby leading to
an abundance of acetylcholine in the synapses of neurons. This can lead to paralysis, trouble
breathing, and even death (CDC, 2011). These acute effects have been observed in crop
workers that have been exposed to these pesticides without proper protection. Lesser
information is known about the effects of small quantities of these pesticides over longer
durations, especially during development. Some of the developmental effects of
organophosphates include delayed motor and digestive tract development, spinal
deformities, edema, decreases in body weight and brain volume, reproductive dysfunction
and sex dependent abnormalities in responses to social cues (Condette et al., 2015; De Felice
et al., 2015; De Felice et al., 2014; Jin et al., 2015; Mullins et al., 2015; Yu et al., 2013).

Exposure to pesticides can occur through several different routes. These include ingestion by
mouth, dermal contact, or through inhalation of air and dust particles. Organophosphate
pesticides are found on a large number of conventional non-organic fruits, vegetables, and
grains (PAN, 2011). They have also been detected in air and dust samples, including in
homes and day cares (Morgan et al., 2004). The potential exposure during childhood is
concerning because children have more susceptible immune systems and are still physically
developing (PAN, 2011). There have already been documented cases of neurodevelopmental
and neuropsychological disorders such as attention deficit hyperactivity disorder (ADHD),
autism spectrum disorders (ASD), anxiety, and depression in correlation to relatively high
levels of pesticide exposure in children (Bouchard et al., 2010; Chen et al., 2011; Rauh et
al., 2006).

The zebrafish is an excellent model to study the developmental effects of low levels of
pesticides or other toxicants in order to determine behavioral and morphological changes
after exposure (Eddins et al., 2010; Levin et al., 2011; Richendrfer and Creton, 2013;
Richendrfer et al., 2014; Richendrfer et al., 2012b). Zebrafish embryos develop outside of
the mother and can be collected daily in very large numbers and the embryos can be treated
directly in a petri dish with various toxicants, drugs, or pesticides. Since zebrafish larvae are
transparent, they are frequently used for whole specimen imaging. The large number of
transgenic zebrafish available also makes it convenient to visualize gene expression and
protein localization using various fluorescent proteins (Park et al., 2000). Zebrafish embryos
develop rapidly and exhibit swimming behavior, hunting, avoidance, and escape behaviors
within the first week of development (Colwill and Creton, 2011a; Colwill and Creton,
2011b) making them useful for behavioral analysis. A unique behavioral assay has been
created in our lab which is used to assess behavioral changes in zebrafish larvae after
exposure to toxicants (Pelkowski et al., 2011; Richendrfer and Creton, 2013; Richendrfer et
al., 2012a). The assay can detect very subtle differences in behavior such as swim speed,
amount of rest, avoidance behavior and thigmotaxis (Pelkowski et al., 2011; Richendrfer and
Creton, 2013; Richendrfer et al., 2012a).
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In the current study, we exposed zebrafish to low levels of chlorpyrifos and malathion that
are relevant to levels that are found in the human diet (Lu et al., 2008; Lu et al., 2006).
Larvae were exposed during different days of development and then analyzed for behavior
at 5 days post fertilization (dpf), a timepoint chosen because larval activity does not change
at this age with external feeding (Clift et al., 2014). Concurrent time points were used in
order to analyze AChE activity using the Ellman assay (Ellman et al., 1961). Our results
indicate that the pesticides used have opposing effects on behavior and are able to cause
changes in behavior without affecting larval AChE activity. In order to determine
morphological abnormalities in the brain after treatment with pesticides, measurements were
made in larvae at 3, 4, and 5 dpf in the forebrain, midbrain, and hindbrain. Differences in
forebrain and hindbrain size were found after treatment of larvae with malathion but not
chlorpyrifos. The results presented in the current study suggest that organophosphate
pesticides have diverse effects on brain development and behavior, which should be
considered when setting health and food guidelines for pregnant women and children.

2. Materials and Methods

2.1 Animal Care and Housing

Adult wild type zebrafish were obtained from Carolina Biological Supply and have been
housed at Brown University over several generations in multiple 10 and 20 gallon tanks. The
transgenic line Tg(HuC:Kaede) was kindly provided by Dr. Joseph Fetcho in 2011 and has
been maintained at Brown University since this time. For breeding purposes, the zebrafish
were kept in mixed male and female populations under a 14 hour light/10 hour dark cycle.
The fish were fed a combination of Gemma fish food, frozen brine shrimp, and freeze-dried
bloodworms. Embryos were collected from the tanks at the beginning of the light cycle
(“dawn”) and were immediately transferred to deep Petri dishes (Fisher 08-752-117)
containing ‘egg water’ (0.06 g of Instant Ocean and 0.25 mg of methylene blue per liter of
deionized water). The embryos were then treated with various dilutions of chlorpyrifos
(ChemService F2057) and malathion (ChemService F2118), and grown in an incubator at
28.5 °C on a 14 hour light/10 hour dark cycle, and at a density of 60—70 embryos per culture
dish.

2.2 Toxicant Exposure

Larvae were exposed to egg water (EW), dimethyl sulfoxide (DMSO) and three
concentrations of chlorpyrifos (CPF) (from 0.001- 0.1 pM) or to four concentrations of
malathion (from 0.001- 1 uM) during different time points in development for the
behavioral assays. These concentrations were chosen based upon previous results indicating
that concentrations of chlorpyrifos >0.1uM affect larval morphology (Richendrfer et al.,
2012b) and because these concentrations are relevant to the levels found in the human diet
(Lu et al., 2008; Lu et al., 2006). On days larvae were not treated, all groups were housed in
egg water. Behavioral analyses were performed at 5 dpf. Therefore, some experimental
groups were in the pesticide treatment during behavioral testing depending upon the time
point of exposure. The same treatments were given to larvae and then AChE activity was
evaluated using the Ellman assay (Ellman et al., 1961). Both chlorpyrifos and malathion
were dissolved in dimethyl sulfoxide (DMSO) as 1000x stocks that were stored at —20 °C.
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The control groups were housed in egg water containing 0.1% DMSO. To obtain the desired
final concentrations, 50 UL of each 1000x stock was dissolved into 50 ml of egg water in
respective culture dishes. Dead embryos were removed daily from culture dishes and all
solutions were replaced daily until 5 dpf, when behavioral analyses were conducted.

2.3 Behavioral Analysis

The behavioral assays were carried out in 5 lane plates, which were made by placing a
specialized mold into liquid agarose and then letting the mold cool. Five larvae were placed
in each lane in 5 lane plates; the solution that the larvae were housed in was used to fill up
the agarose lanes. The plates were positioned on top of a laptop screen; four plates fit onto
one laptop screen. The assay utilized a PowerPoint presentation shown to the larvae for 30
minutes (Richendrfer and Creton, 2013) (Fig 1). The results of the behavioral assays were
used to analyze thigmotaxis, avoidance behavior, rest, and swim speed.

For the first half of the behavioral assay there were no visual stimuli (Fig 1A), in the second
half a red moving bar was shown to the larvae (Fig 1B) which is a visually aversive stimulus
and causes the larvae to swim away to the “horizontal” bottom half of the lane. Time lapse
imaging was used to capture larval placement within the wells. Images were imported into
Image J and a macro developed in our laboratory was used to analyze X, y coordinates of the
larvae within the lanes (Richendrfer and Creton, 2013). Results were then imported into
Excel to calculate the placement of larvae within the lane, swim speed, and rest. Based on
previous reports in our lab, avoidance behavior can be measured by determining “percent
down” in the lane and thigmotaxis behavior can be measured by determining “percent on the
side, end, and edge” of the lane (Richendrfer et al., 2012a; Richendrfer et al., 2012b). It
should be noted that the aversive red bar stimulus always evokes avoidance behavior in the
larvae which is determined by comparing it to the blank control background (Pelkowski et
al., 2011; Richendrfer et al., 2012a). However, because the treatment groups did not differ
from the DMSO controls avoidance behavior, these results were not included in the current
study. Behavioral assays for each exposure window were run in triplicates of 10 lanes each
time (n = 30) for a total of 150 zebrafish larvae tested per treatment group for each exposure
window. For a detailed methodology for the behavioral assay setup see our previous report
(Richendrfer and Creton, 2013).

2.4 Ellman Assay

A modified Ellman assay (Ellman et al., 1961) was used to detect the activity of AChE in
our larval samples. For the assay, fish were euthanized on ice for 5-10 minutes on the day of
analysis. Ten larvae per treatment group were lysed in 500 pL of PBS with 1% Triton X.
AChE activity was quantified using DTNB and ASChl as substrates using a multi-plate
reader (SpectraMax M5 Microplate Reader) that calculated the changes in absorbance at
405nm over a ten minute period. Triplicates for each treatment group were run on the same
day and was repeated a second time on a different day (n=6). The absorbance level at 5
minutes was used to determine AChE activity levels. The 5 minute time point was chosen
because it was in the linear phase of the assay. Blanks and buffer solution only were used as
negative controls (results not shown). AChE activity levels were compared to larvae treated
only with DMSO.
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2.5 Brain area measurements

Brain area measurements were made using transgenic larvae Tg(HuC:Kaede) treated with
0.1 uM chlorpyrifos, 1 uM malathion, or corresponding DMSO controls from 1-3, 1-4, and
1-5dpf. Images were taken using a Zeiss fluorescence microscope (Carl Zeiss, LLC, United
States) and captured with AxioVision software. Area measurements were made in ImageJ
using the freehand drawing tool on days 3, 4, or 5 which corresponded to the last day of
exposure. Fifteen to twenty brains for each treatment group were analyzed. The forebrain,
midbrain, and hindbrain (not including the spinal cord) were measured for each larva.

2.6 Statistical Analysis

Differences in the effects between duration of treatment, pesticide and concentrations were
analyzed using the general linear multivariate analysis in SPSS 22 with Tukey post-hoc
analysis. Subsequently, differences in behavior before and during the visual stimuli and
between groups were tested for significance for each behavioral variable and pesticide
concentration using a one way ANOVA in SPSS 22 to determine the effects of treatment
during each specific exposure period. If the treatments showed significance (p<0.05),
Tukey’s multiple comparison test was used to determine any significant differences between
treatment groups compared to the DMSO control groups (before visual stimulus and during
visual stimulus). For brain area measurements, independent sample t-tests were used to
determine significance between treatment and DMSO group. ANOVA statistical results are
reported in the results section. The asterisks in the graphs indicate a significant difference
between the pesticide exposures and the DMSO controls from the Tukey posthoc analysis;
*=<(0.05 and **=<0.001.

3. Results

Results of the multivariate general linear analysis indicated significant main effects in the
duration of treatment (p<0.001), pesticide concentration (p<0.001), and type of pesticide
(p<0.001). There were also significant interactions between duration*concentration
(p<0.001), duration*type of pesticide (p<0.001), concentration*type of pesticide (p<0.001),
and duration*type of pesticide*concentration (p<0.001).

There were four behaviors found to be significantly different in fish before using the
aversive visual stimulus. The types of pesticide, concentration and duration of treatment all
significantly affected percent of fish on the sides and edges of the lanes, swim speeds, and
percent of fish at rest. Duration of treatment had a significant effect on percent of fish on
side of lane (p=0.025), swim speed (p<0.001), and percent rest (p<0.001). Pesticide type
(malathion vs. chlorpyrifos), concentration, pesticide*concentration and duration*pesticide
all had significant effects on percent side, edge, rest, and swim speed (all p<0.001). There
was a significant interaction between duration*concentration for swim speed (p<0.001) and
rest (p=0.032). There was also a significant triple interaction between
duration*pesticide*concentration for percent side (p=0.014), edge (p=0.013), swim speed
(p=0.001), and rest (p=0.014).

Similarly, the same four behaviors were significantly different in fish while they were
shown the red bar visual stimulus. Duration of treatment had a significant effect on percent
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of fish on the side of the lane (p=0.008), swim speed and rest (p<0.001). Type of pesticide
created significant differences in percent of fish on side and edge, swim speed, and percent
rest (all p<0.001). Concentration of pesticide promoted significant differences in percent of
fish on the side (p=0.001), edge (p=0.022), swim speed and rest (p<0.001). The interaction
of duration of treatment*pesticide had significant effects on percent of fish on the edge
(p=0.019), swim speed and rest (p<0.001). The interaction of duration of
treatment*concentration had a significant effect on percent rest (p=0.017). The interaction of
type of pesticide*concentration had a significant effect on swim speed and rest (p<0.001).

For the main effects of chlorpyrifos, the duration of treatment, concentration, and interaction
of duration*concentration all showed significance (p<0.001). Percent of fish on the side,
edge, and swim speed and rest were all significantly different (p<0.001) depending on
duration of treatment and concentration of chlorpyrifos before fish were presented with the
visual stimulus. Similarly, when fish were presented with the visual stimulus, percent of fish
on the side (p=0.006), edge (p=0.024), and swim speed and rest (p<0.001) were all
significantly affected by the duration of chlorpyrifos treatment. Fish were also significantly
affected by the concentration of chlorpyrifos during visual stimulus presentation for percent
of the side (p<0.001), edge (p=0.011), and swim speed and rest (p<0.001). More
specifically, the percentage of fish on the side of the lane with no visual stimulus was
significantly different between days 1-3—3-5 (p=0.038) and 1-5—3-5 (p<0.001) and
between days 1-3—3-5 (p=0.016) and 1-5—3-5 (p=0.026) during the visual stimulus. The
percentage of fish on the edge of the lane with no visual stimulus was significantly different
between days 1-3—3-5 (p=0.023) and 1-5—3-5 (p<0.001) and between days 1-5—3-5
(p=0.022) with a visual stimulus. Swim speeds were significantly different between all
treatment periods without and with the visual stimulus (all p<0.001). Percentage of fish at
rest was significantly different between days 1-3—3-5 and 1-5—3-5 (p<0.001) without a
visual stimulus and between days 1-3—1-5 (p=0.044), 1-3—3-5 and 1-5—3-5 (p<0.001)
with the visual stimulus.

The main effects of malathion indicate that there are significant effects of duration of
treatment and concentration of malathion (p<0.001). With or without the visual stimulus
there were significant effects on swim speed and percentage of fish at rest by the duration of
treatment and the concentration of malathion (p<0.001). For fish swim speeds and
percentage of fish at rest with or without the visual stimulus, there were significant
differences between days of treatment 1-3—3-5 and 1-5—3-5 (all p<0.001).

3.1 Chlorpyrifos and Malathion treated larvae show opposite behaviors

Larvae that were treated from 1-3dpf with chlorpyrifos and malathion showed opposite
trends in swim speed and rest behaviors (Fig 2). Larvae treated with 0.1 pM chlorpyrifos
with or without a visual stimulus showed decreased swim speed and increased rest compared
to their respective DMSO control (Fig 2A, B). There was a significant main effect of
treatment on swim speed and rest without visual stimulus F(4,140) = 11.84, p<0.001
F(4,140) = 10.05, p<0.001 and with visual stimulus F(4, 140) = 4.73, p=0.001 F(4,140) =
6.44, p<0.001. Similar results were also found in a previous study from our lab using a 6-
well plate setup instead of lanes (Richendrfer et al., 2012b). There was also a significant
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main effect of concentration of chlorpyrifos on acetylcholinesterase activity. Larvae treated
with 0.1 uM chlorpyrifos had significantly decreased levels of acetylcholinesterase
compared to DMSO controls F(5,30) = 34.7, p<0.001 (Fig 2C). In contrast, larvae treated
with 0.01 and 1uM malathion showed increased swim speeds (without visual stimulus F(4,
145) = 8.33, p<0.001 and with visual stimulus F(4, 145) = 7.86, p<0.001). Additionally
larvae treated with 0.01-1 pM displayed decreased rest compared to DMSO controls
(without visual stimulus F(4, 145) = 10.84, p<0.001 and with visual stimulus F(4, 145) =
10.53, p<0.001) (Fig 2D, E). There were no significant changes in acetylcholinesterase
activity with any concentration of malathion (Fig 2F).

3.2 Longer developmental exposures to chlorpyrifos but not malathion from 1-5dpf
promote behavioral abnormalities linked to anxiety-related behaviors

Zebrafish larvae treated with 0.1 uM chlorpyrifos from 1-5dpf showed a larger array of
abnormal behaviors such as decreased preferences for the edge and side of the lane (Fig 3A,
C) whereas there were no significant differences in these parameters in larvae treated with
malathion (Fig 3B, D). There was a significant main effect of chlorpyrifos on edge (without
a visual stimulus F(4, 145) = 3.67, p = 0.007) and side preference (without a visual stimulus
F(4,145) = 9.27, p<0.001 and with visual stimulus F(4, 145) = 2.92, p = 0.023). Larvae
treated with chlorpyrifos from 1-5dpf had decreased swim speed (without a visual stimulus
(F(4, 145) = 17.06, p<0.001 and with visual stimulus F(4, 145) = 16.57, p<0.001) and
increased rest (without a visual stimulus F(4, 145) = 13.01, p<0.001 and with a visual
stimulus F(4, 145) = 14.15, p<0.001) (Fig 3E, G), but with both 0.01 and 0.1 uM
concentrations. Malathion treated larvae again showed the opposite trend which was
increased swim speed (without visual stimulus F(5, 109) = 4.01, p = 0.002) and decreased
rest with 0.1 and 1 pM (without visual stimulus F(5, 109) = 4.04, p = 0.002 and with a visual
stimulus F(5, 109) = 2.8, p = 0.02) (Fig 3F, H). Acetylcholinesterase activity in larvae
treated with 0.1 uM chlorpyrifos was significantly decreased compared to controls F(5, 30)
= 35.11, p<0.001 (Fig 31). Acetylcholinesterase activity was similar in all groups treated
with malathion (Fig 3J).

3.3 Late developmental exposures (3-5dpf) to chlorpyrifos and malathion affect different
behaviors compared to earlier exposures

Zebrafish larvae treated with 0.01 and 0.1 uM chlorpyrifos from 3-5 dpf show decreased
preferences for the edge and side of the lane without any visual stimuli (F(4, 144) = 5.58,
p<0.001; F(4, 144) = 8.64, p<0.001; F(4, 144) = 6.4, p<0.001) (Fig 4A, C). There were no
significant differences in edge preference in larvae treated with malathion, however, there
was an increased preference for the side of the lane in larvae treated with 0.01 uM malathion
without a visual stimulus (F(4, 145) = 4.85, p = 0.001) (Fig 4B, D). Swim speed was
decreased (without F(4, 144) = 3.69, p = 0.007 and with visual stimuli F(4, 144) =5.16, p =
0.001) and rest was increased (without F(4, 144) = 4.72, p = 0.001 and with visual stimuli
F(4, 144) = 5.34, p <0.001) in larvae treated with 0.1 pM chlorpyrifos (Fig 4E, G). On the
contrary, neither swim speed nor rest was affected with any concentration of malathion (Fig
4, F, H). Acetylcholinesterase activity in larvae treated with 0.1 pM chlorpyrifos was
significantly decreased compared to DMSO controls (F(5, 30) = 48.22, p<0.001) (Fig 4l).
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There were no differences in acetylcholinesterase activity in any groups treated with
malathion (Fig 4J).

3.4 Brain sizes affected in larvae only with malathion treatment

Treatment of larvae with malathion but not chlorpyrifos had a significant effect on brain size
in comparison to DMSO controls. Figure 5A shows the areas of the zebrafish larval brain
that were measured for analysis. These differences emerged by 4dpf in which the forebrain
of malathion but not chlorpyrifos treated larvae were significantly smaller than those of
DMSO treated larvae (Fig 5B, C) t(59)= 3.56, p=0.001. By 5dpf both the forebrain and
hindbrain of malathion but not chlorpyrifos treated larvae were significantly smaller than
controls (Fig 5D, E) t(45)= 3.38, p=0.001 and t(45)= 2.92, p=0.006. To verify that the
smaller brain regions in malathion treated larvae were not an indication of a developmental
delay, the head/trunk angle was measured at days 4 and 5 but no differences were found
(data not shown). Head/trunk angle is a commonly measured parameter in zebrafish that is
used to determine developmental stage (Kimmel et al., 1995).

4. Discussion

4.1 Opposite effects of two different organophosphates

The results from the current experiment indicate that chlorpyrifos and malathion have
opposite effects on swim speed and rest behavior. Additionally, brain size was only affected
with malathion but not chlorpyrifos treatment. While higher concentrations of chlorpyrifos
decreased swim speed and increased rest, malathion treated larvae showed increased swim
speed and decreased rest with multiple concentrations. Swim speed and rest behaviors may
be correlated to AChE activity in larvae treated with chlorpyrifos but not in larvae treated
with malathion. Whereas larval behavior such as edge, end, and side were affected at all
three concentrations of chlorpyrifos depending upon the length of exposure, swim speed and
rest were typically only affected at the highest concentration (0.1 uM) which was the same
concentration in which AChE activity was decreased. On the contrary, larvae treated with
malathion had AChE activity levels that were unchanged at any concentration. In order to
determine the effects of organophosphates on brain size during development, larvae were
exposed to the highest concentrations of malathion and chlorpyrifos. Brains in larvae
exposed to malathion but not chlorpyrifos showed decreased forebrain and hindbrain areas.
It is possible that the opposite trends seen in behavior with the two organophosphates may
also be associated with the brain size differences found in the current study.

Previous studies using zebrafish larvae found that 300nM chlorpyrifos caused an 80%
decrease in AChE activity at 5dpf (Yen et al., 2011) indicating a linear downward trend in
activity for exposures greater than 0.01-0.1 uM at 5dpf. However, AChE activity in larvae
exposed to levels as high as 1 uM chlorpyrifos at 3dpf were unchanged in comparison to
controls (Yang et al., 2011) suggesting a potential age dependent physiological response to
chlorpyrifos. It is probable that the concentrations of malathion used in the present study
were not high enough to cause a change in AChE activity by 5dpf. In a study using carp, it
was found that malathion affected AChE activity in much higher concentrations than
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chlorpyrifos (Chen et al., 2014). It is however intriguing that two types of pesticides with the
same mechanism of action cause contrasting behavioral repertoires and effects on brain size.

4.2 Duration of exposures and critical periods

It was apparent that chlorpyrifos had an effect on zebrafish larval behavior that was
dependent on the concentration and the window of exposure. The trend appeared to be that
longer durations during development and later exposures had more of an impact on
behaviors such as percent of larvae on the edge, end, and side of the lane. Swim speed and
rest were affected regardless of the exposure time or the window of exposure whereas
percentage of larvae on the edge, side, and end of the lane were dependent on exposure
window. The trend with malathion exposure seemed to be that fish treated with earlier
exposures (from 1dpf) showed a wider range of behavioral changes when compared to fish
treated later in development. These results indicate that there may be a “critical period’ for
susceptibility of embryos to lower concentrations of malathion during development.
Moreover, there was a time-dependent effect of malathion on brain size in which longer
treatment periods extending to day 5 had the most impact. There are numerous reports of
critical period windows of time during development in which an embryo, fetus, or neonate is
more susceptible to the effects of organophosphates (Aldridge et al., 2003; Seidler and
Slotkin, 2011).

4.3 Visual aversive stimulus

The high-throughput assay used in our lab can measure behavior with and without a visual
aversive stimulus, allowing us to compare behaviors before and during a stimulus that the
larvae tend to avoid (which is measured by the percentage of larvae “down” in the lane
during the visual stimulus). The results of the current study indicate that behaviors are
affected, irrespective of the visual stimuli. For example, both swim speed and rest are shown
to be affected with or without a visual stimulus with malathion and chlorpyrifos treated
larvae indicating that swim speed and rest with or without a stressor. On the other hand,
behaviors such as larvae preference for the end, edge, and side are not so clear cut. In most
cases, these behaviors were elicited without a visual stimulus but not with a visual stimulus
indicating a general decrease in thigmotaxis regardless of aversive stimuli. A decrease in
thigmotaxis after treatment with chlorpyrifos was previously seen with the 6-well plate
behavioral assay (Richendrfer et al., 2012b).

4.4 Behavioral changes are not necessarily linked to AChE activity levels

The results presented in the current study demonstrate that very low concentrations of
organophosphate pesticide can alter the behavior of zebrafish without affecting AChE
activity. These results point to the idea that there are other neural parameters affected that
influence larval behavioral changes. Organophosphates have been shown to impact synaptic
activity of dopamine and serotonin in rats and mice (Aldridge et al., 2005; Slotkin and
Seidler, 2007; Venerosi et al., 2010). Chlorpyrifos is known to reduce the expression of
serotonin (5HT-1A) receptors in the chick embryo (Slotkin et al., 2008). Malathion and its
effects on other neurotransmitters are less documented. One study indicates that malathion
affects reproduction via serotonergic systems in female rats (Uluitu et al., 1981). It is also
likely that GABAergic and glutamatergic functionality is altered by organophosphates. The
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glutamatergic system in rats was affected by exposure to malathion (Al-Attar, 2010).
Moreover, rats treated with chlorpyrifos had decreased levels of GABA and glutamate in the
brain (Montes et al., 2013). Reports of organophosphates affecting neurotrophic factors are
also a potential for changes in behavior. Postnatal exposure of rats to organophosphates
altered the expression of nerve growth factor (NGF) and brain-derived neurotrophic factor in
the hippocampus and cortex (Betancourt et al., 2007). It is likely that these same systems are
affected in zebrafish larvae treated with malathion or chlorpyrifos which may subsequently
affect behavioral and brain size differences. However, more research will be needed to
determine which non-cholinergic systems are altered in zebrafish larvae to promote
opposing behaviors and which neuronal subsets are most affected in the alteration of brain
size.

4.5 Zebrafish as a model to study neurodevelopmental disorders

The results of the current study indicate that organophosphate pesticides induce a wide range
of neurobehavioral phenotypes. We report that malathion treatment had a significant impact
of larval swim speed and rest. In this case, larvae were hyperactive and also rested less than
control larvae. Hyperactivity in zebrafish can be a measure of attention deficit hyperactivity
disorder (ADHD), a disorder associated with alterations in dopamine and norepinephrine
(Lange et al., 2012; Levin et al., 2011). There are similar reports of a correlation with
ADHD symptoms in human children after developmental exposures to organophosphates
(Bouchard et al., 2010; Furlong et al., 2014; Rauh et al., 2006; Yolton et al., 2014). While
the human studies were correlational, the results from our study point to a direct link
between malathion and hyperactivity as an indication of ADHD. Chlorpyrifos on the other
hand, decreased swim speed, increased rest, and decreased thigmotaxis behaviors
(preference for end, edge, side). The larvae’s change in swim speed and rest are likely a
result of ACh toxicity and AChE inhibition, similar to what was seen in the axolotl and
European seabass (Almeida et al., 2010; Robles-Mendoza et al., 2011). Larval decreased
preference to be on the side, edge, and end of lane occurred even without changes in AChE
activity. These thigmotactic behaviors can be used as indicators of stress and anxiety and
suggest an anxiolytic effect of chlorpyrifos. Similar decreased edge preferences were seen in
a previous study in our lab when larvae were treated with diazepam (Richendrfer et al.,
2012a), a pharmacological agent that enhances the effect of GABA. These results again
reinforce the idea that alterations in both non-cholinergic and cholinergic systems are
impacted by developmental exposure to organophosphates and suggest the use of zebrafish
as an excellent model to study neurodevelopmental disorders.

As a caveat, we cannot exclude the idea that there is a potential for DMSO to be enhancing
the actions of malathion and chlorpyrifos. This potentiating effect was seen with teratogens
dissolved in DMSO in xenopus embryos(Rayburn et al., 1991). Additionally, DMSO was
shown to alter the permeability of fluorescein in zebrafish embryos at a concentration
greater than 0.1% (Kais et al., 2013). DMSO concentrations in the current study were 0.1%
which leads us to believe that while it is possible that DMSO had a potentiating effect on
zebrafish behavior and brain size, more information is needed to determine if there are any
adverse reactions with DMSO and organophosphates mixtures in zebrafish larvae.

Neurotoxicology. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Richendrfer and Creton Page 11

5. Conclusions

Even very low concentrations of organophosphate pesticides that do not affect AChE
activity can significantly impact behavior and brain size during development of the
zebrafish. Moreover, the organophosphates used in this study have contrasting effects on
behavior and brain size. These results should be taken into consideration when setting up
food guidelines especially for young children and pregnant women.
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Figure 1. Behavioral assay PowerPoint presentation
Five lane agarose plates containing five larvae per lane placed on top of a laptop screen

displaying a PowerPoint presentation. Image A shows the blank 15 minute portion of the
PowerPoint presentation while image B shows 15 minute portion of the PowerPoint
presentations with the red aversive bar stimulus.
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Figure 2. Embryonic exposures to chlorpyrifos and malathion from 1-3dpf lead to opposite
behavioral defects

Swim speed of larvae treated with chlorpyrifos (CPF)(A) and malathion (D). Percent rest of
larvae treated with chlorpyrifos (B) and malathion (E). The white bars indicate the time that
larvae had no visual stimulus during the assay and the red bars indicate the time that larvae
were shown the visual aversive stimulus. There were no significant differences in edge or
side measurements for either pesticide. Acetylcholinesterase (AChE) activity levels are
reported for chlorpyrifos and malathion in C and F. Error bars in the graphs represent
+SEM, *=p<0.05, **=p<0.001 in posthoc Tukey analysis. Concentrations are in M.
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Figure 3. Developmental exposure to chlorpyrifos from 1-5dpf affects a broad range of
behaviors that are opposite in larvae treated with malathion

A and B show percent edge for larvae treated with chlorpyrifos and malathion. C and D
show percentage of larvae treated with chlorpyrifos and malathion on the side of the lane. E
and F show the swim speed of the larvae treated with chlorpyrifos and malathion. G and H
show percent of larvae treated with chlorpyrifos and malathion that were at rest. The white
bars indicate the time that larvae had no visual stimulus and the red bars indicate the time
when larvae were shown visual aversive stimulus. Acetylcholinesterase (AChE) activity
levels are reported for chlorpyrifos and malathion in I and J. Error bars in the graphs
represent +SEM, *=p<0.05, **=p<0.001 in posthoc Tukey analysis. Concentrations are in
M.
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Figure 4. Late exposures to chlorpyrifos and malathion from 3-5dpf
Exposures of zebrafish larvae to chlorpyrifos from 3-5dpf invoke similar behaviors to those

larvae treated from 1-5 dpf whereas malathion treated larvae show few changes. A and B
show percent edge for larvae treated with chlorpyrifos and malathion. C and D show
percentage of larvae treated with chlorpyrifos and malathion on the side of the lane. E and F
show the swim speed of the larvae treated with chlorpyrifos and malathion. G and H show
percent of larvae treated with chlorpyrifos and malathion that were at rest. The white bars
indicate the time that larvae had no visual stimulus and the red bars indicate the time when
larvae were shown visual aversive stimulus. Acetylcholinesterase (AChE) activity levels are
reported for chlorpyrifos and malathion in F and H. Error bars in the graphs represent
+SEM, *=p<0.05, **=p<0.001 in posthoc Tukey analysis. Concentrations are in uM.
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Figure 5. Treatment of larvae with malathion but not chlorpyrifos affect forebrain and
hindbrain sizes starting at 4dpf

The regions of the brain that were measured are shown in A. By 4dpf the forebrain of
malathion but not chlorpyrifos treated larvae was significantly smaller than DMSO controls
(B and C). By 5dpf both the forebrain and the hindbrain of larvae treated with malathion but
not chlorpyrifos were significantly smaller than DMSO controls (D and E). Error bars in the
graphs represent +SEM, *=p<0.05 in t-test analysis.
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