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ABSTRACT

Pyrethroids are commonly used insecticides that are considered to pose little risk to human health. However, there is an
increasing concern that children are more susceptible to the adverse effects of pesticides. We used the zebrafish model to
test the hypothesis that developmental exposure to low doses of the pyrethroid deltamethrin results in persistent
alterations in dopaminergic gene expression, neurochemistry, and locomotor activity. Zebrafish embryos were treated with
deltamethrin (0.25–0.50 lg/l), at concentrations below the LOAEL, during the embryonic period [3–72 h postfertilization
(hpf)], after which transferred to fresh water until the larval stage (2-weeks postfertilization). Deltamethrin exposure
resulted in decreased transcript levels of the D1 dopamine (DA) receptor (drd1) and increased levels of tyrosine hydroxylase
at 72 hpf. The reduction in drd1 transcripts persisted to the larval stage and was associated with decreased D2 dopamine
receptor transcripts. Larval fish, exposed developmentally to deltamethrin, had increased levels of homovanillic acid, a DA
metabolite. Since the DA system is involved in locomotor activity, we measured the swim activity of larval fish following a
transition to darkness. Developmental exposure to deltamethrin significantly increased larval swim activity which was
attenuated by concomitant knockdown of the DA transporter. Acute exposure to methylphenidate, a DA transporter
inhibitor, increased swim activity in control larva, while reducing swim activity in larva developmentally exposed to
deltamethrin. Developmental exposure to deltamethrin causes locomotor deficits in larval zebrafish, which is likely
mediated by dopaminergic dysfunction. This highlights the need to understand the persistent effects of low-dose
neurotoxicant exposure during development.
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Pyrethroids are generally considered to be a safer alternative to
other insecticides because they exhibit low mammalian toxicity
and low environmental persistence (Demoute, 1989).
Consequently, their use and popularity is on the rise (Grube
et al., 2011). Human exposure is well documented, with 70% of
urine samples collected from the 1999–2002 National Health

and Nutrition Examination Survey cohort containing detectable
levels of the pyrethroid metabolite 3-phenoxybenzoic acid
(3PBA) (Barr et al., 2010). Because it is widely recognized that
children are potentially more sensitive to the adverse effects of
pesticides (National Research Council (U.S.). Committee on
Pesticides in the Diets of Infants and Children, 1993), a troubling
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statistic highlighted by this survey was the fact that levels of
3PBA were significantly higher in children than adolescents or
adults (Barr et al., 2010). Other surveys reported finding pyreth-
roid metabolites in the urine of pregnant women (Berkowitz
et al., 2003; Qi et al., 2012; Whyatt et al., 2002) and children
(Babina et al., 2012; Bradman et al., 2007; Couture et al., 2009;
Fortin et al., 2008; Heudorf et al., 2004; Morgan et al., 2007;
Richardson et al., 2015) Thus, it is important to understand the
consequences of pyrethroid exposure during development.

An increasing number of studies point to toxicant exposure
during critical developmental periods as having long-term
effects, including contributing to neurological disease in adult-
hood (Fox et al., 2012). Currently, there is limited evidence in
rodents indicating that developmental exposure to pyrethroids
results in persistent changes in neurochemical, behavioral, and
cognitive endpoints, reviewed in Shafer et al. (2005). Increased
locomotor activity was observed in adult mice that had
been exposed to nontoxic doses of deltamethrin (0.7 mg/kg)
between PND10-16 (Eriksson and Fredriksson, 1991). In addition
to increased locomotor activity, behavioral effects such as
increased impulsivity and working memory deficits have
also been observed in 6-week-old male mice that had been
developmentally exposed to deltamethrin at levels below the
no observed adverse effect level (NOAEL) (3 mg/kg) (Richardson
et al., 2015). In rats, gestational exposure to deltamethrin
resulted in decreased locomotor activity at 3 and 6 weeks
(Husain et al., 1992). Similar findings have been reported
using even lower doses (0.08–0.5 mg/kg) of commercial delta-
methrin formulations and persisting to longer timepoints (6–
9 weeks) (Johri et al., 2006), including adulthood (Lazarini et al.,
2001). Together, this data suggest that deltamethrin may be a
developmental neurotoxicant that results in neurobehavioral
deficits.

Because the dopamine (DA) system plays an essential role in
mediating many of the observed behavioral and locomotor
effects, it is possible that disruption of DA neurotransmission
during a phase of developmental plasticity is a mode of action
for pyrethroid-induced locomotor changes. A recent study in
mice demonstrates that hyperactivity resulting from develop-
mental exposure to deltamethrin at doses below the NOAEL
(3 mg/kg) is associated with increased protein levels of the DA
transporter and D1 dopamine receptor, and decreased levels of
extracellular DA. Importantly, deltamethrin-induced hyperac-
tivity was attenuated by treatment with D1 receptor antagonists
and D2 receptor agonists, implicating the role of the DA system
in mediating these effects (Richardson et al., 2015). Acutely, pyr-
ethroid exposure influences the kinetics of DA transmission by
altering DA uptake in synaptosomes prepared from pyrethroid-
treated mice (Bloomquist et al., 2002; Elwan et al., 2006; Karen
et al., 2001; Kirby et al., 1999). Similarly, in vivo microdialysis
analysis of conscious rats demonstrates that both DA reuptake
and release are affected by acute pyrethroid exposure (Hossain
et al., 2006). Pyrethroid-induced changes in DA uptake has been
linked to immediate (Bloomquist et al., 2002; Elwan et al., 2006;
Kirby et al., 1999) and persistent (Gillette and Bloomquist, 2003;
Richardson et al., 2015) changes in DA transporter expression
and DA uptake activity in mice. In addition, pyrethroid exposure
was associated with changes in the concentrations of striatal
DA and its metabolites, 3,4-dihydroxyphenylacetic acid
(DOPAC) and homovanillic acid (HVA) in rat models (Doherty
et al., 1988; Hudson et al., 1986). Thus, if these disturbances occur
during a critical period, such as neurodevelopment, this could
cause disruption of normal development, leading to persistent
changes in function.

The zebrafish has gained popularity as a model organism
due to its small size, high fecundity, optical transparency, and
genetic similarity to humans. In addition, the availability of an
annotated genome and molecular genetic tools allows for the
study of basic vertebrate biology at the molecular level (Driever
et al., 1994). The zebrafish model is also being used for pharma-
cological and toxicological studies due to the high level of
conservation of functional substrate binding domains between
the zebrafish and humans (Renier et al., 2007). Together, these
attributes make the zebrafish a powerful model of human
disease (Dooley and Zon, 2000).

We previously characterized the developmental toxicity
associated with an acute exposure to 6 different pyrethroid pes-
ticides and found that type II pyrethroids were more toxic than
type I pyrethroids, based on LC50 values. In addition, at higher
concentrations, zebrafish embryos presented with tremors and
spasms. Finally, it was determined that the tremors and spasms
were the result of sodium channel activation since sodium
channel blockade ameliorated these effects (DeMicco et al.,
2010). The effects of pyrethroid exposure observed in the zebra-
fish embryo model are consistent with that reported in the
mammalian literature, thus validating this model system. Here,
the vertebrate zebrafish model was utilized to recapitulate the
persistent motor deficits caused by embryonic exposure to the
pyrethroid pesticide deltamethrin, and to test the hypothesis
that dopaminergic dysfunction is responsible for mediating
these effects. Zebrafish embryos were exposed to deltamethrin
at concentrations below the lowest observed adverse effect level
(LOAEL) (0.33–0.50 lg/l). At these concentrations, mortality, dys-
morphogenesis, or acute signs of toxicity (tremors or spasms)
do not occur. The data reveal that developmental exposure [3–
72 h postfertilization (hpf)] to deltamethrin, led to increases in
locomotor activity following a transition into darkness at the
larval stage. Decreased DA receptor transcript levels and
increased HVA levels accompanied these locomotor effects.
Using methylphenidate, a DA transporter inhibitor, and a mor-
pholino (MO) to knockdown DA transporter gene (slc6a3) expres-
sion, we demonstrated that DA dysfunction is a possible
mechanism for the long-term locomotor deficits caused by
developmental deltamethrin exposure.

MATERIALS AND METHODS

Animal handling. The AB strain zebrafish (Zebrafish International
Resource Center, Eugene, Oregon) were used for all experi-
ments. Breeding stocks were bred and housed in Aquatic
Habitats (Apopka, Florida) recirculating systems under a 14:10 h
light:dark cycle. System water was obtained by carbon/sand fil-
tration of municipal tap water and water quality was main-
tained at <0.05 ppm nitrite, <0.2 ppm ammonia, pH between 7.2
and 7.7, and between 26 and 28�C. All experiments were con-
ducted in accordance with the zebrafish husbandry protocol
and embryonic exposure protocol (08-025) approved by the
Rutgers University Animal Care and Facilities Committee.

Chemicals. Deltamethrin [purity 99.5%] (CAS52918-63-5) was
obtained from ChemService (West Chester, Pennsylvania). N,N-
dimethylformamide (DMF) [purity 99.9%] and methylphenidate
HCl (purity> 98%) were obtained from Sigma-Aldrich (St. Louis,
Missouri).

Pesticide exposures. A deltamethrin stock solution (2 mg/ml) was
prepared fresh by dissolving deltamethrin into DMF and
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subsequently diluted with DMF to make working solutions.
1:10,000 dilutions of the working solutions were performed into
aerated egg water (60 lg/ml Instant Ocean in DI water) to obtain
final nominal concentrations of 0.25, 0.33, and 0.50 lg/l delta-
methrin (0.50, 0.65, and 1.0 nM, respectively, 0.01% DMF).
Embryos exposed to 0.01% DMF were vehicle controls.

Fertilized embryos were staged (Kimmel et al., 1995) and
exposure began at 3 hpf (512-cell stage). A total of 30–50
embryos were treated with deltamethrin in a 10 ml static nonre-
newal bath exposure in 60� 15 mm glass Petri dishes. Embryos
were incubated at 25–26�C in darkness and observed daily using
a dissecting microscope for mortality and to ensure that there
were no developmental abnormalities or signs of acute toxicity.
For larval studies, sac fry larvae (72 hpf) were removed from
treatment and reared in treatment free water until the larval
stage [2-weeks postfertilization (wpf)] as per normal rearing
protocol. In brief, all embryos contained in 1 dish were trans-
ferred to a 600-ml glass beaker containing aerated egg water
and maintained in an incubator (25–26�C) under a 14:10 h light:-
dark cycle. A 50% water change was performed every 4th day
using aerated egg water and debris was removed from the bot-
tom. Larvae were fed 2–3�daily with Zeigler Larval AP50
(Aquatic Habitats, Apopka, Florida).

Reverse-transcriptase quantitative PCR. Embryos were exposed to
0.25, 0.33, or 0.50 lg/l deltamethrin and reared as previously
described (Pesticide Exposures section). At 72 hpf or 2 wpf,
embryos were pooled and snap frozen in liquid nitrogen.
(N¼ 4 pooled replicates/concentration, 15 embryos per repli-
cate.) RNA isolation, RT-qPCR, and analysis were performed
as previously described (Hillegass et al. 2007). Primer sequences
are provided in Supplementary Table S1. The entire
experiment, from exposure to analysis, was repeated a mini-
mum of 3 times.

High-performance liquid chromatography – electrochemical detection
(HPLC-ECD). Embryos were exposed to 0, 0.33, or 0.50 lg/l delta-
methrin and reared as previously described (Pesticide
Exposures section). At 2 wpf, larvae were snap-frozen in liquid
nitrogen (N¼ 6 pooled replicates/concentration, 50 embryos per
replicate). An aliquot of 50 ll of cold 0.1 N PCA solution (with
300 lM EDTA and 300 lM sodium metabisulfite) was added to
each sample and homogenized 2�on ice using a motorized pes-
tle. Samples were spun at 16,000� g for 10 min at 4�C and the
supernatant was filtered through a 0.22 lM spin filter (EMD
Millipore, Billerica, Massachusetts). The remaining pellet was
dried and dissolved in 200 ll of 0.5 N NaOH for protein concen-
tration determination using the Modified Lowry Protein Assay
(Thermo Scientific, Waltham, Massachusetts). Filtered superna-
tant was diluted 1:10 in PCA solution and 5 ll was injected onto
a Waters Alliance HPLC equipped with a Waters 2465 ECD
(Waters Corporation, Milford, Massachusetts). DA, DOPAC, and
HVA were separated on a MD-150� 3.2 column (Thermo
Scientific) using isocratic MDTM Mobile Phase (Thermo
Scientific) with NaCl (2 mM) at a flowrate of 0.5 ml/min. The
compounds identified by electrochemical detection were quan-
tified by area under the curve with known standards (Schuh
et al. 2009; Sheleg et al. 2013). The entire experiment, from expo-
sure to analysis, was repeated twice.

Activity monitoring of 2-week-old larvae. The testing apparatus
consisted of 4 infrared (IR) sensitive Ikegami ICD-49 CCD
Cameras with Computar IR manual vari-focal lenses (1/200) and
IR filters mounted to the ceiling directly over 4 light boxes. Each

light box consisted of a semi-transparent platform on which the
plates were placed and transilluminated by an IR-Room IR illu-
minator and/or 3 LED lights directly underneath. The camera,
lens, filters, and IR illuminators were purchased from Noldus
Information Technology (Leesburg, Virginia).

Embryos were exposed to 0.25, 0.33, or 0.50 lg/l deltamethrin
and reared as previously described (Pesticide Exposures sec-
tion). At 2 wpf, larvae were placed into white-walled, clear-bot-
tom 24-well plates containing 1.5 ml of room temperature (25�C)
system water. Each plate contained all experimental conditions
distributed in a random order. Larvae were allowed to acclimate
on the testing apparatus for 1 h in light (400 lux). After 1 h, lights
were turned off to stimulate activity and video was recorded
using the Noldus MPEG Recorder 2.1 (Noldus Information
Technology) for 30 min. Testing occurred between 13:00 and
16:30 h, reducing the time of day parameter (MacPhail et al.
2009).

EthoVision XT 8 (Noldus Information Technology) was used
to track the videos and quantify distance traveled. A differenc-
ing background subtraction method was applied to detect
objects that were darker than the background at a sample rate
of 29.97 samples/s. Larvae that did not move (<100 mm total
distance traveled in 25 min) were excluded from analysis.
Studies were repeated 3 times (from 3 different breeding sets)
and data collapsed such that each larvae was considered an
individual and the distance traveled/time bin was an average of
all individuals for that treatment group.

Morpholino injections. An antisense MO was designed to target the
I2E3 splice junction of slc6a3 (ENSDART00000129303, Zv7) pre-
mRNA, resulting in the deletion of exon 3 in the
mature transcript. The I2E3 splice junction is conserved between
the 2 splice variants of slc6a3; therefore, the MO would target
both splice variants. The slc6a3 MO 50-
CCCACGGCTGATAAAACAACACACAC-30 was 30 fluorescein
tagged and synthesized by GeneTools, LLC (Philomath, Oregon).
qPCR and gel validation of the slc6a3 MO can be found in
Supplementary Figure S1. A standard control MO 50-
CTCTTACCTCAGTTACAATTTATA-30 was used as an injection
control. Embryos were injected with 50 lM of the slc6a3 MO or
control MO as previously described (Hillegass et al. 2007). The total
injection volume was 8 nl. Embryos exhibiting even distribution
of fluorescence 3 h after injections were used. The injected
embryos were treated with 0.33 lg/l deltamethrin or vehicle and
raise to 2 wpf as described above (Pesticide Exposures section). At
2 wpf, activity monitoring was performed as described above
(Activity Monitoring of 2-week-Old Larvae section).

Methylphenidate challenge. Methylphenidate HCl was dissolved
in water to obtain a stock concentration of 1 mg/ml. Embryos
were exposed to 0 or 0.33 lg/l deltamethrin during development
and reared until 2 wpf as described above (Pesticide
Exposures section). The larvae were subjected to activity moni-
toring as described earlier (Activity Monitoring of 2-week-Old
Larvae section) except that 1 h prior to video recording, 1.5 ll
of the methylphenidate stock (or water) was added to the
appropriate wells to obtain a final concentration of 1 mg/l
(3.7 mM). The concentration used and duration of methylpheni-
date exposure was based on parameters described in Lange
et al. (2012).

Statistical analyses. Data were analyzed using SigmaPlot v.11
(Systat Software Inc., San Jose, California). The probability level
for statistical significance was (P� 0.05) for all studies.
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RESULTS
Developmental Deltamethrin Exposure Increases Larval
Swim Activity

Swim activity of 2-week old fish was measured to determine
the effects of developmental deltamethrin exposure on larval
behavioral activity (Fig. 1). The concentrations tested (0, 0.25,
0.33, or 0.50 mg/l) were below the established LOAEL of 1 mg/l for
deltamethrin in zebrafish (DeMicco et al. 2010); as such, mortal-
ity or acute toxicities (i.e. tremors, spasms, or dysmorphogene-
sis) were not observed. There was a significant effect of
developmental deltamethrin exposure on swim activity (dis-
tance traveled) at 2 wpf (F(3,1103)¼ 8.807, P¼ 0.001). Swim activ-
ity across all time bins was significantly increased in larvae that
had been developmentally exposed to 0.33 or 0.50 mg/l delta-
methrin compared with vehicle control. There was no signifi-
cant difference between the activities of larvae developmentally
exposed to 0.25 mg/l deltamethrin or control. There was no sig-
nificant effect of time on swim activity, nor was there a signifi-
cant interaction between time and deltamethrin treatment.
Developmental exposure to 0.33 and 0.50 mg/l deltamethrin
resulted in increased swim activity across all time bins follow-
ing a transition to darkness at the larval stage.

Developmental Deltamethrin Exposure Alters
Dopaminergic Gene Expression

Transcript levels of several dopaminergic genes were measured
at 72 hpf and 2 wpf to characterize the immediate and persistent
effects of deltamethrin exposure on the DA system. At 72 hpf
(Fig. 2A), there was a significant effect of developmental delta-
methrin exposure on drd1 (F(3,13)¼ 8.02, P¼ 0.005) and th1
(F(3,14)¼ 7.83, P¼ 0.004) transcript levels. Developmental expo-
sure to 0.33 and 0.50 mg/l deltamethrin resulted in a significant
1.3- and 1.3-fold decrease in drd1 transcript levels, respectively.
Developmental exposure to 0.25 mg/l deltamethrin significantly
increased th1 transcripts 1.9-fold. Developmental deltamethrin
exposure did not significantly alter slc6a3, drd2a, or drd3 tran-
script levels.

At the larval stage (Fig. 2B), there was a significant effect of
developmental deltamethrin exposure on drd1 (v2(3)¼ 8.75,
P¼ 0.03) and drd2a (F(3,15)¼ 5.51, P¼ 0.01) transcript levels.
Developmental exposure to 0.50 mg/l deltamethrin decreased
drd1 transcript levels by 1.90-fold and drd2a transcript levels by
2.72-fold. The transcript levels of slc6a3, drd3, or th1 at the larval
stage were not significantly changed by developmental delta-
methrin exposure. The immediate effects of developmental del-
tamethrin exposure included decreased drd1 transcript levels
and increased th1 transcript levels (Fig. 2A). drd1 downregula-
tion persisted to the larval stage and was accompanied by a
decrease in drd2a transcripts (Fig. 2B). th1 transcript levels
returned to baseline at the 2-week time point (Fig. 2B).

The Effect of Developmental Deltamethrin Exposure on
Dopaminergic Neurotransmitter Levels

To determine if developmental deltamethrin exposure results
in persistent changes in DA neurochemistry, the levels of DA
and its metabolites, HVA, and DOPAC, were measured at 2 wpf
(Fig. 3A), a time point where deltamethrin induced hyperactivity
was observed (Fig. 1). At the larval stage, there was a significant
effect of deltamethrin exposure on HVA levels (v2(2)¼ 6.25,
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P¼ 0.03). Developmental exposure to 0.33 mg/l deltamethrin
resulted in a 2.14-fold increase in HVA levels. There were no sig-
nificant differences in the levels of DA or DOPAC between delta-
methrin treated and control embryos.

Metabolite/DA ratios were calculated to examine changes in
the rate of DA metabolism (Fig. 3B). There were no significant
differences in DOPAC/DA, HVA/DA, or HVA/DOPAC ratios
between control and deltamethrin treated embryos.

Effect of Methylphenidate Exposure on Swim Activity in
Larvae Developmentally Exposed to Deltamethrin

2-week-old larvae were treated with methylphenidate, an indi-
rect DA receptor agonist (Fig. 4). It was hypothesized that stimu-
lation of the downregulated DA receptors (Fig. 2B) would rescue
deltamethrin induced swim activity (Fig. 1). There was a signifi-
cant effect of developmental deltamethrin exposure
(F(1,1754)¼ 5.83, P¼ 0.02) and methylphenidate exposure
(F(1,1754)¼ 5.59, P¼ 0.02) on larval swim activity. Compared
with vehicle-treated embryos, developmental exposure to
0.33 mg/l deltamethrin resulted in a significant increase in swim
activity across all time bins within the non-methylphenidate-
treated group, similar to the results in Figure 1. There was also a
significant interaction between deltamethrin exposure and

methylphenidate treatment (F(1,1754)¼ 28.33, P¼ 0.001). In larvae
that had been developmentally exposed to vehicle control, sub-
sequent methylphenidate exposure resulted in a significant
increase in swim activity across all time bins. Whereas, in larvae
that had been developmentally exposed to deltamethrin, subse-
quent methylphenidate exposure resulted in a significant
decrease in swim activity across all time bins, to levels
below that of control larvae. No other significant interactions
were detected (deltamethrin� time, methylphenidate� time,
deltamethrin�methylphenidate� time). The effect of methyl-
phenidate on swim activity depended on whether the larvae had
previously been exposed to deltamethrin during development.
Methylphenidate treatment at 2 wpf resulted in a significant
reduction in swim activity in deltamethrin-treated larvae instead
of the expected increase in swim activity observed in vehicle
control larvae.

slc6a3 MO Attenuation of Deltamethrin-Induced Swim
Activity

An antisense MO was used to specifically reduce dopamine
transporter expression (Fig. 5) in an attempt to saturate the DA
receptors and attenuate deltamethrin-induced hyperactivity.
Transient dopamine transporter knockdown during develop-
ment, via the slc6a3 MO (slc6a3-MO) (50 lM), did not result in MO
toxicity (data not shown) or alter larval swim activity
(F(1,1044)¼ 0.45 P¼ 0.50). There was a significant effect of delta-
methrin exposure on swim activity (F(1,1044)¼ 4.07, P¼ 0.04).
Within the control MO (CO-MO) group, treatment with 0.33 mg/l
deltamethrin during development resulted in increased swim
activity across all time bins compared with control animals,
similar to Figure 1. However, within the slc6a3-MO group, there
was no significant difference in activity levels of deltamethrin-
treated and control larvae. slc6a3-MO knockdown returned del-
tamethrin induced increases in swim activity to control levels.
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DISCUSSION

Zebrafish embryos were exposed to concentrations of delta-
methrin that were below the established LOAEL. At these con-
centrations mortality, dysmorphogenesis, or acute toxicity
(tremors or spasms) were not present. However, developmental
exposure to deltamethrin resulted in persistent changes in
larval swim activity, dopaminergic gene expression, and neuro-
chemistry. Our studies indicate that dopaminergic dysfunction
is a likely mode of action for deltamethrin induced increases in
locomotion.

The increases in larval swim activity following developmen-
tal deltamethrin exposure, even after being reared in treatment
free water since 72 hpf, are consistent with findings in rodents.
Daily exposure to nontoxic doses of deltamethrin between
PND10-16 resulted in increased locomotion in adult mice
(Eriksson and Fredriksson 1991). We previously characterized
the developmental toxicity associated with an acute exposure
to 6 different pyrethroids, and determined that the observed
toxicities were consistent with that reported in the mammalian
literature (DeMicco et al., 2010). Together, this demonstrates
that the zebrafish is an appropriate vertebrate model for study-
ing the long-term behavioral effects of neurotoxicant insult dur-
ing development.

Given the role of the DA system in mediating locomotion
and behavior in zebrafish (Levin et al., 2011), the effects of devel-
opmental deltamethrin exposure on the dopaminergic system
was examined at the gene expression level. The expression of
th1 expression was measured to determine if developmental
deltamethrin exposure affected DA metabolism. While a second
tyrosine hydroxylase (th2) has been identified in the zebrafish
based on sequence homology, recent characterization of this
possible homologue indicates that the zebrafish th2 encodes for
a protein with tryptophan hydroxylase activity and not tyrosine
hydroxylase activity and is instead a marker for serotonergic

neurons (Ren et al., 2013). Exposure to the lowest concentration
of deltamethrin resulted in increased th1 expression immedi-
ately after exposure; however, this change was transient and
returned to basal levels by the 2-week time point. Repeated
exposure to deltamethrin has been shown to decrease tyrosine
hydroxylase mRNA and protein expression and hydroxylase
activity in adult male rats (Liu et al., 2006). The difference in the
directionality of th1 expression could be due to inherent differ-
ences between the rat and zebrafish models, as well as, to the
differential responses of developing and adult organisms to tox-
icant exposure. However, both studies indicate the potential for
deltamethrin to modulate tyrosine hydroxylase expression,
thereby altering DA biosynthesis.

This study is the first to report deltamethrin-induced
changes in DA receptor transcript levels. Embryos exposed
developmentally to deltamethrin exhibited a decrease in drd1
transcript levels which persisted to the larval stage. Persistent
effects on drd1 levels were also observed in male mice that had
been exposed to deltamethrin during development. Based on
radiolabeled binding studies, developmental deltamethrin
exposure increased striatal drd1 levels in male mice (Richardson
et al., 2015). Similar to what was observed in tyrosine hydroxy-
lase expression, the difference in the directionality in D1 DA
receptor expression is likely due to differences between the
rodent and zebrafish models. However, both studies demon-
strate that developmental deltamethrin exposure can cause
persistent changes in drd1 levels. Both the dopamine D1 and D2
receptors undergo heterologous and/or homologous desensiti-
zation if subject to prolonged activation (Balmforth et al., 1990;
Barton and Sibley, 1990; Memo et al., 1982). Given that delta-
methrin exposure can potentiate DA release (Bloomquist et al.,
2002; Eells and Dubocovich, 1988; Hossain et al., 2006) or
decrease DA uptake (Elwan et al., 2006), these actions may result
in increased levels of DA in the synapse and promote DA recep-
tor activation. Accordingly, prolonged exposure to DA downre-
gulated DRD1 expression in SK-N-MC neuroblastoma cells
(Sidhu et al., 1999), suggesting that transcriptional regulation
may be a mechanism of DA receptor desensitization. At the
larval stage, drd1 downregulation was accompanied by a
decrease in drd2a transcript levels. Despite the fact that the D1
receptor and D2 autoreceptor have opposing actions on cAMP
signal transduction, they act in a synergistic manner to modu-
late locomotor activity (Robertson, 1992). Altering D1 receptor
signal transduction often results in corresponding changes in
D2 receptor-mediated responses; D1 regulates D2 sensitivity
(Braun et al., 1997; Hasbi et al., 2011; Hu et al., 1992; Walters et al.,
1987). Therefore, it is plausible that a sustained decrease in drd1
transcript could promote a subsequent downregulation of drd2a
at the transcript level. Since Drd1 and Drd2 knockout mice
exhibited altered locomotion (Holmes et al., 2004), our data sug-
gest that reduced D1 and/or D2 receptor levels following devel-
opmental deltamethrin exposure likely influences locomotor
activity.

Developmental exposure to deltamethrin increased levels of
HVA at the larval stage. In male mice, developmental exposure
to levels of deltamethrin below the NOAEL resulted in decreased
levels of extracellular DA in the nucleus accumbens
(Richardson et al., 2015). Similarly, in adult male rats, develop-
mental exposure to nontoxic doses of deltamethrin resulted in
increased levels of striatal DOPAC and DOPAC/DA ratios
(Lazarini et al., 2001). Neonatal permethrin or cypermethrin
exposure resulted in decreased DA and increased HVA levels in
the striatum of male rats 3 weeks after exposure (Nasuti et al.,
2007). In all of these studies, the affected animals had
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indications of increased DA metabolism, which were associated
with locomotor deficits.

In our studies, there were no significant differences in levels
of DA, DOPAC, or the metabolite/DA ratios between control and
deltamethrin-treated embryos at the larval stage. This could be
due to the fact that our data represent neurotransmitter levels
from whole body preparations as opposed to very specific brain
regions, such as the striatum. Therefore, the assay was in all
likelihood not sensitive enough to detect differences over the
background contributions of DA or DOPAC from other brain
regions or from peripheral sources. In addition, since little is
known about DA metabolism in the zebrafish, more research
would be necessary to determine the preferred pathway of DA
metabolism. However, since CSF, plasma, and/or urinary HVA
levels are often used as a biomarker of CNS dopaminergic dys-
function in humans, the increased HVA levels in deltamethrin-
treated fish could be indicative of an altered DA system.

Because developmental deltamethrin exposure results in
decreased transcript levels of drd1, drd2a, and increased swim
activity during the larval stage, we hypothesized that stimulat-
ing the DA receptors would attenuate this behavioral pheno-
type. Methylphenidate, an indirect DA receptor agonist, was
used to increase extracellular levels of DA in the synapse in an
attempt to saturate the DA receptors. Methylphenidate was
chosen because it rescues hyperactive phenotypes in zebrafish
(Lange et al., 2012) and rodents (Richardson et al., 2015;
Sagvolden et al., 2005). This study demonstrates that develop-
mental exposure to deltamethrin modifies the susceptibility of
the dopaminergic system in larval animals. In control animals,
methylphenidate exposure increased activity. At higher doses,
methylphenidate is known to increase locomotor activity in
rodents (McNamara et al., 1993; Solanto, 1998) and zebrafish
(Lange et al., 2012). However, in larvae that had been develop-
mentally exposed to deltamethrin, methylphenidate reduced
swim activity to below the basal level of control animals. This is
consistent with methylphenidate’s effects on locomotion and
behavior in rodents exhibiting altered DA states (Del’Guidice
et al., 2014; Shaywitz et al., 1978; Tilley and Gu, 2008). Taken
together, developmental deltamethrin exposure alters the sen-
sitivity of larval fish to methylphenidate and potentially other
pharmaceuticals that target the dopaminergic system.

Because methylphenidate also functions as a norepinephr-
ine reuptake inhibitor, a splice MO specifically targeting the DA
transporter (slc6a3) pre-mRNA was employed to knockdown
slc6a3 expression. Since MOs are penetrant through 72 hpf
(Nasevicius and Ekker, 2000), slc6a3 knockdown would coincide
exactly within the deltamethrin exposure window. In control
animals, disruption of DA transmission during development by
the slc6a3 MO did not reproduce the effects of developmental
deltamethrin exposure in terms of persistent activity changes.
This could indicate that the effects of deltamethrin are broad
and not limited to DA receptor activation. Because pyrethroids
primarily interact with sodium channels (DeMicco et al., 2010;
Hossain and Richardson, 2011; Soderlund and Bloomquist, 1989,
Soderlund et al., 2002), exposure likely influences multiple com-
ponents of the DA system and other neurotransmitter systems
as well. However, because Slc6a3 KO mice exhibit hyperactivity
(Giros et al., 1996; Jones et al., 1998) and developmental methyl-
phenidate exposure results in persistent behavioral changes in
the zebrafish (Levin et al., 2011), the lack of effect of slc6a3 MO
knockdown is likely due to the fact that the zebrafish embryos
were able to overcome the transitory effects elicited by the con-
centration of slc6a3 MO used. Despite this, in deltamethrin
exposed animals, simultaneous slc6a3 MO knockdown was

sufficient to attenuate deltamethrin-induced increases in swim
activity at the larval stage.

In conclusion, developmental exposure to deltamethrin
resulted in increased swim activity following a transition to
darkness in larval zebrafish. This was associated with changes
in DA neurochemistry and gene expression as evidenced by
increased levels of HVA, and decreased levels of the drd1 and
drd2a transcripts. slc6a3 knockdown during development atte-
nuated deltamethrin induced hyperactivity and methylpheni-
date exposure resulted in a paradoxical reduction of activity in
deltamethrin-treated fish. Together, these data indicate that
dopaminergic dysfunction is a likely mode of action for the per-
sistent hyperactivity observed in the zebrafish exposed devel-
opmentally to deltamethrin. These results highlight the risk of
low-dose neurotoxicant exposure during the critical develop-
mental period on more subtle endpoints such as locomotor
activity and drug response.
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