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Pyrethroid pesticides are generally considered to be a safer altetoaither classes of
insecticidesHowever, there is increasing concern that children are more susceptible to
the adverse effects glesticidesThe hypohesis tested in this thesis is tliposure to
pyrethroid pesticide deltamethyiat concentrations below the LOAEduringthe critical
developmerdl periodwould result in persistent behavioral deficitghich are due, in

part, to changes in dopaminedaserotonin system gene expression and neurochemistry.
Zebrafish embryos were treated with deltameth@ir®? ug/L- 0. 5 € g/ L) durir
embryonic period (F2hpf), and therrearedin treatment free watauntil the larval (2

week) and adulstagesDeltanethrin exposur@uring developmentesulted in increased
locomotor activity, decreaseddrdl and drd2a transcrips, and increased levels of
dopamine (DA) metabolite, homovanillic acat, the larval stageManipulating the DA
system byconcomitantkknockdown of the dopamine transporteDAT) during exposure

rescued deltamethrin induced locomadotivity. Acute methylphenidate (DRinhibitor)



exposure increased locomotor activity in contanvaebut reducel locomotoractivity in
larvae previously exposed tdeltamethrin.These studies indicatdat dopaminergic
dysfunction mediates the behavioral effecisserved in larval zebrafish following
deltamethrin exposum@uring developmenBehavioral characterization of adult zebrafish
revealed asex specificreponsein fish that had been exposed tdtdmethrin during
developmentincludingincreased distance travelled, velocity, bouts of high mobility, and
aggressionin males, and increased swim velocity, thigmotaxis, and altered rates of
habituationin females In adult males, transcript levels skrtg serth and drd2a
positively correlated with themagnitudeof aggression. However, this correlation was lost
in the population of male fish that had been developmentally exposed to deltamethrin.
Fluoxetine expsure attenuatedaggression exhibited by dominant male zebrafish
demonstrating the involvement of the serotonin systemediatingaggressivéehavior

In conclusion, this researdtemonstrates thanvironmental influences duringritical
neuralevdopmenal stages results ipersistenneurobehavioral deficitflso, we add to
zebrafish ethology using the experimental behavioral paradigmedapted forour
laboratory Finally, we provide a mode of action for deltamethrin induced behavioral

deficitswhich canassist in the cumulative risk assessmentisfdlass otompounds.
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Chapter 1 Introduction

1.1 General Introduction

This dissertation examined the effects of developmeriaire to low doses of
the pyrethroid pesticide deltamethrin on larval and azklirafishbehavior. In addition,
the role of the dopamine and serotonin neurotransmission pathways in mediating these
resulting behavioral deficits was also characterized.Chmpter 2, the effects of
developmental exposure to deltamethrin on larval swim activity, dopamine (DA) gene
expression, and DA neurochemistry were investigated. The dopamine system was then
manipulated by dopamine transporter (DAT) knockdown and phatagacal inhibition
to demonstrate that the DA system is involved in producing altered locomotor effects. In
Chapter 3, the long term ssypecific behavioral effects resulting from developmental
exposures to deltamethrin were characterized in adult zdbradiag the open field test
and mirror induced aggression assay. Finally, in Chapter 4, we demonstrate that
dopaminergic and serotonergic dysfunction, through changegene expression,
neurochemistryand pharmacological response, is likely responsittettfe longterm
behavioral deficitsccaused bydevelopmental exposure to deltamethrin. Based on these
studies, it can be concluded that exposure pyrethroid pesticide deltamethrin
concentrations below the LOAEIlduring critical neurodevelopmental persodauses
permanent longerm behavioral consequencdsis work further confirms the unique
sensitivity of developing organisms to the adverse effects of pesticides and demonstrates
that deltamethrin is a potential developmental neurotoxi&stablishingdopaminergic

and serotonergic dysfunction as a possible mode of action underlying the behavioral



deficits caused by developmental deltamethrin exposure could contribute to the ongoing

EPA reregistration review process for pyrethroid pesticides.

1.2 Devdopmental Origins of Health and Disease

The Developmental Origins of Health and Disease (DOHaD) hypothesis states
that a multitude of adult disorders are predisposed by stress occurring during the prenatal
and developmental stages. This hypothesis sugglesatsperturbation during critical
windows of development results @mduring changes in organ structure and physiology.
DOHaD is the current iteration of the orig
geographical epidemiological studies that foungbaitive correlation between low birth
weight and coronary heart disease, indicated by mortality from cardiovascular disease,
elevated systolic blood pressufBarker et al. 1989 0smond et al. 1993 increased
serum cholesterdBarker et al. 1993 and incidence ofidbetes mellitugBarker et al.
1993 Hales et al. 1991 It is thought that the ensuing hormonal, metabdicuctural,
and physiological changes that take place to overcome this nutritional deficit and
deprived fetal environment results in increased risk for disease later in(Bigeker
1990. The fABar k ehas sincg pxpantied snio she DOHaD paradigm, as
mounting evidence suggests that an adverse intrauterine milieu has lasting impacts on not
only adult cardiovascutaand metabolic disorders, but encompasses wcioshic non
communicable diseasesind disordersincluding neurological, reprodugg, and
inflammatory disorders.

Because brain development is a highly dynamic and plastic process itselfis

reliant on adatation to internal and external cuéde Kloet et al. 2005 it is not



surprising that any additional or inappropriate stressors would have permanent and long
lasting effects on brain function and behavi8wanson and Wadhwa 2Q08an den

Bergh 2011 Wadhwa et al. 20Q09As such, theresiincreasing teention being paid to the
persistingneurological and behavioral effects of low dose neurotoxicant exposure during
development(Fox et al. 2012Grandjean and Landrigan 2008n 1993, the National
Academy of Sciences report released by the National Research Council documented that
children are uniquely susceptible to pesticiddsational Research Council (U.S.).
Committee on Pesticides in the Diets of Infants and Children.) E8f@Bushered in a new

era of risk assessment focused on protecting the health of infants and dfhi&dréngan

200)). In response, the Food Quality Protection Act (FQPA) was passed in 1996 and
incorporated into law stricter safety standards, specifically with alpeansiderations for

infants and children. In addition, it required the US Environmental Protection Agency
(USEPA) to reevaluate the toxicity and tolerance levels of all pesticides. One of the most
tangible outcomes of FQPA implementation was the USERAdated phase out of 2
organophosphate pesticides for residential(UWS&EPA 200020017). This was spurred by

in vivoand epidemiological studies establishing a correlation between developmental low
dose organophosphate pesticide exposure and affected neurodevelopment in rodent
models and children, reviewed (Bskenazi et al. 1999As a result of this phase out, the
pyrethroid class of pesticides has largely been used as a replacement for residential pest
control. Followirg FQPA requirements, in 2010, the USEPA began the registration
review of all pyrethroid pesticides registered after November 19&EPA 2013 To

date, the process is still ongoing with initial decisions expected in 2015.



1.3 Pyrethroid Pesticides
1.3.1 Pyrethroid structure and toxicity

Pyrethroids are synthetic derivatives of théural compound pyrethrirs that are
designed to have increased insecticidal activiiipotostability, and environmental
persistencgSoderlund et al. 2002 The three basic structural components common to
most pyrethroids include a 1) chrysanthemic acid or chrysanthemic acid derivative linked
to an 2) aromatic alcohol moiety by a 3) central ester bond. Notable structural
enhancements include the use of a phghberzyl alcohol and/or halogenated moieties
which greatly contribute to chemical stability and the addition af-agano group which
significantly enhanced insecticidal activiilliott 1971). In addition, most pyrethroids
also contain 2 or 3 chiral centers and can exist as mixtures of as many as 8 stereoisomers.
Electrophysiological studiesemonstrated that only certain stereoisomers are biologically
active suggesting tat the overall thredimensional shape of pyrethroids determines
toxicity, reviewed inKaneko 2010Soderund et al. 200R

Classically, pyrethroids are divided into two subclasses, type | and type Il, based
on chemical structural (absence or presence oftbgano group on the alcohol moiety
respectively) and characteristic symptoms of acute poisoniggpt®ms of type |
pyrethroid poi sonsywmdr omer medbeghas fAWith
hyperexcitation, and progresses from fine tremors to whole body tremors while prostrate.
Acute poisoning with type Il pyrethroidsicit symptomsc | as s i fSseydh da £ mié G
andconsists of abnormal locomotion followed by choreoathetosis and saliyBtones
and Verschoyle 1974/erschoyle and Barnes 19A2erschoyle and Aldridge 1980The

primary mode of action of all pyrethroids in vertebsatind invertebrates nsodification



of voltage sensitive sodiuchannels (VSSCs). While pyrethroids can slow the activation
gate of the action potential, they greatly delay the rate of sodium current inactivation.
Prolonging the open time of VSSCs increases the permeability of the neuronal membrane
to sodium ions, ciading a more positive membrane potential, and rendering the neuron
hyperexcitable(Narahashi 19861992 Soderlund and Bloomquist 1989The distinct
structureactivity relationships associated with type | and type Il pyrethroid exposure is
likely due to kinetic differences in VSSC modification; tyfpepyrethroids hold open
VSSCs approximately 10x longer than type | pyrethroids. As a result, type | pyrethroids
open VSSCs long enough to cause repetitive neuronal discharge, whereas type Il
pyrethroids prolags VSSC inactivation for so long that it cagsepersistent
depolarization to the point of conduction fail(teund and Narahashi 1981982 Ray
2001).
1.3.2 Pyrethroid usage and human exposure

Pyrethroid pesticides are generally considered to be a safer alternative to many
insecticides, because they are rapidly metabolized in mammals and are eastaphoto
biodegraded in the environmei@emoute 198p Consequently, pyrethroids are used in a
wide range of pest control applications including in @gtural and residential settings,
treatment for infestations of human and animal hosts, and proactively applied to textiles
and used in spray programs to control vector borne disédpeslock and Lee 2003
Multiple sources idicate that their usis on the ris§Grube 2011 Power and Sudakin
2007 especially in the resideati setting where previously popular organophosphate
insecticides chlorpyrifos and diazanon have been phasedBeutrian et al. 2006

Trunnelle et al. 204 Human exposure is well documen{@&#cker et al. 2006Heudorf



and Angerer 20Q1Heudorf et al. 2004 Consumption of pyrethroid residues in food has
been determined to be the primary route of expofluneet al. 2010 Schettgen et al.
2002 and exposure from contact with a treated environment is another significant
contributing sourcéBradman et al. 20QTu et al. 2006 Morgan et al. 20017

In the US, 70% of urine sgites collected from the 1998002 NHANES cohort
had detectable levels (0.292 ng/ml0.318 ng/ml) of the pyrethroid metabolite, 3
phenoxybenoic acid (3PBABarr et & 2010. A troubling statistic highlighted by this
survey was that 3PBA levels were significantly higher in samples from childrgfh (6
year old) than from adolescents or adults. Other epidemiological studies have also
reported finding pyrethroid metalites in the urine of pregnant womé@aerkowitz et al.
2003 Qi et al. 2012Whyatt et al. 200Ras well as in children and adolesceiigabina et
al. 2012 Becker et al2006 Bradman et al. 20QCouture et al. 20Q%ortin et al. 2008
Heudorf et al. 2004Morgan et al. 20G7Morgan 2012 Given that children are more
susceptible to the toxic effects of pegtes, the extent of pyrethroid exposure is children
iS concerning.
1.3.3 Sensitivity of developing organisms to pyrethroids

Several lines of study indicate that developing organisrag bemore sensitive
to the adverse effects of pyrethroids. Bwottvitro andin vivo studies have pointed to age
related toxicokinetic differences as reasons for heightened sensitivity. For instance,
studies using rats found that neonates are 16x more sensitive to acute lethal doses of
deltamethrin (Sheets et al. 1994Sheets 2000 and 6x and 17x more sensitive to
permethrin and cypermethrin, respectiv@Bantalamessa 1993Since pretreatment with

tri-o-tolyl phosphate, an esterase inhibitor, did not potentiate the lethality of permethrin



or cypermethrin in neonatal rats, but did increase pyrethroid induced lethality in adult rats
(Cantalamessa 1993t was concluded that the increased toxicity is most likely the result

of overwhelming immature detoxification mechanisms. This conclusion is further
substantiated by work donm vitro. Adult liver microsomes display an increased
capacity for deltamethrin metabolism than that of neonatal liver microsomes, which
correlatedin vivo with lower blood deltamethrin levels and decreased acute toxicities in
adults(Anand et al. 2006 Sheets et al. 1994 also determined that brain concentrations of
deltamethrin were higher in younger pups than adults. Even though pups were
administered a dose that wadold lower than that given to adults, the deltamethrin
concentration in the brains of pups and adults were comparable, suggesting that both pup
and adults received equivalent toxic doses despite differences in administered dose. This
notion is supportedn silico as PBPK modeling of brain dosimetry of deltamethrin
predicted that juvenile rats are likely to haveoRl more deltamethrim the brain than in

adult ratUSEPA 2010).

In addition, toxicodynamic differences between juveniles and adults are thought
to beanother contributing factor to the increased sensitivity of developing organisms to
pyrethroid toxicity. Meacham et al. 2008 report that developmentally expressed sodium
channel variants are more susceptible to modification by pyrethroids than sodiurelchan
variants expressed during adultho@deacham et al. 2008 Taken together, with the
increased use of pyrethroids and increased susceptibility of juvenilgsréthroid
toxicity, understanding the consequences of pyrethroid exposure during development is

an important human health question.



1.3.4 Low dose pyrethroid exposure and behavioral effects

Given the increased susceptibility of neonates to pestjoti@sacterization the
long lasting effects of pesticide exposure during critical neurodevelopmental periods
would be instrumental for cumulative risk assessment purposes. Currently, there are
several reports in rodents that suggest that developmentawerpo pyrethroids results
in persistent changes in neurochemical, behavioral, and cognitive endpoints and is
reviewed extensively byShafer et al. 2005 The® studies exposed developing rodents
to low, nonlethal and nostoxic doses of pyrethroids and monitored the behavioral
consequences at later time points.

The work examining the lonrgerm consequences of developmental pyrethroid
exposurehas been investiged primarily using deltamethrin, a type Il pyrethroid, which
is considered one of the most potent and toxic registered pyrethroids (Pham, 1984).
Several studies observed consistent increases in spontaneous locomotor activity and lack
of habituation out t& months postnatal in mice exposed developmentally (PNIB) @
0.7 mg/kg deltamethrifAhlbom et al. 1994Eriksson and Fredriksson 199Malts et al.
1998 In rat models, gestational exposure (GEE to 0.51 mg/kg(Johri et al. 200pand
7 mg/kg(Husain et al. 1992deltamethrin resulted in decreased locomotor activity at 3
and 6 weeks postnatal. However, exposure a&r lpbstnatal timepoints (PND2Z&Y)
resulted in increased locomotor activity at these timepofhitssain et al. 1994
Similarly, exposure to deltamethrin (0.07gfkg) at earlier postnatal days (PNDP
resulted in reduced locomotion at approximately 13 weeks postnatal. But exposure at
later developmental timepoints (PN3) resulted in increased locomotion and lack of

habituation at 3 weeks and decreased locanotat 12 weekgPatro et al. 2009



Together, these studies demonstrate the importance of the time of exposure, as effects
seem to depend on the neurodevelopmeedaod when exposure occurred. In addition
to changes in spontaneous locomotion, learning deficits were also present in adult rats at
6 and 12 weeks following prenatal exposure (GR0%to 1 mg/kg deltamethrifAziz et
al. 200). Differences in forced swim behavior and changes in spontaneous locomotion
immediately following the swim test were also reported in adult male rats following
prenatal (GD€L5) low dose déamethrin exposure (0.08mg/k@)azarini et al. 2001

In studies utilizing other type Il pyrethroidacluding cyhalothrifGomes Mda et
al. 1991 Moniz et al. 1999 and fenvalerat¢Husain et al. 1992Moniz et al. 1999
changes in spontaneous locomotor activitgrevnot observed after developmental
exposures in rats. In a more recent study examining the effecepoétal cypermethrin
exposure, Nasuti et al. also did not observe changes in locomotor activity at PND21,
similar to that reported inHusain et al. 1992 Howe\er, increased spontaneous
locomotion and rearing frequencies appeared by PNDaSuti et al. 2007 suggesting
that time of assay is another important factor ewhassessing developmental
neurotoxicity. In terms of other behavioral endpoints, developmental cyhalothrin
exposure was associated with decreased motivational resfiomises Mda et al. 1991
and disrupted inhibitory avoidance tagkéoniz et al. 1990 Fenvalerate exposure was
associated with decreased grip strer{gthsain et al. 1992

Allethrin and permethrin are the only type | pyrethroids to be studied under this
paradigm thus far. Similar to the findings with deltamiethincreased spontaneous
locomotor activity and lack of habituation was also observed in mice dosed

developmentally (PND1Q6) to 0.7 mg/kg bioallethriiAhlbom etal. 1994 Eriksson
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and Fredriksson 199Talts et al. 1998 The only other study using an allethrin consisted

of exposing PND 1.6 mice to éallethrin via an inhalation exposure. However, changes

in locomotor activity or water maze behavior were not obse(Vedji et al. 2002 and

can likely be attributetb differences in the routes of exposure. In the case of permethrin,
Nasuti et al. 2007 found that the effects of neonatal exposure ttoxicndoses of
permethrin was similar to that of cypermethrin; changes in locomoter activity appeared at

PND35, butwas not present when assayed earlier (PNDRa3uti et al. 2007

In humans, data associating pyrethroid exposure and neurobehavioral deficits are
just beginniig to emerge. To date only 2 epidemiological studies address this premise and
are very preliminary. In the first study, prenatal exposure to piperonyl butoxide, a
commonly used pyrethroid synergist and indicator of pyrethroid use, correlated with
lower scoes on the mental development index of the Bayley Scales of Infant
Development (BSIBI) at 36 months, suggestive of decreased cognitive development
(Horton et al.2011). However, permethrin was the only pyrethroid measured and a
correlation between plasma permethrin levels anan86th BSIDIl scores was not
found. The second study found a correlation between urinay@EA levels, a specific
metabolite of perntarin, cypermethrin and cyfluthrin, and parent reported behavioral
problems(Oulhote and Bouchard 20L3mong other things, both studies suffer from the
fact that pyrethroids are rapidly metabolized in the body and therefore single spot
sampling may not accurately reflect the extent of exposure. However, recognizing the
limitations of these studies, they provide preliminary evidence that adverse behavioral

outcanes from developmental pyrethroid exposure may exist in human populations.
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Clearly, a multitude of experimental factors including time of exposure, time of
assay, animal model, and route of exposure, play an important role in the manifestation of
behavior&toxicity. In addition, other factors such as the use of commercial formulations
(Aziz et al. 2001 Husain et al1992 1994, where the presence of synergists may affect
the toxicokineticsof deltamethrin could alter exposure. Since these formulations are
proprietary, it isalso possible that unknown ingredisnare directly responsible for the
effects seenDespite the inconsistencies with experimental design and the variability of
the results, taken together these studies still demonstrate the potential for behavioral
modification by developmental pyrethroekposure. However, to date, there are no
studies definitively linking pyrethroid induced molecular events (ie. VSSC modification,
receptor activation, neurotransmitter release) to the observed physiological and
behavioral endpoints. The paucity of data aamning the modes of action underlying
pyrethroid toxicity to the developing nervous system requires additional studies to fill
these mechanistic gaps. A better understanding of the mode of action concerning the
developing nervous system would be valuableonducting cumulative risk assessment

for the reregistration of pyrethroid pesticides.

1.4 Dopaminergic System
1.4.1 Overview

The mechanisms of pyrethroid induced behavioral and cognitive deficits are
unknown. Because the blood plasma Higdf of most pyrethroids extends for only
several hours, it is unlikely that pyrethroids remain in the system at these later life stages
to modify the sodium channe{Kaneko 201D However, given that the dopami(2A)

system plays an essential role in mediating many of the previously described behavioral
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lesions, especially locomotor activity, it is hypothesized that disruption of dopamine
biochemistry during development could have permanent neurological effects.

Anatomically, mammalian CNS dopaminergic neurons are primarily localized to
the mesencephalon, with smaller populations found in the diencephalon and the olfactory
bulb. The mesencephalic dopamine circuitry is further categorized into four anatomically
and functionally distinct output pathways which include the nigrostriatal, mesolimbic,
mesocortical, and tuberoinfundibular systems, reviewedBjjorklund and Dunnett
2007). Nigrostriatal neurons project from the pars compacta of the substantia nigra to the
dorsal striatum (caudafmutamen) and this system is largely responsible for voluntary
motor control. Both mesolimibic and mesocortiogurons originate from the ventral
tegmental area (VTA) and extend to limbic areas and the prefrontal cortex of the brain,
respectively. Limbic structures innervated by mesolimbic dopamine projections such as
the nucleus accumbens, septal nuclei, amygaald olfactory tubercle mediate emotion
driven behaviors such as motivation and reward. Mesocortical DA input to the prefrontal
cortex maintains working memory and is essential for higher cogniBeamans and
Yang 2003.

DA synthesis in the CNS begins with the hydroxylation of tyrosine to
dihydroxyphenylalanine ADOPA) via tyrosine hydroxylase, the rate limiting enzyme in
catecholamine synthesis. Subseglyenthe decarboxylation of {DOPA to DA is
catalyzed by the enzyme aromati@imino acid decarboxylase (AAAD). After synthesis,
the majority of DA is transported into synaptic vesicles by vesicular monoamine
transporter (VMAT) and stored until its releaskletabolism of DA contributes

significantly to the termination of DA neurotransmission and occurs in a multistep
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process to yield the final deaminated anen@thylated major metabolite homovanillic
acid (HVA). The primary enzymes responsible for DA metasbal monoamine oxidase
(MAO) and catecheD-methyltransferase (COMT), can act on DA and its intermediary
metabolites in variable order, but it would appear that the initial deamination of DA and
formation of 3,4Dihydroxyphenylacetic acid (DOPAC) is thesperred route.

Dopamine signaling is initiated at the axon terminal as well as dendritic cell
bodies (Ludwig and Pittman 20Q3by C&* dependent release of DA from synaptic
vesicles into the extracellular space. Upon release, DA binds to and activates both pre
and postsynapticDA receptors, which belong to the seven transmembrane domain G
protein coupled receptor family that modulates adenylyl cyclase activity. DA receptors
are divided into 2 subtypes, the D1 or-Blass receptors, according to sequence,
pharmacological, and dchemical characteristics. The I8lass DA receptors (D1 and
D5) are exclusively localized on postsynaptic neurons and associate with stimulatory
G Wor G proteins that activate cAMP signal transduction-d&s DA receptors (D2,
D3,and D4) are known®@s soci at e wiytGhproteimstand nactivate gAMFG U
signal transduction. The D2 and D3 DA receptors are unique in that expression is found
pre- and postsynapticneurons. Praynaptic DRD2 and DRD3 function as autoreceptors
that provide negaty feedback signals to temper DA neurotransmitter signal
transduction. Detailed reviews characterizing the various dopamine receptors can be
found(Beaulieu and Gaetdinov 2011 Missale et al. 1998
1.42 Behavioral disorders associated with dopamine system dysfunction

Due to the fact that the DA system extensively activates the motor circuit and is

involvedi n pat hol ogies of kinetic disorders

S

u
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studied behavioral endpoints when examining the dopamine system is locomotor activity
(Beninger 1983 Herlenius and Lagercrantz 20Q01Neurotoxicants that selectively
destroy dopamine neurons, such asy@roxydopamine ®HDA) (Beninger 198B8and
1-methyt4-phenytl,2,3,6tetratydropyridine(MPTP), producéocomotordeficits (Ferro

et al. 200%. In addition, genetic and pharmacological manipulation of the DA system
also produces such etts; a brief summary of the effects in animal models can be found
in (Tablel.1).

There is ongoing interest in determining the effects of illicit drug use during
pregnancy, especially concerning the use of cocaine and amphetamine, which target the
DA sygem. Thus far, the results are far from conclusive; however, minor associations
between prenatal drug exposure and mild motor, cognitive, and behavioral impairments
have been found in childrgiBuckinghamHowes et al. 2033 .ambert and Bauer 2012
Thompson et al. 2009Animal models have for th@ost part supported this association
between prenatal cocaine exposure and behavioral impairrf@née and Covington
2009 Harvey 2004 Middaugh 198% In addition, multiple studies in the rabbit model
have also demonstrated that prenatal cocaine exposure has long lasting effects on the DA
system including, i uncoupling of the D1 receptor from itspBotein (Friedman et al.

1996 Jones et al. 1998Vang et al. 1995 reduction of dopamine releaf&/ang et al.
1995 and an altered anatomy of dopamitah regiongStanwood et al. 2001

Given the rise in the use of pharmaceutical psychostimulants, evidence is also
beginning to emerge concerning their effects on neurodeveldprirerrat models,
exposure tchigh doses of methylphenidate, a DAT inhibitdyring developmenthas

been linked to persistent behavioral and neurochemical changes in adults, reviewed in
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(Marco et al. 2011 For instance, adults exhibited differences in anxi&g behaviors
(Bolanos et al. 20Q3Carlezon et al. 2003McFadyenLeussis et al. 2004 altered
sensitivity to aversive effects of dopaminergic drggedersen et al. 20QZarlezon et
al. 2003, decreased impulsivitgAdriani et al. 200y and decreased locomotor activity
(Bolanos et al. 20Q3Ruocco et al. 2070 In addition, developmental methylphenidate
exposure was associated with long term decreases in DA and its metabolites in various
brain regiongRuocco et al. 20)0produces long lasting decreases in striatal DAT in rats
(Moll et al. 200), and changes basal firing activity of DA neur¢gBsandon et al. 2003

The studies cited above the leteym behavioral consequences of early DA
system perturbation. Given this association, it is possible that other neurotoxicants that
modify the DA system during development could give rise to similar behavioral
outcomes.
1.4 3 Effects of pyrethroids on DA system

Pyrethroid exposure alters the kinetics of DA transmission by altering DA uptake
(Elwan et al. 200pKaren et al. 2001Kirby et al. 1999, promoting DA releaséEells
and Dubocovich 1988or both (Bloomquist et al. 2002Hossain et al. 2006 Because
DA re-uptake and clearance from the synapse is mediated by the dopamine transporter
(DAT), several studies also measured levels of DAT following pyrethroid exposure.
Based on the findings, the differences iA Dptake could be due to the dysregulation of
DAT expression(Elwan et al. 2006Kirby et al. 1999 Pittman et al. 2003and that
altered DAT expression may persist over tirfillette and Bloomquist 2003 In
addition to altered dopamine transmission kinetics, studies in the striatum have shown

that pyrethroid exposure changed the concentrations of DA and its metabolies 3,4
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Dihydroxyphenylacetic acid (DOPAC) and Homovanillic acid (HVA). Treatment with
toxic but subtthal levels of cypermethrin, fenvalerate, and permethrin increased levels of
striatal DOPAC(Doherty et al. 1988Hudson et al. 1986 Similarly, adult animals dosed
with nontoxic doses of deltamethrin show decreased levels of DA in the striatum, while
levels of DOPAC and HVA were increased, suggesting that there is increased DA
turnover. In addition to incread DA metabolism, the decreased levels of DA may also
be attributed to decreased DA biosynthesis as levels of tyrosine hyroxylase mRNA,
protein and activity were also found to be decreased in deltamethrin treated ghimals
and Shi 200p This finding was recapitulated vitro using PC12 cellgLiu et al. 2008.

To date ony a handful of studies establish a correlation between permanent
behavioral changes and changes in dopamine neurochemistry following developmental
pyrethroid exposure. For instance, rats exposed prenatally to nontoxic doses of
deltamethrin(0.08 mg/kg) érmulationexhibited behavioral deficits that appeared during
adulthood, including altered swim behavior, decreased locomotion and increased
immobility. These animals were also found to have increased levels of striatal DOPAC
and an increased DOPAC/DA matiThese phenomena were only observed in male rats
(Lazarini et al. 2001 In another study utilizing only male rats, neonatal exposure to
permethrin or cypergthrin resulted in increased locomotor activity, rearing and
anxiolytic behavior almost 3 weeks after exposure, but not at an earlier time point. This
was complemented by decreased striatal DA levels and increased HVA levels, indicating
increased DA turnar (Nasuti et al. 2007 Together, these studies demonstrate the

potential for pyrethroid pesticides to modify the dopaminergic system. If DA system
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modificationby pyrethroids occurs during the plastic and dynamic developmental period,
this could give rise to long term behavioral consequences.

1.5 Serotonin system

1.5.1 Overview

Currently, an association between long term behavioral deficits and changes in 5
HT neurotransmission following developmental pyrethroid exposure has not been
investigated. However, acute exposure to pyrethroid pesticides has been associated with
rapid onset behaviors such as anxigg Souza Spinosa et al. 199%9eng et al. 2011
Ricci et al. 2013 Righi and PalermdNeto 2003 and aggressiofHossain et al. 2013
McDaniel and Moser 1993Vleng et al. 201)1 Since the serotonin system is thought to
play a role in anxietyike behaviorqdHandley and McBlane 19%&nd aggressiofLesch
and Merschdorf 20Q0esch et al. 202,20livier andvan Oorschot 2005t is plausible
that perturbation of the-BHT system by pyrethroids during development can contribute to
these phenotypes.

In mammals, CNS 5T neurons are relatively confined in the brain, with cell
body clusters (raphe nuclei) prinig located in upper brain stem region. HoweveHb
projections reach almost every portion of the brain. Generally speaking, two major
groups of raphe nuclei exist and both contain a number of different raphe populations.
Neurons in the rostral raph@chlized to the mesencephalon and rostral pons, primarily
send projections rostrally to the limbic and sensory areas of the forebrain. Neurons in the
caudal raphe, located in the medulla oblongata and caudal pons, sends projection
backwards into the caudhtainstem and spinal cord and are positioned to contribute to

motor and sympathetic activity, reviewgdornung 200R
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Synthesis of 84T, similar to the synthesis afatecholamines, begins with the
hydroxylation of an amino acid precursor. In this cas&yptophan is converted into 5
hydroxytryoptophan via tryptophan hydroxylase. Subsequent action by AAAD, also
involved in catecholamine biosynthesis, catalyzes thearbexylation of 5
hydroxytrptophan to #1T. 5-HT is also stored in synaptic vesicles until its release and
transport is also mediated by VMAT. The reuptake and degradatiohl®fi$ critical for
terminating signal transduction and modulating serotonéogie. The serotonin reuptake
transporter (SERT) a 12 transmembrane /A dependent transporter is responsible for
the reuptake of serotonin from the synap£eHT is also chiefly metabolized by MAO
and ALDH to form the primary metaboliteHydroxy-3-indolacetic acid (HIAA).

Similar to catecholamine signal transductiord signaling is initiated at the
axon terminus by Ca dependent release ofHsT from synaptic vesicles into the
extracellular space.-BT binds to and activates both prand postsynaptic 5HT
receptors, which, all except for one, belong to the seven transmembrane domain G
protein coupled receptor family that modulates adenylyl cyclase activityl. Eeceptors
are divided into 7 families, and within these families a number of subtist based on
structural, biochemical, and pharmacological criteria. Currently, at least 14 distinct
murine 5HT receptors exist and detailed reviews characterizing the centfll 5
receptors can be foun@arnes and Sharp 1998lannon and Hoyer 2008oyer et al.
2002.

1.5.2 Behavioral disorders associatedith serotonin system dysfunction
The serotonin system plays an important role in modulating behaviors such as

anxiety and aggression, reviewed(tendricks etal. 2003 Lesch and Merschdorf 2000
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Quadros et al. 20)0In humans, selective serotonin reuptake inhibitors (SSRIs) and
various 5HT receptor agnists are commonly used to treat these disorders. In addition,
lower levels of SHIAA are present in the brain and CSF of subjects with impulsive
aggressior(REF). Animal models have also contributed significantly to implicating the
5-HT systemin mediatng these behaviors. Tables 1.2 and 1.3 briefly summénize
effects of genetic and pharmacological manipulation of thE System on anxietjike
behaviors and aggression, respectively in animal models.

Along the lines of the DOHaD hypothesis, the sarmisystem is thought to be
the mediator of gene x environment interactions that shape adult behaviors including
altered locomotion, aggression, and anxiety, revieweHomberg and van den Hove
2012 Huizink et al. 2004 Lesch et al. 2012 For instance, in animal models, prenatal
stress produces anxielike behaviors in offspringvan den Hove et al. 200%an den
Hove et al. 201and is associatl with neurochemical changes in the serotonin system
including altered 84T and TPH2 levelgVan den Hove et al. 20)4decreased-blTal
receptor bindingn male rat§Peters 1990Van den Hove et al. 2095and increased-5
HT turnover(Hayashi et al. 199&eters 1990 In addition, treatment with fluoxetine (an
SSRI) ameliorated the anxiety like behaviorduced by maternal stress during gestation
(Rayen et al. 2001 Directly targeting the BT system using fluoxetine during neonatal
life also produces anxietyke behaviors in mice offspringAnsorge et al. 20Q8<arpova
et al. 2009. Conditional expression ofHT1aspecifically during development (and not
adults) in BHT1a knockout mice rescues the anxiolytic effects of the knodqkanaiss et
al. 2003. This suggests thalhé anxietylike behavior observed in adultF3T1a mice is

likely an effect established during development.
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Similar findings have also been reported in terms of aggression. Rats undergoing
stress during the peripubescent period exhibit hyperagressiomlés @l was found to
have increased MAOA expression and histone H3 acetylation at the MAOA promoter
(Marquez et al. 200)3Accordingly, prenatal exposure torpaetine, an SSRI, resulted in
increased aggression in male m{€&@oleman et al. 1999 Early postnatal exposure to
partial 3HT1A receptor agonist buspirone agnted aggression in an aggressive mouse
strain and further attenuated aggression in a less aggressive mousg@viarkina et al.

2006. In a chicken model, exposure teHbT during development, via direct injection

into the egg, wa associated with decreased aggression in adult hens and a sustained
increase in 81T levels (Dennis et al. 2013 The use of this exwtero exposure model
systemdirectly implicates the serotonin system in mediating these latent behavioral
effects since confounders from maternal influence are eliminated.

These studies suggest that behavioral disorders, such anxiety and aggression, a
programmable behaviors that ynae influenced by the environment during development,
specifically an environment that modifies the serotonin system. Therefore, it is plausible
that developmental exposure to toxicants that affect the serotonin system could produce

such anxietylike andaggressive behaviors later in life.

1.5.3 Effects of pyrethroids on BHT system

The effects of pyrethroid exposure on thel'd system are less studied than those
on the DA system. Deltamethrin has been shown to increase serotonin release from
synaptosomeghough the EC50 for-BIT release is 2.4 times greater than the EC50 for

DA release(Kirby et al. 1999. Treatment of ewivo cortical synaptosomes with
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permethrin resulted in a dose dependent increaseHih Eeuptake; however, thisffect

was 30fold less sensitive than that of DA reuptgBtoomquist et al. 2002 These two
studies suggest that while pyrethroids can alter the kinettibsHI neurotransmission,
the 5HT systemin vitro is apparently less sensitive to effects of pyrethroid exposure.

In vivo, microdialysis analysis of extracellular striataH3 levels found that
exposure to acute sublethal nontoxic doses of allethrirceedextracellular BT levels,
whereas exposure to sublethal toxic doses increased extracellddr [Bvels.
Deltamethrin exposure decreased extracelluldTSlevels and cyhalothrin exposure
increased extracellularE&T levels. In addition, local infusiowith tetrodotoxin, a VSSC
blocker, rescued the effects of pyrethoids edATbreleasgHossain et al. 2033 These
data demonstrate thaicute highdose pyrethroid exposure can modulateHdI signal
transductionin vivo and that NA signal transduction is required for pyrethroid induced
neurotransmitter release. Since, dapendent DA release was also found to be altered to
the same degree by allethrin, cyhatothand deltamethrin at equivalent dogel®ssain
et al. 2009, it is likely that mechanisms independent of Na+ current stimulation are
responsible for the hghtened sensitivity of the DA transmission system to pyrethroid
modification as previously described(iBBloomquist et al. 200XKirby et al. 1999.

In terms of the effects of pyrethroids exposure on striatal neurotransmitter levels,
rats injected with sublethal but toxic doses of deltamethrin, cyhalothrin, cyfluthrin had
decreased levels of-BT and its metholite 5hydroxyindoleacetic acid (BIAA)
(MartinezLarranaga et al. 2003Conversely, deltamethrin exposure via oral gavage in
rats was found toncrease striatal-BT and 5HIAA levels (Ricci et al. 2013 The

discrepancies between these findings could be due to the differences in the route of
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exposure as well as the dose udRitci et al. 2013 used lower doses that did not cause
toxicity. Nevertheless, taken together, all of these studies demonstrate that pyrethroid
exposure can modify thel3T system.
1.6 Zebrafish Model
1.6.1 Zebrafish Danio rerio) as a model for neurobehvioral toxicology

The zebrafish@anio rerio) is has gained recognition for its utility as a model
organism and has played a large role in advancing the fields of developmental biology
and toxicology. Zebrafish are an attractive model because of thaindiég, egg
transparency, and the availability of a completely sequenced and annotated genome,
among other beneficial traits. The zebrafish share-80%0 genetic homology to humans
(Howe et al. 2018 which facilitates the translation of genetic findings to human health.
Since developmental processes are highly conserved among vertebrates, the zebrafish
model has proven useful in elucidating the temporal and tpatkecular events of
development. Zebrafish are actively being used as a platform fehighdthroughput
screening to identify developmental neurotoxicants, as well as a model to elucidate the
mechanisms of neurobehavioral toxicologynney et al. 2004 A wide array of tools
and protocols habeen developed for behavioral assessment such that even complex
behaviors including anxiety and aggression can betdjean(Bailey et al. 2013de Esch
et al. 2012
1.6.2 Comparative DA system

There is a high degree of mgervation of monoaminergic systems in all
vertebrates which allows for the use of lower vertebrate models to study these systems

(Panula et al. 2000 However,homologues to mammalian midbrain structures such as
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the substantia nigra and VTA are not apparent in the zebrafish brain; the zebrafish do not
have mesenchaphalic DA neurdffay et al. 2011 Instead, dopaminergic populations
in the caudal tuberculum (diencephalon) region are considered to be the most similar to
the dopamine population of the substantia nigra basedragrade labeling experiments
(Rink and Wullimann 2001and the sensitivity of these neurons to nigral DA toxicant
MPTP (McKinley et al. 2005Sallinen et al. 2009

Tyrosine hydroxylase orthologous have been identified in the zebrafish. However,
due to the teleost specific genome duplication event, zebrafish express 2 isoforms of th
(thl and th2). Simidy, D1, D2, D3, and D4 receptor orthologous have also
characterized and multiple isoforms for drd2 (drd2a, drd2b, drd2c) and drd4 (drd4a and
drd4b) exist(Boehmer et al. 2004Boehmler et al. 2007 Regardless, pharmacological
characterization of these receptors indicates that their contribution to locomotor activity
is similar to their mammalian orthologu@eons et al. 2018 The zebrafish DAT (slc6a3)
has also been characteriz@dolzschuh et al. 20Qland was found to be targeted by
mammalian DAT inhibitorgLange et al. 2032McKinley et al. 2003 Levin et al. 2011
demonstrated that embryonic methylphenidate (DAT inhibitor) exposure caused
behavioral deficits that persist into adulthqaevin et al. 201}, and confirmed that the
zebrafish is an appropriate model for testing the DOHaD hypothesis. A comparison of
locomotor responses to pharmacological manipulation of the DA system between
mammals and zebrafish larvae can be foumdtable 1.4). In general, DR agonist
exposure increased locomotor activity and DR antagonists decreased locomotor activity
in both mammalian and zebrafish larval models. Togethegettata suggest that DA

system function is conserved between mammadsthe zebrafish, and that the zebrafish
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would be an appropriate model to study the effects of dopaminergic neurotoxicants,
particularly under the DOHaD paradigm.
1.6.3 Comparative 5HT system

The serotonergic system is also well conserved between thafigkband
mammal model¢Panula et al. 2006 The raphe nuclei present in the zebrafish hindbrain
follow the typical mammalian ascending and descending mammadgecttries and
axonal projections are broadly distributed and reach most brain @i#asaar et al.

2009. However several caveats exist. For instanceitiaddl serotonergic populations

are also prominent in pretectal and hypothalamic areas, as well as in the vagal lobes and
medulla oblongata; these nuclei are not present in higher vertefifass and Panula

200)). In addition, compared to mammals, there are relatively few raphe nuclei axonal
projections to the medial dorsal telencephdlbiiesaar et al. 2009 a structure that is
homologous to the mammalian pallial amygd@largas et al. 20Q9 which is highly
innervated by the raphe nuclei and is inealvin anxiety behavior@Davis 1992. It is

likely that in lower vertebrates, the other serotonergic populations are responsible for
innervation of these areas.

In contrast, the serotonin receptors in zébmaare poorly understood and, as it
stands, only four serotonin receptors gene have been cloned and characterized, htrlaa,
htrlab, htrldNorton et al. 200Band htr2c(Schneider et al. 20)2A brief search of the
zfin database (8/2014) revealed that at least 16 htr genes have been annotated in the
zebrafish genomewhich is close in number to the 14 identified in mice. The zebrafish
also express 2 isoforms of sert (serta and sertb) and 3 isoforms of tph (tphla, tphlb and

tph2). However, despite the limited knowledge regarding tie Eeceptors, several
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studies deronstrate that the pharmacological profiles of tHdT5system are similar to
that of mammals. For example, chronic fluoxetine (SSRi) exposure produces anxiolytic
effects under multiple behavioral paradig(Egan et al. 2009aximino et al. 201)}land
buspirone, a partial htla receptor agonist also has anxiolytic properties in the zebrafish
(Bencan et al. 20Q9Gebauer et al. 201IMaximino et al. 201l The zebrafis sert
demonstrates binding to citalopram (SSRi), although to a lesser degree than that of the
mammalian serSackerman et al. 2010

While characterization of the the zebrafisi® system is not as extensive at the
DA system, pharmacological evidence suggests tHdT Sunction is similar between
mammals and the zebrafish. Because th&l'system demonstrates high plasticity and is
involved in many biological processes, théHd system is a likely mediator of the

DOHabD.
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1.7 Research Objectives and Hypothesis

The overall goal of this dissertation is to demonstrate that dopaminadyseeotonergic
dysfunction is the underlying mode of action by which developmental low dose exposure
to pyrethroid pesticide deltamethrin causes long term (larval and adult) behavioral effects
using the zebrafish as a model system. We hypothesize thelbpieental exposur®
deltamethrin at concentrations below the LOAELesults in persistent behavioral
deficits, which is due to changes in dopamine and serotonin system gene expression and
neurochemistryAn illustration of thespecific experimental padigm can be found in

figure 1.1.

The specific aims were to:

1) To characterize the role of the dopaminergic system in mediating locomotor
changes in larval zebrafish resulting from developmentatdose deltamethrin
exposure.

2) To characterize the persistegftects in locomotion and behavior resulting from
developmental lowdose deltamethrin exposure in adult zebrafish.

3) To characterize the role of the serotonin and dopaminergic systems in mediating
behavioral changes in adult zebrafish resulting from devedopsh lowdose

deltamethrin exposure.
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Gene Agonism Antagonism  Knockout Other
Increased" ¢
Increased  Decreased@” Decreased ©
Drd1
Presynaptic:
Decreased drd2L KO1i decresed?
drd2 pan KO decreased”
Drd2 Postsynaptic: Decrease®  drd2 knockdown =
Increased decreasell
Decreased
h Increased ¢
Drd3 Decreased Increased’
Decreased
Drdd No changé No changé Decreased™
Drd5  N/A N/A No changé
Increased
Overexpression
Dat N/A Increased Increased No changeor
Decrease

Table 1.1 The effects of genetic and pharmacological manipulation of the dopamine
system on locomotor activity in rodents®eviewed in(Holmeset al. 2004, °reviewed
in (Waddington et al. 2001 reviewed in(Glickstein and Schmauss 2Q0i(Fujiwara
1992, %(Kelly et al. 1998, (zhou et al. 1994 YSautel et al. 1995 "(Gyertyan and
Saghy 200% '(Kuczenski and Segal 20p¥(Salahpour et al. 2008%(Donovan et al.

1999.



28

Agonism Antagonism Knockout”
5-HTR1a Decreasef N/A Increased
5-HTR1p N/A N/A Conflicting
5-HTR2a N/A N/A Decreased
5-HTR2c N/A N/A N/A

5-HTR3 Increased Decreased Decreased
5-HTR4 N/A N/A Decreased
5-HTRsa N/A N/A Increased
5-HTRs N/A N/A No change
5-HTR; N/A N/A Increased
SERT N/A N/A Decreased
TPH2 N/A N/A Increased

Table 1.2 The effects of genetic and pharmacological manipulation of the serotonin
system on anxietyin rodents. #Adapted from(O'Leary and Cryan 20}0°reviewed in
(Griebel 1997, °(Kennett et al. 1989°reviewedin (Eison and Eison 1994
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Agonism Antagonism KO Mice
5HTR;A Decreased” No effect®®® Decreasell
5HTR;g Decrease@® N/A Increased
5-HTR;A Decreased Decreased N/A
5-HTR,c  Decreased " N/A N/A

No changé No changé
SHTRs Decreased Decreased A/
5-HTR, N/A N/A N/A
5-HTRsA N/A N/A N/A
5-HTRg N/A N/A N/A
5-HTR, N/A N/A N/A
SERT N/A Decreasé ? Decreased
TPH2 N/A Increased,’ I[;ﬁcr:?eaassee(fi

Table 13. The effects of genetic and pharmacological manipulation of the serotonin system on
aggressionin rodents. “reviewed in (Olivier and Mos 199p °reviewed in (Bortolato et al. 2018
‘(Mendoza et al. 1999%Miczek et al. 200p, %(de Boer and Koolhaas 20Beviewed in(Zhuang et al.
1999, YCarrillo etal. 2009, "reviewed in(Holmes et al. 2002 (Keele 200}, !(Vergnes et al. 1996
“(Beaulieu et al. 2008'(Osipova et al. 2009
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Drug Pharmacology Rodents Zebrafish
Apomorphine Non-selective agonist Increased or tshapé U-shapé
SKF-38393 D1-like agonist Increasedi Increased
Quinpirole D2-like agonist Increased or tshapé Variablé
Butaclamol Non-selective antagonist Decreaset] Inverted Ushapé
Chlorpromazine Non-selective antagonist Decreasel Decreased
SCH-23390 D1-like antagonist Decreaset Decreaset
Haloperidol D2-like antagonist Decreaset] Decreaset]
Fluphenazine D2-like antagonist Decreaself Decreaseld
Raclopride D2/D3-like antagonist Decreasetd No changé
L-745,870 D4-like antagonist Decreaseld Decreaset]
Methylphenidate ~ DAT inhibitor Increasel Increasefi
d-amptetamine Increases activity of InvertedU shapé InvertedU shap®
monoamines
Bupropion DAT inhibitor Increased Decreasel
Cocaine DAT inhibitor Increaseld Decreasell

Table 1.4. Comparison of locomotor responses tBA drug exposure between rodentsand larval
zebrafish (7 days post fertilization) Adapted from(Irons et al. 2018°(Simon et al. 2000 ‘(Farrell et al.
2017, YTaber et al. 1968 %(Babbini etal. 1979, '(Giacomini et al. 2006 %Lambert et al. 2012
"(Bristow et al. 199Y, '(McNamara et al. 1993/(Solanto 1998 ¥(Lange et al. 2012'(Antoniou et al.
1999, "(Irons et al. 201) "(Redolat et al. 2005°(Winter et al. 2008
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Fertilzation 3hpf 72hpf 2 Weeks Adulthood
Treatment Period { I |
Gene Expression  Gene Expression Gene Expression
Swim Activity Open Field Test

Methylphenidate Challenge Mirror-induced Aggression Assay
Fluoxetine Challenge

Figure 1.1 Experimental Paradigm
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Chapter 2

Developmentaldeltamethrin exposure causes persistent changes in dopaminergic

gene expressiomeurochemistry, and locomotor activity in zebrafish

*This is being preparedfor publication:

Kung TS, Richardson JR, Cooper, KR, White LA, Developmental deltamethrin ex@osur
causes persistent changes in dopaminergic gene expression, neurochemistry, and

locomotor activity in 2brafish.(in preparatior).

2.1 Introduction:

Pyrethroids are generally considered to be a safer alternative tansbeticides
because they exhibitow mammalian toxicity and low environmental persistence
(Demoute 198p Consequently, their use and popularity is on the (Geibe 2Q1).
Since it is widely recognized that children are more sensitive to the adverse effects of
pesticides(lUSEPA 2002, a troubling statistic highlighted by the 1999002 National
Health and Nutrition Examination Survey was the fact that levels of pgrdth
metabolite, Jphenoxybenzoic acid, were significantly higher in children than adolescents
or adults(Barr et al. 201D Other surveys reported finding pyretttt metabolites in the
urine of pregnant womefBerkowitz et al. 2003Qi et al. 2012Whyatt et al. 200Rand
children(Babina et al. 201Bradman et al. 200Touture et al. 20Q%Fortin et al. 2008
Heudorf et al. 2004 Morgan et al. 2007 Thus, it is important to understand the

consequences of pyrethroid exposure during development.
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Recentstudies point to toxicant exposure during critical developmental periods as
a significant contributing factor to adulisease, including neurological disordéfex et
al. 2013. Reports in rodents demonstrateat developmental exposure to pyrethroids
results in persistent charggen neurochemical, behavioral, and cognitive endpoints
(Shafer et al. 2005 Increased locomotor activity was observed in adult mice exposed
developmentally tanontoxic doses of deltamethrifEriksson and Fredriksson 1991n
rats, gestationalexposure to deltamethriresulted in decreased locomotor activity at 3
and6 weeks(Husain etal. 1992 The fnAdevel opment al ori gi ns
(DOHabD) paradigm provides an explanation for some of the latent effects deenrigl

developmental pyrethroid exposure.

Sincethe dopaming€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 developmentatigly is a mode of action for
pyrethroid induced locomotor changes. Acutely, pyrethroids can influence the kinetics of
DA transmission by altering DA uptakElwanet al. 2006Karen et al. 200IKirby et al.
1999, promoting DA releas€Eells and Dubocovich 198&r both (Bloomquist et al.
2002 Hossain et al. 2006 Pyrehroid induced changes in DA uptake has been linked to
immediate(Bloomquist et al. 2002Elwan et al. 2006Kirby et al. 1999 Pittman et al.
2003 and persisten{Gillette and Bloomquist 20Q3changes in dopamine transporter
(DAT) expression and activity. In addition, pyrethroid exposwees associated with
changes in the concentrations of striatal DA and its metabolites; 3,4
dihydroxyphenylacetic acid (DOPACGNd homovanillic acid (HVA)(Doherty et al.

1988 Hudson et al. 1996 Thus, if these disturbances occuridgra critical period, such
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as neurodevelopment, this could reprogram physiological setpoints and result in

permanently altered baseline DA neurotransmission.

The vertebratezebrafishmodel was utilized to recapitulate the persistent motor
deficits causedby embryonic exposure to the pyrethroid pesticide deltamethrin, and to
test the hypothesis that dopaminergigsfunctionis responsible for mediating these
effects. Developmental exposure {3 hpf) to deltamethrimt concentrations below the
LOAEL (0.330 . 5 0 , kagto ingreases in locomotor activity following a transition
into darkness at the larval stage. Decreased dopamine receptor transcript levels and
increased HVA levels are associated with these locomotor effects. Using
methylphenidate, a DAT nhibitor, and a DAT morpholinoto knockdown [RAT
expression, it was shown that DA dysfunction is a possible mechanigheftamg term

locomotordeficitscaused bylevelopmentadleltamethrirexposure.

2.2 Methods:

2.2.1 Animal Handling

The AB strain of ebrafish(Zebrafish International Resource Centgasused for
all experimentsand maintainedas previously describe(Hillegass et al. 2007 All
experimerg were conducted in accordance with teérafish husbandry and embryonic
exposure protocol (#0825) approved by the Rutgers University Animal Care and

Facilities Committee.
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2.2.2 Chemicals
Deltamethrin [purity 99.5%] (CAS#529483-5) was obtained &m ChemService
(West Chester, PA). Ndimethylformamide (DMF) and methylphenidateHCI were

obtained from Sigm&ldrich (St. Louis, MO).

2.2.3Pesticide Exposures

A deltamethrin stock solution (2mg/ml) was prepared fresh Bgotiing
deltamethrin intdDMF and subsequently diluted with DMF to makerking solutions.
1:10,000 dilutions of the working solutisrwere performedhto aerated egg water (60
¢ gnl Instant Ocean in DI water) to obtain final nominal concentrations of 0.25, 0.33 and
0.50 eg/L deltanethrin (0.01% DMF). Embryos exposed to 0.01% DiMé&re vehicle

controls.

Fertilized embryos were stagédimmel et al. 199band exposure began 2pf
(512cell stagé. 10 ml gatic nonrrenewal bath exposwsavere performed in 60x15mm
glass petri dished dish/replicate. Eibryos were incubated at-2%°C in darkessand
observed daily using a dissecting microscope for mortality and developmental
abnormalities. br larval studies, sac fry larvae (72hpf) were removed from treatment and
reared in treatment free water until the larval stagevd@ks post fertilization (wpf));

each replicate was housed separately

2.2.4 Reversetranscriptase quantitative PCR

Embryoswere exposed to 0.25, 0.33 and 0.8@/L deltamethrin and reared as

previously described (section 2.3). At 72hpf or 2wpf;206embryos were pooled and
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snap frozen in liquid nitrogen. (N = 4 pooled replicates/concentratitidfA isolation
and RT-gPCR were performed as previously descrilfiddlegass et al. 20Q7 Primer
sequences arksted in Table 2.1.The experiment was repeated a minimum of three

times.

2.2.5 High Performance Liquid ChromatogaphyiElectrochemical Detection
(HPLC-ECD)

Embryos wee exposed to 0, 0.33, or 0.5@/L deltamethrin and reared as
previously described (section 2.3). At 2wpf, larvae were snapfrozen in liquid nitrogen
(N=6 pooled replicates/treatment, 50 embryos per replicate3 . 56f cold 0.1N PCA
solution (with 300eM EDTA and 300eM sodium metabidiite) was added to each
sample and homogenized 2x on ice using a motorized pestle. Samples were spun at
16,000xg for 10 minutes at 4°C and the supernatant was filtered through eM)s}#in
filter (EMD Millipore, Billerica, MA). The remaining pellet wadried and dissolved in
200¢l of 0.5N NaOH for protein concentration determination using the Modified Lowry
Protein Assay (Thermo Scientific, Waltham, MA). Filtered supernatant was diluted 1:10
in PCA solution and &l was injected onto a Waters AlliancePHC equipped with a
Waters 2465 ECD (Waters Corporation, Milford, MAeparation andugntitation of
DA, DOPAC, and HVA was performed as previously descrifféchth et al. 2009
Sheleg et al. 20)3The experiment was repeated twice.

2.2.6 Activity monitoring of 2 week old larvae

The testing apparatus consisted of 4 IR sensitive lkegami4@I@CD Cameras

with Computar IR manual vafi o ¢ a | |l enses (1/20) and I R fi

directly over 4 light boxes. Each light box consisted of a g¢emsparent platform on
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which the plates were placed and transilluminated by aRd&mn IR illuminator and/or 3
LED lights directly underneath. The camera, lens, filters, and IR illuminators were
purchased from Noldus Information Technology, (Leesburg, VA).

Embryos were exposed to 0.25, 0.33 and @&QL deltamethrin and reared as
previously described (section 2.3). At 2wpf, larvae were placed randomly into- white
walled, cleatbottom 24well plates containing 1.%nls of room temperaturesystem
water Larvae were allowed to acclimate on the testingaggiois for one hour in light
(400 lux). After one hour, lights were turned off to stimulate activity and video was
recorded using the Noldus MPEG Recorder 2.1 (Noldus Information Technology,
Leesburg, VA) for 30 minutes. Testing occurred between 13:0063@h, reducing the
time of day parametéMacPhail et al. 2009

EthoVision XT 8 (Noldus Information Technology, Leesburg, VA) was used to
track the videos and quantify distance travelled. A differencing background subtraction
method was applied to detect objects that were darker than the background at a sample
rate of 29.97 samples/s. Outliers were considered to be 1) larvae that did not move (<100
mm total distance travelled in 25min) or 2) larvae where at least 3 timebin values
exceeded 2 standard deviations from the mean. Studies were repeated three times (from
three different breeding sets) and data collapsed such that each larvae was considered an
individual and the distance travelled/time bin was an average of all individuals for that
treatment group.

2.2.7 DAT Morpholino Injections
An antisense morpolino wakesigned to target the I2E3 splice junctiorsizta3

(dat) (ENSDARTO00000129303, Zv7) praRNA, resulting in the deletion of exon 3 in
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the mature transcript. The I2E3 splice junction is conserved between the 2 splice variants
of slc6a3 therefore, the motwlino would target both splice variants. The DAT
mo r p h 0 {CCCAGGEEDOGATAAAACAACACACAC3 0 was 30 fluoresc
and synthesized by GeneTool s, LLC (P-hil oma
CTCTTACCTCAGTTACAATTTATA-3 6 was used @ustrol.&Embryosnj ect i
were injected with 5@M of the DAT morpholino or control morpholino as previously
described(Hillegass et al. 2007 The total injection vdume was 8 nl. BEbryos
exhibiting even distribution of fluorescen@ hours after injections were used. The
injected embryos were treated with 0€38L deltamethrin or vehicland rais¢o 2wpfas
described above (section 2.3). At 2wpf, activity monitgrivas performed as described
above (section 2.6).
2.2.8 Methylphenidate Challenge

Methylphenidate HCL was dissolved in water to obtain a stock concentration of
Img/mLEmbr yos were exposed to O or 0.33 egg/L
reared until2wpf as described above (section 2.3). The larvae were subjected to activity
monitoring as described above (section 2.6) except that 20 minutes prior to video
recording, 1.5 ¢l of the methyl phenidate ¢
wells toobtain a final concentration of 1 mg/L
2.2.9 Statistical analyses

Data were analyzed using SigmaPlot v.11 (Systat Software Inc., San Jose, CA).

The probability level for statistical significance w@¢ 0.05 for all studies.
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2.3 Results:

2.3.1 Developrental deltamethrin exposure increases larval swim activity

Swim activity of 2week larval fish was measured to determine the-tenm
effects of developmental lodosedeltamethrinexposure (figure 1). The concentrations
tested (0, 0.25, 0.33, or 0.50 ppivere below the established LOAEL of 1 ug/L for
deltamethrin in zebrafisfDeMicco et al. 2010 Deltamethrin exposure did noause
morphological lesions orcate toxicity (data not shoynThere was aignificant effect of
developmental deltamethrin exposure on swim actiydistance travelledgat 2wpf
(F(3,1103)=8.807,p=0.001). Swim activity across all time bins was significantly
increased in larvae that dhabeen developmentally exposed to 0.33 or 0.50 pg/L
deltamethrin compared to vehicle control. There was no significant difference between
the activites of larvae developmentally exposed t@®.ug/L deltamethrin ocontrol.
There was not a significant efft of time on swim activity, nor was there a significant
interaction between time and deltamethrin treatmBetvelopmental exposure @33
and 050 pg/L deltamethrinresulted in increased swim activity across all time bins

following a transition to daress at the larval stage.

2.3.2 Developmental deltamethrin exposure alters dopaminergic gene expression

Transcript levels of severdbpaminergic gersavere measured at 72hpf and 2wpf
to characterize the immediate and persistent effects of deltamethmsuegpon the
dopaminergic systemAt 72hpf (figure 2a) there was a significant effect of
developmental deltamethrin exposure aindl (F(3,13)=8.017, p=0.005) andth

(F(3,14)=7.828,p =0.004) transcript levels. Developmental exposure to 0.33 and 0.50
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Hg/L deltamethrin resulteth a significant 1.28 and 1.Bfld decrease indrd1 transcript
levels respectively. Developmental exposure to 0.25 pg/L deltamethrin significantly
increased th transcripts 1.90fold. Developmental deltamethrin exposure did not

significantly alterdat, drd2a, ordrd3transcriptievels

At the larval stagdfigure 2b) there was a significant effect of developmental
deltamethrin exposure odrdl (c*3)=8.747, p=0.033) anddrd2a (F(3,15)=5.513,
p =0.013)transcript levels. Developmeitexposure to 0.50 pg/L deltamethrin decreased
drd1transcript levels by 1.9fbld anddrd2atranscript levels by 2.7fld. The transcript
levels of dat, drd3, or th at the larval stage were not significantly changed by
developmental deltamethrin exposur The immediate effects of developmental
deltamethrin exposure included decreasidl transcript levels and increaseti
transcript levels (figure 2afird1l downregulation persisted to the larval stage and was
accompanied by a decreasedial2a transcrits (figure 2b).th transcript levels returned

to baseline at the-@eek time point (figure 2b).

2.3.3 The effect of developmental deltamethrin exposure orwhole body

dopaminergic neurotransmitter levels

To determine if developmental deltamethrin exposesalts in persistent changes
in DA neurochemistry, the levels of DA and its metabolites, HVA and DOPAC, were
measured at 2wpf (figure 3a), a time point where deltamethrin induced hyperactivity was
observed (figure 1). At the larval stage, there was afgignt effect of deltamethrin
exposure on HVA levelscf(2)=6.251,p =0.034). Developmental exposure to 0.33 pg/L

deltamethrin resulted in a 2-1dld increase in HVA levels. There were no significant
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differences in the levels of DA or DOPAC between de#itmin treated and control

embryos.

Metabolite/DA ratios werecalculated toexamine changes the rate of DA
metabolism (figure 3b). There were no significant differences in DOPAC/DA, HVA/DA,

or HVA/DOPAC ratios between control and deltamethrin treatelorgos.

2.3.4 Effect of methylphenidate exposure on swim activity in larvae developmentally

exposed to deltamethrin

Since DA clearance from the synapse is primarily mediated by its reuptake via the
DAT, 2-week old larvae were treated with methylphenidat®AT inhibitor, to increase
DA availability in the synapse (figure 5). It was hypothesized that saturation of the
downregulated dopamine receptors (figure 2b) would rescue deltamethrin induced swim
activity (figure 1). There was a significant effectdgvelopmental deltartierin exposure
(F(1,1754)%.833,p =0.016)and methylphenidatexposurgF(1,1754)=5.586p =0.018)
on larvalswim activity. Compared to vehicle treated embryos, developmental exposure to
0.33 pg/L deltamethrin resulted in a signifitancrease in swim activity across all time
bins within the normmethylphenidate treated group, similar to the results in figure 1.
There was also a significant interaction between deltamethrin exposure and
methylphenidate treatment=({,1754)=28.334,p=0.001). In larvae developmentally
exposed to vehicle control, subsequent methylphenidate exposure resulted in a significant
increase in swim activity across all time bins. Whereas, in larvae developmentally
exposed to deltamethrin, subsequent methylphenggiesure resulted in a significant

decrease in swim activity across all time bitgslevels belowthat of control larvae. No
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other significant interactions were detected (deltamethtime, methylphenidate x time,
deltamethrin x methylphenidate x tim@he effect of methylphenidate @wim activity
depended on whether the larvae had previously been exposed to deltamethrin during
development. Methylphenidate treatment @pPresulted in a significant reduction in
swim activity in deltamethrin treatedriae instead of the expected increase in swim

activity observed in vehicle control larvae.

2.3.5 DAT morpholino attenuation of deltamethrin induced swim activity

An antisense morpholino (MO) was used to specifically reduce DAT expression
(figure 4) in anattempt to saturate the dopamine receptors and attenuate deltamethrin
induced hyperactivityTransient DAT knockdown during development, BAT-MO
(50 M), did not result in morpholino toxicity (data not showar) alter larval swim
activity (F(1,1044)=0.448p =0.504). There was a significant effect of deltamethrin
exposure onswim activity (F(1,1044)=4.066,p =0.044). Within the CeMO group,
treatment wih 0.33 pg/L deltamethrin during development resulted in increased swim
activity across all time bins compared to control animals, similar to figure 1. However,
within the DAT-MO group, there was no significant difference in activigyels of
deltamethrintreated and control larvae DAT-MO knockdown returned deltamethrin

induced increases in swim activity to control levels.

2.4 Discussion:

Developmental exposure to ntoxic doses of deltamethrin results in persistent

changes in larval swim activity, doparargic gene expression and neurochemisyr



43

studies indicate that dopaminergic dysfunction is a likely mode of action for deltamethrin

induced increases in locomotion.

The increass in larval swim ativity following developmental deltamethrin
exposureeven after being reared ireatment free water since 72hpfe consistent with
findings in rodents. Prenatal exposure to-nearotoxic doses of deltamethrin resulted in
increased locomotion in adult micgriksson and Fredriksson 199And altered
locomotion in adolescerfHusain et al. 1992and adult ratgJohri et al. 2006Lazarini et
al. 200). We previously characterized the developmental toxicity associated with a
acute exposure to 6 different pyrethmidnd determined that the observed toxicities
were consistent with that reped in the mammalian literatu@®eMicco etal. 2010.
Together this demonstrates that the zebrafish is an appropriate vertebrate model for

studying the longerm behavioral effects of neurotoxicant insult during development.

Given the role of the dopamine system in mediating locomotion anavioeh
(Levin et al. 201}, the effects of developmental deltamethrin exposuareopaminergic
system was examined at the gene expression. [Expbsure to the l@est concentration
of deltamethrin resulted in increaseédexpresion immediately after exposuyreowever,
this change was transient and returned to Hasels by the Zveek time point Chronic
exposure to deltamethrin has been shown to decrease TH maRdpArotein expression
and hydroxylase activity in adult male rgisiu et al. 200¢. The difference in the
directionality ofth expression could be due to inherelifferences between the rat and
zebrafish mode| as well as, tothe differential responses of developing and adult
organisms to toxicant exposure. However, both studies indicate the potential for

deltamethrin tonodulateTH expression, therelslteringdopaminebiosynthesis.
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This study is the first to report deltamethrin induced changes in dopamine
receptor transcript levels. Embryos expodegielopmentallyto deltamethrinexhibited a
decrease imrd1 transcript levels which persisted to the larval st&pth the dopamine
D1 and D2 receptors undergo heterologous and/or homologous desensitization if subject
to prolonged activatiorfBalmforth et al. 1990Barton and Sibley 1990Memo et al.

1982. Given that deltamethrin exposure can potentiate DA rel@semquist et al.

2002 Eells and Dubocovich 1988lossain et al. 20Q6r decrease DA uptak&lwan et

al. 2006, these actions may result in increased levels of DA in the synapse and promote
DA receptor activation. Accordingly, prolonged exposure to dopamine dowatedul
DRD1 expression in SKN-MC neuroblastoma cellé&Sidhu et al. 1999 suggesting that
transcriptional regulation may be a mechanism of DA receptor desemsitizAt the

larval stagedrdldownregulation was accompanied by a decreasdrd@a 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 mochéagvior
(Robertson 1992 Altering D1 receptosignal transduction often results in corresponding
changes in D2 receptor mediated responses; D1 regid@tesensitivity (Braun et al.

1997 Hasbi et al. 201;1Hu et al. 192, Walters et al. 1987 Therefore, it is plausible that

a sustained decrease dnd1 transcriptcould promote a subsequent downregulation of
drd2a at the transcript levelSince Drd1 and Drd2 knockaut mice exhibited altered
locomotion(Holmes et al. 2004 togetherour data demonstrate that reduced D1 and/or
D2 levelsfollowing developmental deltamethrin exposure liketfluences locomotor

activity.
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Developmental exposur® deltamethrin increased levels of HVA at the larval
stage. Inadult male rats,developmentalexposure to nontoxic doses déltamefirin
resulted inincreased levels of striatal DOPA&hd DOPAC/DA ratios(Lazarini et al.

200])). Neonatal permethrin or cypermethrin exposure resultedesreased DA and
increased HVA levelsn the striatum of male rats 3 weeks after esgpe(Nasuti et al.

2007. In both thesestudies, the affected animaled indications ofincreased DA
metabolismwhich was associated with locomotor deficlts our studies, there were no
significant diferences in levels of DA, DOPA®r the metabolite/DAratios between
control and deltamethrin treated embryos at the larval stage. This could be dufabd the
that our data represeneurotransmitter levelsdm whole body preparations as opposed

to very specific brain regi@n 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 aiofn peripheral sources. Additionally, since
little is known about DA metabolism in the zebrafish, more research would be necessary
to determine the preferred pathway of DA metabalistowever, since CSF, plasma,
and/or urinaryHVA levels is often used as hiomarker of CNS dopaminergic
dysfunction in humans, the increased HVA levels in deltamethrin treated fikblys

indicative of an altered dopamine state.

Sincedevelopmental deltamethrin exposure results in decreased transcript levels
of drdl, drd2a and increased swim activity during the larval stage, we hypothesized that
stimulating the dopamine receptors would attenuate this behavioral phenotype.
Methylphenidate, an indirect dopamine agonist, was used to increase extracellular levels

of dopamine n the synapse in an attempt to saturate the dopamine receptors.
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Methylphenidate was chosen because it restiyperactive phenotypes in zebrafish
(Lange et al. 200)2and rodent¢Sagvolden et al. 2005The present study demonstrates
that developmeaal exposure to deltamethrimodifies the susceptibility of the
dopamirergic system in larval animals. In control animals, methsfitiate exposure
increasedhctivity. Methylphenidate, a psychostimulant, is known to increase locomotor
activity in rodents(McNamara et al. 1993Solanto 1998 and zebrafishLange et al.
2012. However, inlarvae that had been developmentally exposed to deltamethrin,
methylphenidate reducesivim activity tobelow the basdkevels ofcontrol animals. This
opposite response is similar to the reported paradoxical effects of methylphenidate on
locomotion and deavior in rodents exhibiting altered dopamine stéied'Guidice et al.
2014 Shaywitz et al. 1978Tilley and Gu 2008 Taken together, developmental
deltamethrin exposure alters the sensitivity of larval fish to methylphenidate and

potentially other pharmaceuticals that target the dopaminergic system.

Because methylphenidate also functions as a norepinephrine reuptake inhibitor, a
splice morpholinospecifically targeting the dopamine transporter was employed to
knockdown DAT expressiorsince morpholinos afgenetrant through 72hfNasevicius
and Ekker 2000 DAT knockdown would coincide exactly within the deltamethrin
exposure window. In control animals, disruption of dopamine transmission during
development by the DAT morpholino did not phenocopy the effects of developmental
deltamethrin exposure in terms of persistent activity changes. This could indicate that the
effects of deltamethrin neurotoxicity are broad and not limited to dopamine receptor
activation Because pyrethroidsxert their toxicity primarily through interaction with

sodium channsl(DeMicco et al. 2010Hossain and Richardson 2Q13oderlund and
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Bloomquist 1989Soderlund et al. 20Q2exposure likely influences multiple components

of the dopamine system and other neurotransmitter systems as well. The lack of effect of
DAT morpholino knockdown could also be due to the ability of zebrafish embryos to
overcome the transitory effects elicited by the concentration of DAT morpholino used.
Despite this, in deltamethrin exposed animals, simultaneous DAT morpholino
knockdown was sufficient to attenuate deltamethrin induced increases in swim activity at

the larval stage.

In conclusion, developmental exposure éhtaimethrinresulted in increasd swim
activity following a transition to darkness in larval zebrafish. This was associated with
changes in dopamine neurochemistry and gene expression as evidenced by increased
levels of HVA, and decreased levels of tirell and drd2a transcripts.dat knockdown
during development attenuated deltamethrin induogmerctivity and methylphenidate
exposure resulted ia paradoxical reduction dctivity in deltamethrin treated fish.
Together, these data indicate that dopaminergic dysfunction is a likelyohadgon for
the persistenthyperactivity observedin the zebrafish exposed developmentally to
deltamethrin These results highlight the risk of low dose (below the NOAEL)
neurotoxicant exposure during the critical developmental period on more sulptterdésd

such as locomotor activity and drug response.
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Figure 2.1: Swim activity following a transition into darkness ofw2ek old larval
zebrafish developmentally exposed to deltamethrin (DLD&ta points are presented as
mean distance travelech(n) + S.E.M. in 5min time bins during 40nin sessions (n=31
38). A twoway ANOVA was used to determine if there was a significant effect of
deltamethrin exposure across time on larval swim activity. (*) indscdtat distance

travelled across time in ania | s

devel opmentally exposed

deltamethrin were significantly different from vehicle control exposed animals as
determined by HolrBidak multiple comparisonp© 0. 05) .
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Figure 2.2: RNA transcript levels of genes related twpdmine transpordg@t), reception

(drdl1, drd2a, drd® and synthesistlf) in zebrafish exposed to deltamethrin (DLM)

during developmentTranscript levels were assayed at A) 72hpf and BJ)e2ks post
fertilization. The grapk represents the mean fold clgenin transcript copy number

+ S.E.M of one representative experimental repli¢ated). A oneway ANOVA or a
KruskalWallis ANOVA on Ranks was used to determine if there was a significant effect

of deltamethrin exposure on transcript levels where ap@tepri*) indicate a significant
difference versus control as determined by Hadm dak or Dunnés post
where appropriatgpg© 0. 05) .
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Figure 2.3: The effects of developmental deltamethrin (DLM) exposure on dopamine
neurotransmitter levels at\8eeks of ageA) Whole body concentrations of dopamine
(DA), metabolites, homovanillic acid (HVA) and 3ghydroxyphenylacetic acid
(DOPAC), and B) metabolite ratios. Values represent the mean + SEM (n=5) of one
representative experimental replicate. A2ovay ANOVA was performed to determine if
there was a significant effect of developmental deltamethrin exposure. (*) indicates a
significant difference versus control animals as determined by {3adak multiple
comparisonsfO 0. 05) .
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Figure 2.4: Effects of methylphenidate (MPD) on larval swim activity following a
transition into darkness in zebrafish developmentally exposed to deltamethrin (DLM).
Data points are presented as mean distance travelled{/8r&)M. in 5min time bins
during 25min sessions (n=787). A threeway ANOVA was used to determine if there
was a significant effect of deltamethrin, methylphenidate, and time on larval swim
activity as well as an interaction (deltamethrin x DAT morpholino x time). Asraened

by Holm-sidak multiple comparisons, (*) indicates that distance travelled across time in
deltamethrin exposed animals are significantly different from vehicle control exposed
animals(p O 0 . (# Bdicates that there is a significant effect of methylphenidate on
the distance travelled across time within vehicle control exposed anjppf@ls 0 . A 5 ) .
indicates that there is a significant effect of methylphenidate on the distandéetrave
across time within deltamethrin exposed animal®( 0. 05) .
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Figure 25: Effects of developmental dopamine transporter (DAT) knockdown and
deltamethrin (DLM) exposure on larval swim activity following a transition into
darknessData points arerngsented as mean distance travelled (m®B)E.M. in 5min

time bins during a 2Bin session (n=482). A threeway ANOVA was used to
determine if there was a significant effect of deltamethrin exposure, DAT morpholino
(MO), and time on larval swim actiyi as well as an interaction (deltamethrin x DAT
morpholino x time). As determined by Hol8idak multiple comparisons, (*) indicates
that total distance travelled in deltamethrin exposed animals is significantly different
from vehicle control exposed anifaawithin the control morpholino group© 0. 05) .
There is no significant difference in total distance travelled between deltamethrin and
vehicle control exposed animals within the DAT morpholino grqi @.05).
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Chapter 3

The persistentbehavioral deficits in adult zebrafish caused by developmental

deltamethrin exposureare sex specific

*This work is being prepared for submission

Kung TS, Richardson JR, Cooper, KR, White LAThe persistent effects of
developmental deltamethrin exposure on adult &etir behavior and serotonergic and

dopaminergic gene expression are-sp&cific.(in preparatior).

3.1Introduction

Pyrethroid pesticides are one of the most commonly used insecticides and account
for approxi mately 23% of (CasideeandnQuisthdd1928 i ns e
Recent sources indicate that pyrethroid use is increa$amgbe 2011 Power and
Sudakin 200y, a trend most prevalent in the residential setting in the United States due to
the phase out of two previdyspopular organophosphate insecticid8gkarian et al.
2006 Trunnelle et al. 204 The popularity ofpyrethroids is attributed to their low
mammalian toxicity and rapid degradation; thus, pyrethroids are considered a safer
alternative to other classes of insecticil@emoute 198P Therefore, it is not surprising
that pyrethroid metabolites are commonly found in humans during biomonitoring surveys
(Barr et & 201Q Becker et al. 20Q6Heudorf and Angerer 20QHeudorf et al. 2004
While the acute tac effects of pyrethroid exposure are well characterized, less is known
about the effects of low dose exposures on neurobmld\endpoints, especially in

vulnerable populations such esildren.
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Il n 1993, the National R eis theaDiets of InGaotsi n c 1 |
and Children, 0o established that <children
pesticides(National Research Council (U.S.). Committee on Pesticides in the diets
Infants and Children. 1993Furthermore, it would appear that many adult diseases are
predisposed by adverse environments experienced during development, likely due to
altered physiological programming brought about by these environmental stressors
(Gluckman etal. 2007 The ndevel opment al origins of
hypothesis has been found to apply to many diseases of the brain including
neurodegenerativéModgil et al. 2014, neurobehaviorglSchlotz and Phillips 200%an
den Bergh 201)1 and cognitive(Schlotz and Phillips 20Q9disorders. In addition,
neurotoxicant exposure is considered a prenatal factaciagsd with mental health
disorders later in life(Fox et al. 2012 Because pyrethroid pesticides are known
neurotoxicants(Soderlund and Bloomquist 198@&nd can be found in the urine of
pregnant womeiKBerkowitz et al. 2003Qi et al. 2012Whyatt et al. 200Ras well as in
children and adolescen{8abina et al. 2012Barr et al. 2010 Becker et al. 2006
Bradman et al. 20QCouture et al. 2009ortin et al. 2008Heudorf et al. 2004Morgan
et al. 2007 Morgan 2012, it is possible that developmental pyrethroid exposure could
pose a longerm human health risk.

Recent animal studies have highlighted the potential for developnpgmédihroid
exposure, using nontoxic ses, cause persiaht behavioral effects that last into
adulthood, long after cessation of exposureviewed in(Shafer et al. 2005 For
instance, mice exposetb deltamethrin (0.7 mg/kg) between PNDBI® exhibited

increased locomotor activity and lack of habituation as adults (4 mdathikom et al.
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1994 Eriksson and Fredriksson 199Ialts et al. 1998 Similarly in rats, exposure to
deltamethrin (0.07 mg/kg) at early developmental time points (PRDf@sulted n
reduced locomotor activity as adults (13 weeks); whereas, exposure during later
developmental time points (PND-18) resulted in increased locomotor activity during
adulthood(Patro et al. 2009 In addition to changes in locomotor activity, adults rats (12
weeks) that had been exposed prenatally (GEQ4to deltamethrin (1 mg/kg) exhibited
learning deficits (Aziz et al. 2001 Pprenatal (GDA5) exposure to deltamethrin
(0.08mg/kg) was also associated with differences in forced swim behavior and
spontaneous locomotion 15 minutes after the swim test in adult maléaassini et al.
200]). Together, these results demonstrate that exposure to deltandettnigy different
developmental periodsauses locomotor and behavioralficies that persist into

adulthood.

Zebrafish provide a rapid, cost effective, aukaryoticmodel for developmental
neurotoxicity testing(Gerlai 2012. Assessment of locomotor activity in both ldrva
(Selderslaghs et al. 20LGnd adult(Stewart et al. 20)4zebrafish is commonly used to
determine the effects afeurotoxicant exposure. In addition, adult zebrafish engage in a
wide repertoire of behaviors including, but not limited to, social behaviors, such as
aggressior(Filby et al. 2010 and shoalingGerlai 2014, anxiety/feairelated behaviors
(Guo et al. 2012Jesuthasan 20)2and cognitive behaviors, such as learniGgrlai
2011 and attention(Echevarria et al. 20)1 To measure these complex behavioral
endpoints, a number of rodent behavioral assays have been adapted for use with adult

zebrafid, such as the open field tests, light/dark boxes, mazes a(@haetmpagne et al.
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2010 Norton and BallyCuif 2010). Because of this, zebrafish are beginning to emerge as

a viable organism to model complex human brain diso(#eisieff et al. 2011

We previousy demonstrated that embryonic exposure tav laloses of
deltamethrin resultg increased locomotor activity in larval zebrafisaw@eks)(figure
2.1). Given the prevalence of deltamethimaduced locomotor effects persisting into
adulthood in rodent modelwe hypothesize that developmental exposure to low doses of
deltamethrin would also cause locomotor and behavioral deficits that persists into
adulthood in the zebrafish model. Zebrafish embryos were exposiedtamethrin (0.25
and 0.5 jg/L) at concentations below the LOAEL, but previouslyshown to cause
increased locomotor activity at the larval stage, during the embryonic periczhf3)
(figure 2.1) After which, larvae was removed from treatment and reared to adulthood (6
monthsi 1 year) in treahent free water. Using the open field test/novel tank test and
mirror-induced aggression assay, developmental deltamethrin exposure was associated
with gender specific changes in locomotion (distance travelled and velocity), intersession

locomotion, thigmtaxis (tendency to stay by edges), and aggression in adult zebrafish.

3.2 Materials and Methods

3.2.1 Zebrafish Husbandry

The AB strain zebrafish (Zebrafish International Resource Center, Eugene, OR)
were used for all experiments. Breeding stocks were dmddhoused in Aquatic Habitats
(Apopka, FL) recirculating systems under a 14:10 hour light:dark cycle. System water
was obtained by carbon/sand filtration of municipal tap water and water quality was

maintained at <0.05 ppm nitrite, <0.2 ppm ammonia, @tvben 7.2 and 7.7, and
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between 26 and 28°C. All experiments were conducted in accordance with the zebrafish
husbandry protocol and embryonic exposure protocol-G&5 approved by the Rutgers

University Animal Care and Facilities Committee.

3.2.2 Chemicés
Deltamethrin [purity 99.5 %] (CAS# 529%3-5) was purchased from
ChemsService (West Chester, PA). Ndhinethylformamide (DMF) was purchased from

SigmaAldrich (St. Louis, MO).

3.2.3 Pesticide Exposures

Deltamethrin stock solutions (2 mg/ml) were pregairesh the day of treatment
by dissolving deltamethrin into DMF. Working solutions were made by diluting the stock
solution into DMF. Treatments were prepared by performing 1:10,000 dilutions of the
working solution into aerated egg water (60 pg/ml Inst@oean in DI water) to obtain
final nomi nal concentrations of 0.25, 0.

Embryos exposed to 0.01% DMF served as vehicle controls.

Fertilized embryos were stagedimmel et al. 199% and exposure began
approximately between the 5t2ll to oblong stages. Exposures were performed in
60x15mm glass petri dishes using a static-resrewal bath exposure in a total volume of
10mls (30 embryos/dish). Embryos were incubated in the dark #&62%C and were
observed daily using a dissecting microscope for the presence of mortality and
developmental abnormalities. At 72hpf, sac fry larvae were removed from treatment and

reared in treabent free water until assessment. At maturation, adults of the same
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treatment group were group housed Hit& tanks at a stocking density of -26

fish/tank.

3.2.4 Zebrafishhorizontal open field test

Embryos were exposed t o ethrin and .rearbd, to or 0

adulthood (6 monthis 1.5 years) as described above (section 2.3).

The open field apparatusyodified from (Champagne et al. 20),0conssted of a
3L aquatic habitats tank filled with 1.5L clean system water to minimize vertical
swimming and covered with white paper to minimize external visual stimulus. The length
of the tank was then shortened to 16.5 cm on the vertical side using a lptasting. 4
Ikegami ICD49 CCD cameras with Computarfla-Red manual vadf o ¢ a | | enses (
(Noldus Information Technology, Leesburg, VA) were mounted to the ceiling directly
above the each OFT tank. Each camera was able to capture 2 OFT tanksramane f
lllumination via fluorescent room lights was consistent with housing conditions4@D0

lux).

Adult zebrafish were singly placed into a novel empty tank using a net. Video
recording using the Noldus MPEG Recorder 2.1 (Noldus Information Technology,
Leesburg, VA) began immediately after transfer. The total trial length was 30 min, after
which the fish were removed and were individually housed for the remainder of the
experiment. The OFT tanks were rinsed and water was renewed in between trials to
remove waterborne pheromones. Testing occurred between 12:00 and 16:0@dxiurs
day. Each fish was subject to the same procedure once a day, every day, for 5 days to

assesmtersessiomabituation.



59

Distance travided, velocity (a measure of distance tra@éliper unit time), and
mobility (a spatially independent measure of body movement), are endpoints commonly
used to measure motor aspects of zebrafish swimriadueff and Cachat 20)1
EthoVision XT 8 (Noldus Information Technology, Leesburg, VA) was used to analyze
the obtained videos offline and quantify horizontal locomotor activity, including distan
travelled (cm), averagevelocity (cm/s) duration spent in a defined middle zone
(thigmotaxis) (s),and frequency and duration (s) dfigh mobility and immobility
(thresholds 0of>60% and <20% total body displacement/sampleespectively) A
dynamic baclground subtraction method was applied to detect objects that were darker
than the background and the sample rate was set to sample 29.97 samples/s. Following
tracking, fish that remained immobile for 50% of th&al 30 minutdrial were excluded
from dataanalyss. For distance travelled amelocity analysis, fish were determined to
be outliers if at least 3 timebin values exceeded 2 standard deviations from thé&anean.
thigmotaxis and frequency of high mobility analysis, a grubbs outlier test wasaised

determine outliers within each treatment group.

3.2.5 Zebrafish Aggression: rror -induced stimulation

Deltamethrin treated and vehicle treheedult zebrafish used in the open field test
(section 2.4) were subject to mirsimrduced stimulation immediely following the last
OFT trial (day 5).The assay was adapted frghorton et al. 201)L A mirror (7.5 x 7.5
cm) was slotted into trapezoidal end of the tdolkowing the angle of the trapezo@hd
video was recorded for 10 minutes. Videos were viewed by 2 independent blind
reviewers and the number of bites and pushes against the mirror were cdunted.

pearsonbdbs correlation t ewsytbetweenshe 2reviederst o c o

n
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3.2.6 Statistical analyses

All data were analyzed using the SigmaPlot version 11 computer software
package (Systat Software Inc., San Jose, O#&jails of the tests used can be found in
the figure legendsThe probability leve f or st ati sti cal signi fic

studies.

3.3 Results:

3.3.1 Effects of developmental deltamethrin exposure on adult swim activity

The locomotor activity of adult fish was measured using an open field test/novel
tank test paradigm, to ssss the longerm behavioral effects of developmental
detamethrin exposure (figure 3.123and 3.3. The concetrations tested (0.25 and 0.5
Mg/L) represent concentrations that previously did not and did cause increased larval
swim activity, respectivg (figure 2.]. In male zebrafish, there was a significant effect
of deltamethrin exposurduring developmenbvn adult swim activity (distance travelled)
(F(2,134=5.157 p=0.007. The distance travelled across all timebins was significantly
increased imdult male zebrafish that had been developmentally exposed tpg/L
deltamethrin (figure 3.)aDevelopmental exposure to 0.2%/u deltamethrin did not
significantly change the distance travelled in adult male zebrafish (faylae In terms
of swim velocity, there was Iso a significant effect of developmental deltamethrin
exposure on swim velocities in male adults2(E89=4.14Q p=0.018. The swim
velocity across all timebins was significantly increased in adult male zebrafishesk{p
developmatally to 0.5 |g/L deltamethrin (figuré&.2a). There was no significant effect of

developmental exposure to 0.2/l deltamethrin on the swim velocities of adult male



61

zebrafish (figure3.2a). Finally, in male zebrafish there was a significant effect of
developmental deltamethrin exposure on the frequency of high mobility swimming
(F(2,30)=4.257, p=0.024. Male zebrafish that had been developmentally exposed to 0.5

Mg/L of deltamethrin exhibited more bouts of high mobility swimming (figure 3.3a).

In female zebrafish, developmental exposure to 0.25 pg/L or 0.9/lu
deltamethrin did not have any significant effects on adult swim activity (figit® or
the frequency of high mobility swimming (figure 3.3blHowever, developmental
deltamethrin exposure hadsmgnificant effect on adult swim velocity in female zebrafish
(F(2,185=3.438 p=0.039. Adult females exhibited increased swim velocities across all
timebins ifthey had been exposed to 0.2¥ljpdeltamethrin during development (figure
3.2b). Developmentaexposure to the higher casrttration of deltamethrin (0.5gjL)
was not associated with any significant changes in swim velocities in adult female
zebrafish (figure3.2b). For either sexhere was not a significant effect of time on swim
activity, nor was there a significant interaction between time and deltamethrin treatment.
In conclusion, nder the open field test paradigm, developmental exposure togther hi
dose of deltamethrin (0.5¢gfL) resulted in increased distance travelledim velocity
andfrequency of high mobility swimming adult male zebrafish; whereas, exposure to
the lover dose of deltamethrin (0.2%4L) was associated with increased swim velocities

in adult female zebrafish.
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3.3.2 Effects of developmental deltamethrin exposure ointersession distance

travelled in the open field test

To determine whethatevelopmental deltamethrin exposure alters more complex
behavioral phenotypethje rate of intersession habituation during the open field test was
characterized in adult zebrafigfigure 3.4). The rate of intersession habituation was
calculated by dividing the total distance travelled in the first 5 minute time bin on day 1
by the total distance travelled in the first 5 minute time bin on day 5 for each individual
fish. The basefie values of habituation for control animals indicate that there is no
difference in the total distance travelled between day 1 and day 5. The ratios of
habituation were 1.0 and 0.9 for male and female zebrafish respectively. In male
zebrafish, developmesit deltamethrin exposure did not affect the rate of intersession
habituation (figure 3.4a). However, in female zebrafish, developmental deltamethrin
exposure was associated with a significant change in habituéE@32)=3.522
p=0.042. Developmental gxosure to 0.25 pg/L deltamethrin resulted in a 1.5 fold higher

rate of intersession habituation in adult female zebrafish (figure 3.4b).

3.3.3 Effects of developmental deltamethrin exposure on adult thigmotaxis

The thigmotactic tendenciesf adult zebraéh were measured to determine
whetherdevelopmental deltamethrin exposure altered this ankletyresponsgfigure
3.5. In male zebrafish, developmental expesto deltamethrin (0.25 or 0.5yfL) was
not associated with any significant changes inntiataxis during the open field test
(figure 3.58). Across all treatment groups, male zebrafish spent an averai aff the

time in the center of the open field. In female zebrafish, developmental deltamethrin
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exposure was found to have a significant&ffen the duration of time speim along the
edges of theopen field (F(2,36)=5.230, p=0.010). Developmental exposure @b p
deltamethrin was associated wi#h1.5fold increasein thigmotactic tendencies in the
adult female zebrafish uadthe open fiel test paradigm (figure 3. Control fish spent
approximately45% of the time in the center of the open fieldhereas, fish that had
beendevelopmentally exposed to 0.9/l deltamethrin spen29% of the time in the

center of the open fieldndicatingthat more time was spent in the periphery

3.3.4 Effects of developmental deltamethrin exposure on adult aggression

In male zebrafish, data indicate that there is a statistically significant interaction
between deltamethrin treatment and social status mi@t/subordinate)
(F(1,43)=16.887, €0.001). In males, within the dominant group, developmental
deltamethrin exposure resulted in a significant increase in the number of aggressive
attacks performed (figure 3.6a). There were no significant differend¢be magnitude of
aggression between control and deltamethrin treated subordinate male zebrafish (figure
3.6a). In addition, there were no significant effects of deltamethrin treatment on the
magnitude of aggression in female zebrafish, nor was therendicsigt interaction

between developmental deltamethrin exposure and social status (figure 3.6b).

3.4 Discussion

Results of this study demonstrate that developmental exposure-toxiowloses
of deltamethrin was associated with locomotor and behavibeasiges that persisted into
adulthood. In addition, we found gender differences in adult open field behaviors and

aggression between control and deltamethrin treated animals.
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Distance travided, velocity (a measure of distance travelled per unit time), and
mobility (a spatially independent measure of body movement), are endpoints commonly
used to measure motor aspects of zebrafish swimiiageff and Cachat 20)11In
adult male zebrafish, developmdreaposure to 0.5 g/L deltamethrinbut not 0.25 g/L
deltamethrin resulted in increased locomotor activity (distance travelled, \tglognd
bouts of hign mobility). Similarly, in terms of distance travelled, we previously
demonstrated the same dassponse trend in-®&eek old larval zebrafish (chapter 2).
The deltamethriinduced increases in locomotor activity exhibited by male zebrafish are
consistenwith findings in rodents, as increases in locomotor activity were also found in
adult male mice(Eriksson and Fredriksson 199following prenatal exposure to
deltamethrin. Together, this demonstratikat developmental exposure to Q/L
deltamethrin causes increases in swim activity (distance travelled) which is present at the

larval stage and persists into adulthood in male zebrafish.

On the other hand, adulémale zebrafish did not generally exhibit significant
differences in locomotor activity. The only observed effect was an increase in swim
velocity in the group exposed to 0.2g/L deltamethrin during development. Since most
preclinical studies are perfoed using only male animals, relatively less information is
known about the behavior of femal®©f the studies cited in Shafer et. al 2005, reviewing
the longterm behavioral deficits associated with developmental pyrethroid exposure, the
majority only ested behavioral outcomes in male aningAlsbom et al. 1994Eriksson
and Fredriksson 199Husain et al. 1994Johri et al. 2006Moniz et al. 1990Moniz et
al. 1999 Nasuti et al. 2007Talts et al. 1998 Others did not specify theexor thesex

ratio used for studie@usain et al. 1992Patro et al. 200%r used both sexes for testing
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but did not distinguish between the sexes when reporting(daia et al. 2001 Gomes
Mda et al. 1991 Only 2 studies specifically characterizedx differences in adult
behavor following prenatal pyrethroid exposufkeazarini et al. 2001Tsuji et al. 2002

Tsuji et al. 2002 didhot find any differences in locomotor activity in either male or
female animals after prenatal exposure talldthrin. However, Lazarini et .aR001
reporta male specific deficit in swimming behavior, locomotor activity after swimming
and alterations iDA neurochemistry associated with prenatal deltamethrin exposure.
Although testing different endpointthese studies, along with our datiemonstrate a

sexspecificbehavioral respondellowing developmentatieltamethrin exposure.

When examining endpois such as thigmotaxis and intassion locomotor
activity we fund that developmental deltamethrin exposuid dot affect these
behaviors in adult male zebrafish; whereas, developmental exposure to deltamethrin
increased thigmotaxis and altered intessen locomotor activities in adult female
zebrafish. Thigmotaxis, a component of exploratory behavior, is the tendency to move
along walls and is a behavior commonly observed in rodéaraprea et al. 20Q08&nd
has been reported to occur in zebrafish as well. In zebrafish, baseline thigmotaxis activity
is variable across the literature with reports of occurrence ranging fre®@%0of the
total time testedqChampagne et al. 201Grossman et al. 201®8aximino et al. 2010p
The variability in findings is likely due to different definitions of center (proportion of
center zone to total area of tank), type of open field used (size, color, and shape of tank),
and strain differences (higdnxiety strain vs lovanxiety strain). However, all studies do
indicate that zebrafish engage in thigmotaxis and consistently spend more time along the

periphery of the field when subject to a novel environment. Similar to the horizontal open
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field test paradigm used in Grosamet al. 2010, we also found that control adult
zebrafish spent approximately 40% of the time in the center zone and thus 60% of the
time in the periphery. Thigmotactic behavior is also often used as an indicator of anxiety
evoked by stress such as noyait rodents(Simon et al. 1994and has been thought to
elicit the same reaction in zebrafi@laser et al. 203,Champagne et al. 20LBince we

found that developmental deltamethrin treatment incoktggmotaxis in adult female
zebrafish, it possible that exged adult female zebrafish are more anxious and sensitive

to stress.

Intersession habituation to novelty is generally thought to involve-tiemy
spatial memory andin mice is generally associated with a reduction in locomotor
activity across session®olivar 2009. If we adapt the same intersession habituation
parameters from méto the zebrafish model, control fish did not habituate to repeated
daily exposure to the same novel open field environment; the total distance travelled on
day 1 of testing was the same as the total distance travelled on day 5 of fegtireg (
3.1). It is possible that this inconsistency is due to species differences. In zebrafish, little
is known about the manner of intersession habituation in nebattgd paradigms. Wong
et al. 2010 described intersession habituation to repeated exposure to a novel
environment as an increase in the number of times the zebrafish swam to the top of a
tank, an increase in time spent in the top, and a reduction in freezing bouts. Because
different testing paradigms were used betw@&iong et al. 201pand our studies (the
novel tank diving test measures vertical movement whereas our open field test measures
horizontal movement) it is difficult to determine if our findings are aiyecomparable.

When measuring thigmotaxis as an endpoint, intersession exposure to a new environment
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did not elicit aconsistat habituation response in the zebrafiBluske and Gerlai 2012
Maximino et al. 2010g Therefore, it is also likely that when measuring only horizontal
distance travelled, adult zebrafish do not appear to habituate. Furthermignegjrthe
overall trends of intersession habituation are strain deper(@ahivar et al. 2000
Bolivar 2009. The highly inbred AB strain of zebrafish used in our studies generally
exhibit higher basal locomotor activity (distance travelled, velocity, and frequency of
high mobility) relative to the other strainfdange etal. 2013, highlighting strain
differences in behavior of the Danio species. Wong et al. 2010 used an outbred strain
purchased from local distributors a@uske and Gerlai 20}2and (Maximino et al.
20109 used the AB zebrafish strain, also used in our studies. Therefore, owing to
differences in endpoint analysis and strain selection, the discrepancies in intersession
habituation is not surprising. However, under our open field pargdiging the AB
strain of zebrafish, adult female zebrafish exposed to Aglk deltamethrin during
development exhibitedn increase in the rate of intersession habituation (figure 3.4b).
When examining the total distance travelled (inset of figure 3ih$ apparent that
female adults developmentally exposed to 0.25 pg/L deltamethrin  devatop
exaggerated response to novelfjney exhibit hyperactivity on day 1 of testing and
hypoactivity on day 5 of testin@igure 3.4c) The theory behind the opéeld test is that
anxiety and stress is likely the result of 1) social isolation and 2) exposure to a novel,
brightly lit arena(Prut and Belzung 2003This suggests that deltamethrin treated female
zebrafish are gacting and adapting inappropriately to a stressor such as the novel

environment.
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Developmental deltamethrin exposure also heightened aggression in dominant
male zebrafish, a condition not present in treated females. Dorsinbotdinate social
hierarchiesare well characterized in adult zebrafi@ahlbom et al. 2012 arson et al.

2006 Paull et al. 2010Spence et al. 2008Plotting the number of aggressive attacks of
each fish using a scatterplot allows for visualization of such dominant and sub®rdinat
relationships in zebrafish (figui&6). In our studies, control male and female zebrafish

do not exhibit significant differences in aggression, which is consistent with several
studies in the literaturéDahlbom et al. 2012Moretz et al. 200/ However, as
demonstrated by Moretz et al. 2007, basal aggression levels are highly dependent on
strain. As suchother studies have demonstateat dominant malesremore aggressive

than dominant femalggilby et al. 2010 Paull et al. 2010 Therefore, it is also possible

that the lack of response in the female zebrafish to developmental deltamethrin exposure
could be due to the fact that basal aggression levels for females were already heightened

due to strain selection

There is growing evidence demonstratisgxspecific responses, in terms of
behavior, to stressors during development. For instance, the incidence of affective
disorders is higher in females, whereas, the incidence of autism spectrum disorder is
higher n males and it is thought that sgpecific responses to prenatal adversity underlie
these findings(Davis and Pfaff 2014 Table 3.1 provides a summary of the gender
specific behavioral outcomes of developmentaltainethrin exposure. Generally, the
behavioral outcomes of developmental deltamethrin exposure exhibited by adult male
zebrafish are related to motor function and aggression; while, the behavioral outcomes of

developmental deltamethrin exposure are pbssibxietylike (affective) disorders. As
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previously mentioned, open field parameters such as distance travelled, velocity, and
mobility reflect the motor aspects of zebrafish swimm{iglueff and Cachat 20}1
Whereas, thigmotaxis, increased velocity (an indirect measure of erratic movement), and
rate of habituationare common endpoints used to assessey-like behaviors in the
zebrafish(Champagne et al. 20L0/Nhile not a comprehensive battery, developmental
deltamethrin exposure is associated with gigant changes in all of these parameters in
adult female zebrafish; therefore it is likely that exposure effects the-stgsmse of

these fish. Additional testing using assays such as the novel tank test or scototaxis

paradigms would help confirm thigding.

In conclusion, developmental exposure to deltamethrin resulted in increased
locomotor activity and aggression in adult male zebrafish, as well as, increased swim
velocity, thigmotaxis, and altered habituation in adult female zebrafigh. the recent
NIH initiative to balance serepresentation in preclinical studi€Slayton and Collins
20149, our findings are aligned with the number ofdséis that fueled this directive. In
addition, our data also lend support to the DOHaD hypothesis as we highlight the risk of
neurotoxicant exposure during tbetical developmental periochimediating longeterm

behavioral disorders.
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Figure 3.2: Average swim velocity in the open field test of adult male (a) and female (b)
zebrafish developmentally exposed to deltamethrin (DLM). Data points are presented as
average swim velocity (cm/2)S.E.M. in 5min time binsduring 3Gmin sessions (n=6

13). A twoway ANOVA was used to determine if there was a significant effect of
deltamethrin exposure across time on adult swim velocity. (*) indicate that average swim
velocity across time in animals developmentally exposeddéttamethrin were
significantly different from vehicle control exposed animals as determined by-Holm
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Figure 3.3: Frequency of high mobily swimming in the open field test of adult male (a)
and female (b) zebrafish developmentally exposed to deltamethrin (DLM). Data are
presented as mean frequency of high mobility swimmir®EM. during the entire 30
minute session (n=63). A oneway ANOVA was used to determine if there was a
significant effect of deltamethrin exposure on high mobility swimming bouts. (*) indicate
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determined by HolrBidak multiple comparisons  pQ 0.05) .
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Figure 3.4: Rate of intersession habituat in the open field test of adult male (a) and
female (b) zebrafish developmentally exposed to deltamethrin (DLM). Bars are presented
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and day 5 of testing $.E.M. (n=6-14). A oneway ANOVA was used to determine if
there was a significant effect of deltamethrin exposure on the rate of intersession
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developmentally exposed to deltamethsrere significantly different from vehicle
control exposed animals as determined by HSioek multiple comparisonp©® 0. 05) .
Panel (c) represents the mean distance travelled + SEM in the first 5 minute time bin on
day 1 and day 5 testing of female aohfish and fish developmentally exposed to 0.25
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Figure 3.5: Thigmotaxis in the open field test of adult male (a) and female (b) zebrafish
developmentally gxosed to deltamethrin (DLM). Data are presented as mean % time
spent in the center zoneSE.M. during the entire 30 minute session @3¢. A one

way ANOVA was used to determine if there was a significant effect of deltamethrin
exposure on the amount J%f time spent in the center zone. (*) indicate that % time
spent in the center zone in animals developmentally exposed to deltamethrin were
significantly different from vehicle control exposed animals as determined by-Holm
Sidak multiple comparisonp© 0. 05) .
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Figure 3.6: Number of aggressive attacks using the mirror induced aggression assay of
adult male (a) and female (b) zebrafish developmentally exposed to deltanjBtbi).

Each data point represents the number of aggressive attacks performed by one individual
fish during a 9 minute trial. (n=123). Lines present in the graphs indicate where the
dominant/subordinate cutoffs were made. A-tmway ANOVA was used to detmine if

there was a significant effect of deltamethrin exposure on the number of aggressive
attacks in dominant and subordinate fish. (*) indicate that fish developmentally exposed
to deltamethrin were significantly different from fish exposed to veluotgrol within

the dominant group by Hok8idak multiple comparisong@©® 0. 05) .
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Endpoint Males Females

Distance Travelled Increased No change
ity Average Swim Velocity Increased Increased
Function

Frequency of High Mobility Increased No change

_ Thigmotaxis No change Increased

A_ffect|ve Intersession habituation No change Altered
disorders

Aggression Increased No change

Table 3.1 Summary of behavioral effects found in adult male and female zebrafish
following developmental exposure to deletirin
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Chapter 4

The effects ofdevelopmentaldeltamethrin exposureon the 5HT system and social

aggression in theadult zebrafish

4.1 Introduction

The role of serotonin (8HT) in behavioral control, systems physiology, and
disease far excesdthat of any other neurotransmitter systéfzmitia 200). The
widespread distribution of-BIT projections throughout the brain and body alludes to the
diverse functions of the serotonergic system. Important in regulating behaviors such as
depression, affective disomde and aggressi@idendricks et al. 20Q3Lesch and
Merschdorf 2000 Quadros et al. 20}0the 5HT system is a common pharmaceutical
target for these demss. In addition, the BT system is found to be a key modulabdr
adapton to positive and negative life experiencasviewed by(Oberlander 2012
Studies have shown that behaviors such as aggression and anxiety are programmable
behaviors and can be influence by environmental factors experienced dievegigpment
(Marquez et al. 2033van den Hove et al. 20)45-HT i s t hought to be
regul ator which integrates miAzdita2003 Asboody w
such, the plastic and dynamic nature of the serotonin system, the ability for this system to
be influenced by external factors, and the involvementidi5n a variety of biological
proesses, makes the-HbI system a candidate mediator of gene x environment
interactions in the nAdevel opmentparddigm,ri gi n s
reviewed in(Homberg and van den Hove 2Q1hiizink et al. 2004Lesch et al. 201)2

The DOHaD hypothesis suggests that most disease states experadecedlife

are the consequence of an adverse conditions experienced during critical developmental
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periods. When exposed to adversity, developing organism must reprogram physiological
endpoints to adapt to these prenatal stresgbich have long lastingffects reviewed in
(Gluckman and Hanson 200&luckman et al. 20Q7In animal models, disorders suah
anxiety and aggression have been found to have fetal links and the serotonin system is
largely implicated for mediating these effedtsr instance, prenatal strgsiily repeated
restraint in bright lightwas associated withnxietylike behaviors iroffspring (Van den
Hove et al. 2005Van den Hove et al. 20)4vhich was reduced following aunistration
of a selective serotonin reuptake inhibitor (SSEayen et al. 2001 In addition,
molecular events such as altered gene expression of the setoémsiporter (SERTgnd
5-tryptophan hydroxylas€TPH2) (Van den Hove et al. 20)4decreased-BIT receptor
binding (Peters 1990Van den Hove et al. 20p5and increased-HT metabolism
(Hayashi 1998; peters 19P8re also associated with prenatal sgreDirect manipulation
of the 5HT systemusing fluoxetine duringdevelopmentalso produce anxietylike
behaviors in mice(Ansorge et al. 20Q8Karpova et al. 2009 Finally, conditional
developmentakxpression of 84T1lain 5-HT1la knockout micgrevents the occurrence
of anxietylike behaviors inherent in this knockout model, suggesting that this disorder is
set during developmelGross et al. 2002

Similarly, studies have demonstrated that aggression disorders have
developmental origins and likely involve serotame dysfunction. Peripubescent stress
was associated with increased aggression and MAOA expression in ad(laejsiez
et al. 2013 Directly targeting the5-HT system with SSRIs was associated with
increased aggression in male m{Goleman et al. 1999Postnatal exposure toBT1A

receptor agonist buspironeeightened aggression in an aggressive mouse strain and
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further amelioratedaggression in a less aggressive mouse s(Markina et al. 2006
Finally, directexposue to 5HT during developmentwas associated with decreased
aggressionn adult hengDennis et al. 2013 Taken together, these studies show that the
5-HT system can be influenced during early life, which can predispose an indlitodua
anxietylike and aggression disorders later in life.

Previously we found that developmental exposure detamethrin using
concentrations below the LOAEL, rtds in persistent locomotor and behavioral
impairment (hyperactivity, anxietjke behavios, and aggression) in larval and adult
zebrafish respectively. In addition, dopaminergic dysfunction was shown to be a possible
mode of action fopyrethroid induced neurobehavioral toxicitgowever, pyrethroids
pesticides have also been shown to alteoteain neurotransmissiofBloomquist et al.

2002 Hossain et al. 201 Xirby et al. 1999 MartinezLarranaga et al. 20QRicci et al.

2013. Therefore because pyrethroids can modify thighly plastic 5SHT system and
because the-BIT is involved inregulating behaviors such as anxiety and aggression,
(exhibited by adult zebrafish previously exposed to deltamétiwim hypothesize that

the behavioral deficits caused bgvelopmental deltaethrin exposurdas a serotonin
component.Our findings demonstrate that developmental deltamethrin exposure is
associated with an early increase in serotonin transporter transcript levels. In addition, we
find a strong positive correlation between thegmtude of aggression exhibited by adult
male zebrafish and transcript levelsdofi2a sertg andsertb,a trend which is lost in the
population of adult males that had been developmentally exposed to deltamethrin. Using

fluoxetine, a serotonin transpartenhibitor, to rescue the hyperaggressive phenotype
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exhibited by adult male zebrafish previously exposed to deltamethrin, it was shown that
developmental deltamethrin exposure has lasting effects on the monoamine systems.
4.2 Materials and Methods
4.2.1 Zebrafish Husbandry

The AB strain zebrafish, used in all experiments, was originally obtained from the
Zebrafish International Resource Center (Eugene, OR). Adult fish were bred and housed
in Aquatic Habitats Apopka, FL) recirculating systems supplied wigystem water
which consisted of carbon and sand filtered municipal water. Water quality was
maintained at <0.05 ppm nitrite, <0.2 ppm ammonia, pH between 7.2 and 7.7, and
between 26 and 28°C. Fish were maintained under a 14:10 hour light:dark cycle. Fish
were fed twice a day, once in the morning with freshly hatched artemia (Aquatic
Habitats, Apopka, FL) and once at night with aquatox/tetramin flake food (Aquatic
Habitats,Apopka, FL) All experiments were conducted in accordance with gi@afish
husbandy protocol and embryonic exposure protocol #2%) approved by the Rutgers
University Animal Care and Facilities Committee.
4.2.2 Chemicals

Deltamethrin [purity 99.5 %] (CAS# 52948-5) was purchased from
ChemService (West Chester, PA). Njinethylfamamide (DMF) and fluoxetine

hydrochloride (CAS# 562988-7) were purchased from Sigpdddrich (St. Louis, MO).

4.2.3 Pesticide Exposures

Deltamethrin solutions and exposures were performed as previously described
(3.2.3). Briefly, zebrafish embryos wereated between-32hpf to 0, 0.25, 0.33, and 0.5

Mg/L deltamethrin (nominal concentrations). The final DMF concentration was 0.01% for
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all exposures. Exposures were performed in 60x15mm glass petri dishes usth@fl0
treatment solutions. 30 embryosr pish were exposed in a static a@mewal bath and
incubated at 226 C in the dark. Embryos were observed daily to monitor proper
development and to ensure that symptoms of toxdgscribed ifDeMicco et al. 2010

were not present. At 72hpf, sac fry larvae were removed from treatment and transferred
to 600ml beakers containing fresh system water and reared in an incubator maintained at
26 C under a 14:1ddht:dark cycle until 1 month of age (1 treatment dish/beaker). After
which they were transferred to the main housing facility (described in 4.2.1). Adults of
the same treatment group were group housed in 3L aquatic habitat tanks at a stocking

density of ®-25 fish/tank, with both sexes-eoingled at a approximately a 1:1 ratio.

4.2.4 Analysis of whole body neurotransmitter levels by HPL&ECD

Zebrafish embryos were exposed to 0, 0.333, opg/b deltamethrin and raised
to the 2week time point as previolys described (section 4.2.3). (N=6 pooled
replicates/concentration, 50 embryos per replicate).-weeks, larvae were snapfrozen.
50 pL of cold 0.1N PCA solution (supplemented with 30M EDTA and 300uM
sodium metabisulfite) was added to each samplehammdogenized 2x on ice using a
motorized pestle. Samples were spun at 16xg for 10 minutes at 4°C and the supernatant
was filtered through a 0.pR1 spin column (EMD Millipore, Billerica, MA). The
remaining pellet was dried in a 37°C incubator and dissowe2DOpl of 0.5N NaOH
overnight. The protein concentration of each sample was determined using the Modified
Lowry Protein Assay (Thermo Fisher Scientific, Waltham. MA). HFEDC

quantitation of DA, DOPAC, and HVA was performed as (Schuh et al., 2009;g5¢tele
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al., 2013). Briefly, the filtered supernatant was diluted 1:10 in PCA solution and 5 ul was
injected directly onto a Waters Alliance high performance liquid chromatograph
equipped with a Waters 2465 electrochemical detector (Waters Corporation,dMilfor
MA). DA, DOPAC, and HVA were separated on a Microdialysis 148D x 3.2 column
(Thermo Scientific, Waltham, MA) using isocratic MDTM Mobile Phase (Thermo
Scientific, Waltham, MA) with NaCl (2 mM) at a flow rate of 0.5ml/min. The
compounds identified bylectrochemical detection were quantified by area under the
curve with known standards. The experiment, from dosing to analysis, was repeated

twice.

4.2.5. Analysis of mRNA transcript levels by reatime quantitative PCR

Embryos were exposed to 0.25, 0.333 o r 0.5 ¢eg/L deltamet
above (section 4.2.3). At 72hpf or 2wpf, approximately205embryos were pooled and
snap frozen in liquid nitrogen (N = 4 pooled replicates/concentration). The entire

experiment, from dosing to analysis, was repgateninimum of three times.

Following adult aggression analysis (described in 4.2.6), fish were anesthetized
with MS222 @Aquatic HabitatsApopka, FL) and decapitated. Brains were dissected out

(Gupta, Jove video) on ice and immediately snap frozen imligjtrogen.

RNA isolation, reverse transcription, and réale qPCR were performed as
previously described ir(Hillegass et al. 20Q7 Briefly, mRNA was islated using
RNAzol® Reagent (Sigmaldrich, St. Louis, MO), and contaminating DNA was
removed with the DNAreeE ki t (LI fe Technol ogi es) . R

performed with the i Scr-Raf)tafd rezslindl PCR wast he s i
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perfformed 8 i ng i QEGr&iy BuRermix (BidRad). Primer sets (listed in table
2.1.1) were optimized for the following gPCR protocol: 35 cycles of: 95°C for 15
seconds and 60°C for 1 minute. mMRNA was quantified using standard curves and
normalized tothe housekeepig gene, 28s ribosomal RNA (embryos and larvae)-or B

actin (adults).
4.2.6 Chronic Fluoxetine Exposure and Mirror Induced Aggression assay.

Adult zebrafish (~1 year) that had been previously exposed to deltamethrin (0.5
Mg/L or vehicle control) during delopment were exposed to fluoxetine (100 pg/L) in 3L
aguatic habitat tanks containing 2L system water for 2 weeks. A 50% water change was
performed and treatments renewed every 2 days. Respective controls did not receive drug
treatment and were housed andintained under identical conditions. 10 fish of the same
group (vehicle control or deltamethrin treated) were treated at a time, each tank
containing a 1:1 male/female ratio. The concentration chosen and duration of exposure
was based off the studies pished by Egan et al. 2009, which were found to elicit an

anxiolytic effect.

After 2 weeks of chronic fluoxetine exposure, the adult zebrafish were subject to
the same open field conditions as previously described (3.2.4) for 30 minutes, every 24
hours, fo 5 days, to allow for habituation to handling and exposure to the novel field. In
between sessions, fish were individually housed and fluoxetine exposure was maintained
to ensure that there were no effects of withdrawal. On thea§y, immediately aftethe
last trial session, a mirror (7.5x7.5 cm) was slotted into the trapezoidal end of the tank

following the slant of the tank and video was recorded for 10 minutes. Videos were
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viewed by 2 independent blind reviewers and the number of aggressive evestsrtd

pushes against the mirror) was counted.
4.2.7. Statistical analyses

All data were analyzed using the SigmaPlot version 11 computer software
package (Systat Software Inc., San Jose, OAg exact statistical test ran for each
condition can be fouh in the corresponding figure legentihe probability level for

statistical significancewgsO 0. 05 for all studies.
4.3 Results:

4.3.1 The effects of developmental deltamethrin exposure on whole body

neurotransmitter levels in larval zebrafish

To determine if developmental deltamethrin exposure results in persistent changes
in 5-HT neurochemistrythe levels of 8HT and its metabolite-6IIAA weremeasured at
2 weeks (figure 4.1); a timepoint associated with deltamethrin induced increased
locomotor activity (figure 2.1). There were no significant effects of deltamethrin
exposure onHT or 5HIAA | evels. In addition, 81T/5-HIAA ratios were calculated to
determine if developmental deltamethrin exposure was associated with changg$ in 5
metabolism.At the 2week larval stagdfigure 41), there was a significant effect of
developmental deltamethriexposure onthe 5HT/5-HIAA Ratio (F(2,12)=24.181,
p =0.0@) transcript levelsDevelopmental exposure to 0.5 pg/L deltamethrin resulted in

a significant Z7i fold increase irthe 5HT/5-HIAA ratio.
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4.3.2 The effects of developmental deltamethrin exposuren serotonergic gene

expression

The transcript levels of several genes involved in the serotonin system were
measured immediately after exposure (72hpf) and at the larval stageek®) to
characterize the immediate and persistent effects of deltametkposure. At 72hpf
(figure 4.2a), there was a significant effect of developmental deltamethrin exposure on
serta (F(2,8)=23.761p =0.001) transcript levels. Developmental exposure to 0.25 ug/L
deltamethrin resulted in a significanti fald increase inserta transcript levels
Developmental deltamethrin exposure did not significantly alter the expresssentipf

htrlaa htrlb, ortphlbat 72hpf.

At the larval stage (figure 4.2b), developmental deltamethrin exposure did not
significantly alter the gene ergssion levels of any gene testegrtg serthh htrlag
htrlb, and tphlb. The immediate effects of developmental deltamethrin exposure
included increasedertatranscript levels (figure 4.2a); however, these values returned to

baseline levels at the\eek time point (figure 4.2b).

4.3.3 Correlation between transcript levels of key serotonin and dopaminergic genes

and magnitude of aggression

To determine if the gene expression levelslatf drd1, drd2, drd3, th, serta and
sertb was correlated to the magmde of aggression exhibited by adult zebrafish, a
Pearsonds correlation was performed. These
deltamethrin exposure was found to affect their expression previously, with the exception

of dat anddrd3. In male conbl zebrafish, a significant and strong positive correlation
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was found between the expression levelslml2a (r=0.810,p=0.015),serta (r=0.948,
p=0.001) orsertb (r=0.772,p=0.042) and the magnitude of aggression. Thus indicating
that in control animals,increased expression dfd2a sertg or sertbwas correlated to
increased aggression. In adult male zebrafish that had been developmentally exposed to
0.5 pg/L deltametrhin, these correlations are weak and insignifichd®a (r=-0.104,
p=0.701),serta(r=0.014,p=0.961) andsertb (r=0.186,p=0.489). Thus indicating ithe
deltamethrin treateghopulation, there is no correlation between the gene expression

levels ofdrd2a sertg or sertbwith aggression.

In female control animals, there is no significaarrelation between the levels of
dat, drdl, drd2, drd3, th, sertg or sertbwith the magnitude of aggression. However, in
female adult zebrafish that had been developmentally exposed to deltamethrin, a
correlation between the gene expression levedadh and the magnitude of aggression

appearsrE0.653,p=0.015).

4.3.4 The effects of fluoxetine treatment on aggression

Adult zebrafish were exposed to fluoxetine (100 pg/L) faveeks prior to mirror
induce aggression testing in an attempt to rescue hijperaggressive phenotype
exhibited by dominant male zebrafish that been exposed to deltamethrin during
development. Statistical analysis could not be run to test for a developmental
deltamethrin exposure x dominant x fluoxetine treatment interactionodine tfact that
fluoxetine treatment ablated aggression in adult zebrafish such that dominant/subordinate

social status could not be determined. However, since this occurred in both control and
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deltamethrin exposed zebrafish, this result supports the thatt aggression and

hyperaggression in both these populations involve tH& System.

4 .4 Discussion

Developmental exposure to ntoxic doses of deltamethrin results @arly

increases irserta gene expression which returned to basal levels by twed time

point. In additionat the larval stagechanges in 81T or 5-HIAA levels weke not present;
however, the ratio of BT to 5HIAA was found to be increasedrurthermore, the
transcript levels of genes associated with thdéTsand DA systems that wepgeviously

found to be altered by developmental deltamethrin exposure returned to control levels in
adult male and female zebrafish. In adult male zebrafish, fluoxetine exposure reduced
aggression in both control fish and fish that had been exposed &mnd#itin during

development.

Since we previously observed increased aggression and alikgebehaviors in
adult zebrafish that had been exposed to deltamethrin during development (chapter 3),
and because the-B3T system plays an important role in meulig these behaviors
(Hendricks et al. 20Q3.esch et al. 201uadros et al. 20)0the effects of deltamethrin
exposure on the-BT system was examined. FirstHE and its metabolite -6IIAA
levels were measured at the larval stage, a time point associated with deltamethrin
induced increases in loconootactivity (figure 2.1). Our studies find that there are no
differences inlarval 5-HT or 5HIAA levels following developmental deltamethrin
exposure.ln the rodent literature, exposure to high dos#snig/kg of deltamethrin,

which were sublethal butxe, decreased striatat 8T and 5HIAA (MartinezLarranaga
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et al. 2003, whereas, exposure to lew nontoxic doses of deltamethriflO mg/kg)

increased striatal HIT and 5HIAA levels (Ricci et al. 2018 The apparent lack of effect

of deltamethrin exposure ontdT levels observed in our studies could becauseour

assays measel whole body EHT levels. Whereas in the rodent studies, investigators
measured H1T levels in the striatum, an area of the brain that where there is a high
concentration of BHHTneur on t er mi nal s. Since ~95% of t|
the Gl (Gershon and Tack 20Q7these peripheral sources oH3 could significantly

dilute any changes that may occur in the CN$owever, our data demonstrate an

increase in the ratio of-HT to 5HIAA in deltamethrin treated larvae, suggesting that

these animals exhibit decreased conversion-diTSo 5HIAA. In rats, pregestational

stress waassociated with lower-BIAA/5-HT ratios in the fetusggiuang et al. 2012

Gene expression analysis of several genes involveeHm Beuptake, synthesis,
ard transmission determined that exposure to 0.25 pg/L was associated with increased
levels of serta transcript immediately after exposure (72 hpf). However, this change
returned to control levels by thewgek timepoint (figure 4.2b) and was not preseratin
the adult stage in neither ma({égure 4.3a) orfemale (figure 4.3b) zebrafish. This
experiment is the first to report changes in serotonin transporter transcript levels
following low does (below LOAEL) deltamethrin exposure. Because there is much
interindividual variability in the expression levels of the analyzed genes, when looking
for the effects of deltamethrin treatment between the two populations as a whole (control

vs deltamethrin treated) differences cannot be detected (figure 4.3).

Since manyfactors can predispose an individual to different serotonergic states,

such as social status and propensity for aggression, a correlation between the magnitude
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of aggression and transcript levels of various serotonergic and dopaminergic genes was
examined There is a strong positive correlation between the magnitude of aggression and
serta, sertb, and drd2a transcript levels in adult male zebrafish, indicating that zebrafish
that are more aggressive have higher levelsseita serth and drd2a transcript.
Increased levels of sert would result in the increased reuptakel dfflfom the synapse,
producing a hyposerotonergic state and reducétl Sactivity, which according the
Aiserotonin deficiency hypothesi s Quados assoc
et al. 2010. Evidence in support of this hypothesis comes mostly from pharmacological
studies which show that increaseeH% activity via inhibition of serotonin reuptake
(increasing EHT availability) or 5HT1 receptor agonism decreases aggression in various
animal models. In addition, selective serotonin transporter inhibitors have demonstrated
efficacy in treating violent and excessively aggressive patients, revieWgkczek et al.

2007).

Studies also show that intact DA activity is required for the initiation and
execution of aggressive behavidliczek et al. 2007Miczek and Haney 199Miczek
et al. 2002 In addition pharmacological manipulation of the DA system using
amphetamines demonstrate that the DA stimulation can enhancectoglip aggressive
tendencies, reviewed inMiczek et al. 200y Because DA receptors mediate
neurotransmission, increased levelsdodi2a could result in increased DA activity and
therefore enhance aggression, supporting the positive correlation found belnd2an

levels and aggression.

In the population of adult male zebrafish that had been developmentally exposed

to deltamethrin, the correlation between the magnitude of aggressicergaderth and
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drd2atranscript levels is lost. Since, the total gempression levels of serta (figure 4.2)
and drd2a (figure 2.2) are affected by developmental deltamethrin exposure it makes
sense that these genes do not follow normal patterns of expression in deltamethrin treated

fish.

Fluoxetine treatment was hypoties] to attenuate the hyperaggression exhibited
by dominant male zebrafish that had been developmentally exposed to deltamethrin
(figure 3.6a) due involvement of thetbl' system in mediating aggression (table 4.1) and
due to the increases sertaexpresson resulting from deltamethrin exposure (figure 4.2).
Fluoxetine treatment ablated aggression associated with social status in both control and
deltamethrin treated male fish indicating that theH® plays a role in
dominant/subordinate aggression in thebrafish. Since we previously implicate DA
system dysfunction as a likely mode of action in deltamethrin induced locomotor deficits,
it is possible that DA system dysfunction underlies the specific hyperaggressive
phenotype exhibited by male fish since, stated previously, DA system activity
enhances and prolongs aggressive tender(bieszek et al. 200Y. Therefore, taken
together, it is possible that developmental deltamethrin exposure causes a
hyperdopaminergic state. However, this would need to be igatsti via

pharmacological intervention.

In female, zebrafish, correlations between the magnitude of aggression and the
transcript levels of the genes analyzed does not @aisle 4.1) In addition, fluoxetine
exposure dichot mitigate aggressioffigure 4.4b) This suggests that aggressietated

to social statugh females is likely mediated by different mechanisms all together. Given



91

the behavioral gender dimorphisms present in many behaBekker and van MenRs

Verhulst 2007, including aggression this finding is not unanticipated.

In conclusion, developmental deltamethrin exposure caused early increases in
serta transcript levels, which returned to baselleeels at the larval and adult stages.
Whole body 5HT and 5HIAA levels were not affected by developmental deltamethrin
exposure. In adult male zebrafish, a strong positive correlation between the magnitude of
aggression andertg serthh anddrd2atranscipt levels exists; this correlation is lost in
zebrafish that had been developmentally exposed to deltamethrin. Fluoxetine exposure in
control and deltamethrin treated male zebrafish reduced aggression. Together, our studies
demonstrate that deltamethrialso modulates the serotonin system, which likely

contributes to the behavioral deficits observed.
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Figure 4.1: The effects of developmental deltamethrin (DLM) exposure on serotonin (5
HT) levels, serotoin metalité levels, 5-Hydroxyindoleacetic acid5-HIAA) and 5
HT/5-HIAA ratios at 2weeks of age. Values represent the mean + SEM (A=6he

way ANOVA was performed to determine if there was a significant effect of
developmental deltamethrin exposufg.indicate a significant difference versus control
as determined by Hok8idak post hoc analyses where approprip@ ( 0. 05) .
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Figure 4.2: RNA transcript levels of genes related to serotonin transpertg( serth,
reception Ktrlaa, htrlal), and synthesistghlb in zebrafish exposed tdeltamethrin
(DLM) during development. Transcript levels were assayed at a) 72hpf anddrk®

post fertilization. The graph represents the mean fold change in transcript copy number
(n=4). The error bars represent standard error of the njeanoneway ANOVA was
performed to determine if there was a significant effect of developmental deltamethrin
exposure.(*) indicate a significant difference versus control as determined by Holm
Sidak or Dunnés post hp@ Gnmi)yses wher e
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Figure 4.3: RNA transcript levels of genes related to serotonin transperta( sertb,
reception Ktrlaa, htrlal), and synthesistghlb in zebrafish exposed to deltathrin
(DLM) during developmentor a) adult malegn = 715) and b)adult femalegn = 12
14). The barsrepresents the mean fold changdranscript copy numbeiThe error bars
represent standard error of the mean. A-wag ANOVA. There was no significa
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analyzed
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Pear s«
Males statistic dat drdl drd2a drd3 th serta sertb
r 0.617 0590 0.810* 0.062 0.459 0.948* 0.772*
DLM Opg/L p 0.103 0.124 0.015* 0.884 0.253 0.001* 0.042*
r 0.188 0.326 -0.104 -0.456 -0.227 0.014 0.186
DLM O.5ug/L  p 0.502 0.235 0.701 0.076 0.416 0.961 0.489
Pear s
Females o dat drdl drd2a  drd3 th serta  sertb
statistic
r -0.125 -0.171 -0.152 -0.029 -0.097 0.128 -0.181
DLM Oug/L
p 0.699 0.596 0.636 0930 0.765 0.691 0.573
-0.163 -0.048 0.048 -0.330 -0.343 0.653* -0.171
DLM 0.5ug/L
0.613 0876 0.883 0.295 0.275 0.015* 0.595

Table 4.1:Pear sonos

c or r ant pvalue® comparmdgeahscriptcnungbart s

of the ndicated genand number of aggressive attacks performmethe mirror induced
aggression assay in adult male and female zebrafish. These fish had been

devel opmentally

exposed to O or O.
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Figure 4.4: Fluoxetine challengdNlumber of aggressive attacks using the mirror induced
aggression assay of ad(t) male p) and female zebrafish developmentally exposed to
deltamethrin (DLM). Eachdata point represents the number of aggressive attacks
performed by one individual fish during a 9 minute trial.@+12). Dominant/subordinate
social status cannot be distinguishedniale zebrafish treated with fluoxetine.
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Chapter 5

General Discussion ad Conclusions

5.1 Major Findings

The results presented in this thesis support the hypothesisigti@bopmental
exposure toconcentrationsof deltamethrinbelow the LOAEL results in persignt
behavioral deficits which ardue in part,to changes in qmamine and serotonin system
gene expression and neurochemistry. Developmental deltamethrin exposure resulted in
increased larval swim activity, decreased expression of genes involved in DAHIhd 5
neurotransmission, as well as increased levels of DA mi&iiVA. Manipulating the
DA system by knocking down DAT simultaneously during deltamethrin exposure
rescued the deltamethrin induced locomotor effects. Acute methylphenidate (DAT
inhibitor) exposure was found tmcreaselocomotor activity in control lavae while
reducing locomotor activity itarvae previously exposed to deltamethrin. Both of these
studies strongly suggest that dopaminergic dysfunction mediates the behavioral effects of
developmental deltamethrin exposure. The deltamethrin induced db@oractivity
observed in larval zebrafish was found to persist into adulthood, and further behavioral
characterization of adult male and female zebrafish revealed a gender dimorphic response
to developmental deltamethrin exposure. In adult males, trah$evels ofsertg serth
and drd2a, positively correlated with the level of aggression. However, this correlation
was lost in the population of male fish that had been developmentally exposed to
deltamethrin. Furthermore, fluoxetine exposure attenuatesfjgression exhibited by
dominant male zebrafish demonstrating the involvement of the serotonin siystem

mediating aggressive social behavidm. conclusion, this research demonstrates that
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deltamethrin is a developmental neurotoxicant that causes pdrdistemotor and
behavioral effectsAlso, we add to the ethology of zebrafidy incorporatingthe
experimental behavioral paradigradaptedin our lab. Finally, we provide a mode of
action for deltamethrin induced behavioral toxicity which can assiftancumulative
risk assessment of these compounds.

5.2 Developmental Origins of Health and Disease

Developmental deltamethrin exposure caused locomotor and behavioral deficits in
larval and adult zebrafish, effects seen long after cessation of treafrhese findings
support the DOHaDhypothesis thatn adverse developmental environmeggults in
enduring effects Exposure to deltamethrin during the embryonic period increased
locomotor activity in larval zebrafish (figure 2.1) which persisted intotadad in male
zebrafish (figure 3.1a). In addition male zebrafish exhibited increased swim velocity
(figure 3.2a), increased bouts of high mobility (figure 3.3a) and increased aggression
(figure 3.6a). Female zebrafish that had been developmentally exmoskettamethrin
exhibited increased swim velocity (figure 3.2b), increased thigmotaxis (figure 3.5b) and
altered habituation rates (figure 3.48)milarly, latent and segpecific behavioral effects
following developmental deltamethrin exposure have lwdserved in ratgLazarini et
al. 200).

Additional support for the DOHaD hypothesis comes from our DAT morpholino
knockdown and inhibition studies. Sinceorpholinos are typically penetrant through
72hpf, DAT knockdown occurred simultaneously with deltamethrin exposure. This early
intervention was sufficient to rescue the deltamethrin induced locomotor activity at 2

weeks of age. One would expect methylpdate exposure at the larval stage to also
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rescue the deltamethrin induced locomotor activity due to the fact that both conditions
would effectively elicit the same effect: lower DAT activity. However, this was not the
case, as methylphenidate exposure pced a substantial reduction in locomotor activity

in larvae that had previously been exposed to deltamethrin. In this scenario, the DA
system had been already adapted to effects of developmental deltamethrin exposure.
These larvae were likely functionireg a new baseline level, rendering them susceptible
to subsequent modification. Our studies are theoretically similar to those performed in 5
HTR1a KO mice. In BHTR1a KO mice, which exhibit anxietike behaviors as adults,
conditional reexpression of 8HTR1a only during the early postnantal period was able to
prevent the occurrence of anxidiye behaviors in adults. However, conditional
expression of 81TR1a during adulthood did not ameliorate the anxig®y behaviors
exhibited by these KO midg&ross et al. 2002 This study indicates that the anxidike
behaviors exhibited by adultl3TR1a KO mice are the result oftbTR1a deficiency
during development a@hnot adulthood. The lack of effect ofFbTR1a reexpression
during adulthood suggests that modifying the serotonin system during development (by
5-HTR1a knockout) had already predisposed the animal to arMdetybehaviors.
Together, our studies show thearly intervention, during the critical developmental
window, was capable of preventing leteym changes in behavior caused by early
perturbations to the-BIT and DA systems. Thedmdings reinforce the idea that the

HT and DA monoamine systems argghly plastic systems that can be permanently

modified during development and support the DOHaD hypothesis.
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5.3 Cross talk of the dopamine and serotonin systems

Our studies show that developmental deltamethrin expasansiently alters
transcript leved in both the 8T and DA systems (figure 2.2 and 4.2a). In addition,
genes from both the-BT (sertg serth and DA @rd2a) system were found to positively
correlate with the degree of aggression in the adult male zebrafish, a correlation lost in
fish tha had been developmentally exposure to deltamethrin (table 4.1a). These findings
are not surprising since locomotor activity (figure 1.1, 3.1a, 3.2a, 3.3a), affective
disorders (figure 3.4b,c, 3.5b), and aggressive behaviors (figure 3.6a) are complex
endmints and are influenced by a number of different neural pathways. The dual role of
the DA and BHT systems in mediating behaviors such as aggression and anxiety are well
characterized For instance,hyposerotonergic(Coccaro et al. 1989Virkkunen and
Linnoila 1993 and hyperdopaminerg{®Netter and Rammsayer 198eo et al. 2008r'u
et al. 201 states are associated with aggression in animal and humans $lat&ade
of either the DAT or SERT during critical windows of development permanently altered
aggressive behaviors in adu(téu et al. 2013 Furthermore fluoxetine was found to
ameliorate the behavioral effects caused by prentatal methylphenidate eXBatanes
et al. 2003.

There is also substantial evidence denratisig cross talk between the 3Ad 5
HT neurotransmitter system3he serotonin system directly interacts and influences
dopamine neurotransmissigapur and Reington 1998 . 5-HT projections from the
dorsal raphe extend into midbrain structures populated by DA neurons (substantia nigra,
ventral tegmental area) as well as areas where DA projections terminate (amygdala,

striatum, prefrontal corteXBroderick ad Phelix 199Y. In addition, 5HT1a(Pazos and
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Palacios 1985 5-HT2a (Doherty and Pickel 200Nocjar et al. 2002 and 5HT2c (Di
Matteo et al. 200Lreceptors are often found on DA neurons in the VTA. Furthermore,
administration oBelective S8HT agonists is found to modulate DA neuron firing and DA
release and neurotransmiss(@wrtolozzi et al. 2005Di Matteo et al. 20011 Conversely
the nigral DA system also projects into the dorsal raphe(Beaon et al. 199%nd D2
receptos are also present ontbl' neurons in the dorsal raplelansour et al. 1990
Similarly, administration of DA agonists is associated with increasétl Firing;
whereas DA antagonists elicit the opposite effé@rre et al. 1994 Methylphenidate
exposure is also found to decreasdBlevels(Marco et al. 2011 In addition, because
DA and 5HT receptors are primarily-BCRs, studies have also suggested the possibility
of 5-HT and DA receptor heteromerizatigAlbizu et al. 2011 Gurevich and Gurevich
2008.

The DAT is not selective and displays a low affinity feH% (Eshleman et al.
1999 Giros et al. 19911 Because, VMAT?2 is a neselective monoamine transporter, 5
HT can be trasported into DA vesicles and be released together with DA during DA
neurotransmissioZhou et al. 200p Therefore, under conditions where there is excess
5-HT in the synapse (ie. SSRI treatmenthl'd can outcompete DA for the DAT in areas
rich with both DA and BHT neuronsand alter DA signalingTherefore,these studies
suggest that perturbation of one pathway will likely affect the other.

5.4 Sexspecific differences in behavior

Characterization of adult behavior in adult male and female zebrafish demonstrate
that developmental exposure to deltamethrin was associated with increased locomotor

and aggressive behaviors in males; whereas, exposure to deltamesthlied in anxiety
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like (affective) behaviors in female. This apparent-sgecific vulnerability to certain

types of mental disorders is also found in the human pépuok. For instance, incidence

of attention deficit hyperactivity disordefWaddell and McCarthy 20)2 autism
(Auyeungetal. 2009 Par ki n s(Baldérsschdet . 209@&rehigher in males,
whereas, incidence of affective disorders (anxiety, mood disorders) are higher in females
(Bekker and van Menr¥erhulst 200J. While the mechanissnbehind these sespecific
predispositions to mental disease are unknown, the role of sex steroids in mediating these

sexspecific behavioral responses is the most obvious etiology.

Estrogen has been implicated to have a neuroprotective effect and hdeuree
to 1) activate estrogen receptors and initiate the transcription of various genes involved in
essential brain function, prgrowth signaling, and apoptotic regulation, 2) directly
modulate neurotransmitters, their receptors, and signal transdu8jidanction as an
antioxidant reviewed in (GarciaSegura et al. 2001 Estradiol enhances DA
neurotransmissiofifhompson and Moss 1998y increasing DA syn#sis, release, and
metabolism, and modulates DA neurons firing rates via estrogen receptor activation
(Pasqualini et al. 1995Thompson and Moss 199Xiao and Becker 1994 Estrogen
deprivation via ovariectomy, was associated with loss of nigral dopamine cells, which
was moderately restored with esli@ therapy in primate mode(seranth et al. 2000as
well as rodent model€Johnson et al. 201pbin addition, estrogen has been found to
affect serotonin neurotransmission by altering up(@&elersby and Wilson 19738Virz-
Justice et al. 1974 metabolism(Greengrass and Tonge 19,/4nd altering serotonin
recetor density(Biegon and MEwen 1982 E2 replacement invariectomizedats is

associated with increased levels eH® and 5HIAA, increased expression of TPH,
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SERT, 5HT2a receptors, decreased levels efibla receptors and increased SERT

binding reviewed iAmin et al. 2005

Alternatively, testosterone has been found to modulate the DA af@d Systems
as well. In rat models, adrogen receptor agonism has been found to increase the
expression levelsf several genes in these systems includingdat, Drd1, Drd2, Vmat,
Comt Maoa, and Maob (PurvesTyson et al. 201;2PurvesTyson et al. 201y increase
the levels of DA and HIT in the striatum (de Souza Silva 2009), and increase turnover
of both DA and BHT (Thiblin et al. 1999. Castration was associated with increased TH
immunoreactivity in rodents, which was lowered again with testosterone replacement
therapy, suggesting that testosterone may suppress the DA $¥ystemaon et al. 201Da
Castration is also associated with reducgdT.a binding(Fischette et al. 198%&nd 5
HT1a mediated behavioral activity in rgtSogos and van den Buuse 2D0Bhus, the
opposite influences of the steroidal hormones on thi&l Jand DA systems provide a
plausible mechanism for the observed gender dimorphic behaviors. Along the lines of the
DOHad hypothesis, the manner by whibke DA and BHT systems adapt to deltamethrin
insult would be dictated by the available sex hormone, both having different effects on

these systems.

In addition, there is also a developing theory that thespexific behavioral
morbidities (affective diorders in females and austism spectrum in males) are due to
genderspecific responses of the placentaviewed in(Davis and Pfaff 2014 The sex
specific gene expression, protein expression, immune functiorstaradd profile of the
placenta may be the reason for the differences in how males and females cope with

prenatal stressreviewed in(Clifton 2010. However, because we demonstrate similar
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genderspecific behaviodaprofiles in adult zebrafish, a species that developsiteso
and thus not affected by maternal or platal contributions, this hypothessslikely not a

mechanism of deltamethrin induced neurobehavioral toxicity.

Besides thesexspecific differencesin behavior, we also find that female
zebrafish are more sensitive to the effects of developmental deltamethrin exposure.
Females exhibited behavioral deficits after exposure to 0.25 pg/L deltamethrin (figure
3.3b and 3.4b,c), a concentration half thfat was required tcelicit effects in male
zebrafish (0.5 pg/L). This can be explained not only by differences irh@@mone
driven neural modulation but also possibly kgxdifferences in ADME during

development

5.5 General Conclusions

In conclusion, thetadies discussed in this dissertation contribute to the current
state of science in 3 major ways. First, we demonstrate that perturbatioe avitical
neurodevelopment period, via neurotoxicant exposure, has long lasting effects on adult
behavior. In peicular, we highlight the dynamic and plastic nature of the dopamine and
serotonin systems during development. This finding supports the DOHaD hypothesis that
environmental influences during developmean have longasting effects.Therefore,

identifying and mitigating these fetal stressors can decrease the global disease burden.

Second, using th behavioral paradigms adaptéat our laboratory, our data
contribute to zebrafish ethology, specifically characterizing the AB strain of zebrafish.
With the ircreasing use of this model system and the call for their use in behavioral

studies, there is a paucity of data concerning their natural behaviors and responses under
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different experimental paradigms. In addition, due to the great variability that exists
betweenDanio strains, there is a need to establish baseline values for the more common
Awil dtypeo | aboratory strains in order to
to be used as a model of human behavior there is also the need to standadl

understand how the various assessment methods translate to human behavior.

Finally, these findings establish a mode of action for deltamethrin induced
neurobehavioral toxicity, and contributes to the cumulative risk assessment of pyrethroids
pestigdes. Our studies bring into light the potential for this class of compounds to cause
persistent behavioral deficits if exposure occurs during development. However,
pyrethroid pesticides are still one of the safer insecticide options on the nzareds
with all decision making processdbe benefits must outweigh the risks. If actions are
taken to mitigate the risk of exposure during critical developmental periods (ie. increased
education about the dangers of exposure, more controlled and timed applidhien
further action may not be warranted. In addition, for risk assessment purposes, our studies
further highlight the utility of the zebrafish model to proactively screen compounds that

have a common mode of action.

5.6 Future Studies

Although we popose that dopaminergic and serotonergic dysfunction as likely
modes of action for the locomotor and behavioral deficits caused by developmental
exposure to deltamethrin, there is still a gap of knowledge behind the mechanisms by
which pyrethroids modifghe dopamine and serotonin systedsthis time there is no

indication that pyrethroids specifically target the DA andH'B systems. In fact,
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pyrethroids have been shown to alter the other major neurotransmission pathways as well
(Singh et al. 2012 such as the glutamate and GABA systéBlsomquist et al. 2002
Hossain et al. 20Q08and the cholinergic systen{ghlbom et al. 1994 Eriksson and
Fredriksson 1991Talts et al. 1998 Whole transcriptome analysis ofetirat frontal

cortex following nortoxic deltamethrin(0.37 3 mg/kg)and permethrifl i 100 mg/Ig)
exposure identified increased expression of genes commonly associated with increased
neuronal firing (Harrill et al. 2008. However, i is not known if sodium channel
activation (the most direct effect of pyrethroid exposure) directly impacts these
neurotransmitter systems, or if the effects seen in these systemsnediated by
intermediary pathways. One possible link between sodium channel activation and DA
and 5HT dysfunction is via neurotrophins such as brain derived neurotrophic factor
(BDNF). Bdnfgene expression is known to be regulated in an act@pemient manner,

such that Cainflux (membrane depolarization) induces its expresghdarimoto et al.

1998. Once released BDNF acts in a {suarvival manner, inds to its respctive
downstream receptor (TRKBand activates signal transduction cascades that promote
cellular growth and proliferation. BDNF plays a large role in synaptic plasticity; long
term potentiation, and memgmeviewed in(Yamada and Nabeshima 2Q03herefore it

is possible that increased dégrization of sodium channels by pyrethroid exposure
mimics neuronal activity, promoting the synthesis and release of BDNF, which in turn
encourages the aberrant growth and proliferation of neurons. BDNF has also been shown
to be involved in the regulatoof drd3 expressiduillin et al. 200) and promote the
development of 81T neuronsreviewed in(Martinowich and Lu 2008 In vivo, high

concentrations of deltamethrin has been shown to inhibit BDNF expngésiamua et
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al. 2000, but is a potent inducer of BDNF expression at low concentrafiorasnura et

al. 2006. Studies utilizing the newly available trkb knockaébrafish strain or using
morpholinos to knockdown BDNF or trkb expression during development could test the
involvement of BNDF in mediating the losigrm effects of developmental deltamethrin
exposure.

Because we found that developmental deltamethrinecedfl both the
dopaminergic and serotonergic systems, examining targets common to both systems
would be a viable route to pursue. For instance, MAO and COMT are enzymes shared in
the degradation pathways of botFHH3 and DA. In addition, polymorphisms iroth
these genes have been associated with aggression phenotypes and both COMT and MAO
knockout mice exhibit increased aggression exclusively in male, méeewed in
(Volavka et al. 200 Therefore, since both of these genes are commoyHd &d DA
metabolism, and because we observed increases in HVA  levelsncreased-BT/5-

HIAA ratios (possibly ndicative of altered metabolism), as well as a hyperaggressive
phenotype in only male animals following developmental deltamethrin exposure, it is
possible that changes in COMT and/or MAO are involved. Further examination of the
expression and activity lels of MAO or COMT or utilizing the readily available
MAOIs or COMT inhibitors to rescue the behavioral effects would be worth

investigating.

Recent studies examining the DOHaD hypothesis has shifted focus to
mechanisms involving epigenetic modificatidmg which fetal programming is thought
to occur. Epigenetic modifications are an attractive mechanism to explain the phenomena

of DOHaD due to fact that these marks can regulate gene transcription without changing
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the DNA sequence. Epigenetic modificatiarfsinterest include, but are not limited to,
chromatin remodeling events such as DNA methylation and histone modification
reviewed in(Morgan et al. 2006 These epigenetic marks, set during development, are
mitotically heritableand allude to the permanent nature of fetal programmewgewed

in (Reik et al. 2001 In addition, epigenetic modifications are found to be influenced by a
variety of environmental factors including maternal diet and glucocorticoid exposure
(Vickaryous and Whitelawnz006. Currently, there is a paucity of data concerning the
potential epgenetic effects of pyrethroid exposure. Fenvalerate exposure was found to
change the methylation status of several genes in sperm(RidZet al. 2013 however,

these effects are likely due to the endocrine disrupting properties specific to fenvalerate
(WHO 199Q. Therefore, this area of research is open for exploration. Focusing on the
specific genes found to be altered by deltamethrin from our studiid$, @rd2, seri

could help direct future stlies.

One major assumption of this thesis is that mMRNA transcript levels correlates
with the amount of corresponding protein present. The use of mMRNA transcript levels as
a proxy for levels of the corresponding protein is due to the limited availability
adequate antibodies that specifically react with zebrafish proteins. However, recent
studies indicate that protein levels are largely regulated bytawsicriptionhand post
translational events and théte abundance ohé mRNA transcript only acocaots for
40% of the variance ievels of the respectiveprotein (Vogel and Marcotte2012).
Additional studies validating antibodies specific for v receptors would be required.

Following that, these antibodies can then be used to determine the dffects
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developmental deltamethrin exposure thie relative protein levelslocalization, and
density of the DA receptors.

Finally, despite the fact that pyrethroid pesticides are readily degraded in the
environment through abiotic and biotic proces¢€latheyus and Selvam 2013 recent
United States Geological Survey (USGS) reports finding pyrethroids in stream bed
sediment in several metropolitan areas throughout the UniegesSat concentrains
toxic to benthic organisms (Kuivila et al. 2012 Moran et al. 2012 Likewise,
pyrethroids have also been detected in streams that support salmon spawning in the
Pacific Northwes{Weston et al. 20J)1and California(Weston and Lydy 2030Neston
et al. 2013 While environmental concentrations of pyrethroids are generally at levels
considered to be sublethal to teleost spedi®ore and Waring 20Q1lethality is an
extreme endpoint. file longterm effectsfollowing low dose exposure is unknown.
Studies by Mooreand Waring,2001, demonstrated that exposure to environmentally
relevant levels of cypermethrin ré®d in impairment ofesponse to sex pheromones in
male salmon and decreased embryo fertilizatioraddition, studies have also found that
environmentally relevant concentrations of cypermethrin were acutely toxic to common
carp embryos(Ay d € n e ). Siacé we d@nfblstated that developmental low dose
exposure to deltamethrin produces behavioral effects in larval and adult zebrafish, this
could poentially affect general survivability of fish populations, since engaging in proper
behavior (schooling, territorial/resource aggression, and predator avoidance) is necessary
for survival. Taken together, all of these studies suggest that pyrethroid gwattamof
aguatic ecosystems could ultimateiggact wild fish populations and warrants further

investigation.From an environmental risk assessment standpoint, the results from our
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studies provide mechanistic adverse outcome pathway data that cangoatedtevith
individual based simulation models for population forecasting and ecotoxicology

modelling(Kramer et al. 2011
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Appendices

Table A5.1 Primer sets used for RGPCR

Transcript GenBank Accession Number Primer Pair Sequence

F: 5-acaactgctacagagacgccafia

dat (slc6a3) NM_131755 R: 5-ggccacgttgtgtttctgtgacat

drd1b NM 001135976 F:. 5I-tcatgtgttccactgcctccat&
- R: 5-atagcgaaacgggcttgaaategjc
drd2a NM 183068 F:. 5:acgatgctctctgtgtgattgcgﬁ
- R: 5-caaagcacatgcccagttacaga
drd3 NM_183067 F:. 5:cttcagaccaccaccaactal':
R: 5-gccgaccacttccaaataadc
th NM_131149 F:. 5:tccaccatcttgaaaccagaceﬁfq
R: 5-tcaaagagctgaccagcgtgctda
F: 5-gcctggtgtgtgtctgttasd’
serta NM_001039972 R: 5-ctgtggcgtactcctaatag3’
F: 5- tgggctctgttctacttctaes'
sertb NM_001177459 R: 5-gtccaggtcacgtgtck
F: 5-ggttttgaataaatggactttger)
htrlaa NM_001123321 R: 5-gtagtctatgggatcatcggtgatgge
htrlab NM_001145766 F:.5I-gtgaagactctgggcatcat&:*;l
R: 5-acacaagtcggagaaageg
tph1b NM_001001843 F:. 5 - gtcacagctcagatcctctttes
R: 5-gagagaagccaaccctaatg'’c
F: 5-tatctgtccaacgccaccaaa®t
eaat2 NM_199979 R: 5-tccgatcagacccagcacattit
eaat3 NM_001002666 F:. 5 I-tgagaatgctaaagatggtcatﬁcl
R: 5-tgacggcaataagyggtggaged
gatl NM_001007362 F:-5I—ggaggagatgatcggatataagﬁc
R: 5-accagcccacgccttgcceccet
gabral NM_001077326 F:- 5 I—tcactatgaccaccctaagtatﬁa '
R: 5-tgagagcagagaagacaaagg8gt
F: 5-tctgaacatagtcattactca&dt
gade’ NM_194419 R: 5-tactgtagaccagccgtggcatt’
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5'-gagcatctcaggagaaactdy

F:
avp NM_178293 R: 5-taggcgatgtgttcagaaad)
nkeel NM_001002080.1 F: 5-tcaagcacagccaacctesit

NM_001163654.1 R: 5-ataaagggcactggagacgy

F: 5'-gcacagcactgttcgcttg'
kee2 JN688966.1 R: 5-aacggagtaccagcctcas’

F: 5-aggtccccgtgactaatgdt
bdnf NM_131593 R: 5-cgcttgtctattcctcgged’
283 F: 5-cctcacgatccttctgged’

R: 5-aattctgcttcacaatgafal
b-actin NM_131031 F:5- cgagcaggagatgggaase

R: 5-caacggaaacgctcatt@c

*Spans all trangipt variants
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Figure A5.1: RNA transcript levels of genes relatedglatamatetransport ¢aat2 eaat3)
andreception ¢rinla and griala) in zebrafish exposed to deltamethrin (DLM) during
developmentTranscript levels were assayed at 72Apfe bas represents the mean fold

change in transcript copy numbeiS.E.M of one representative experimental replicate

(n=4). A oneway ANOVA or a Kruskawallis ANOVA on Ranks was used to
determine if there was a significant effect of deltamethrin exposureansctipt levels

where appropriate. (*) indicate a significant difference versus control as determined by
Hoim-Si dak or Dunnés post hp@ Gnmi)yses where
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Figure A5.2: RNA transcript levels of genes related@ABA transport ¢atl), reception
(gabral) and synthesisg@d67 in zebrafish exposed to deltamethrin (DLM) during
development. Transgi levels were assayed at 72hphe bars represents the mean fold
change in transcript copy numbeiSiE.M of one representative experimémeplicate
(n=4). A oneway ANOVA or a Kruskawallis ANOVA on Ranks was used to
determine if there was a significant effect of deltamethrin exposure on transcript levels
where appropriateCompared to control animalshdre was no significant effect of
developmental deltamethrin exposuregaitl, gabral, orgad67RNA transcript levels
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Figure A5.3: RNA transcript level®f argininevasopressinavp) in zebrafish exposed to
deltamethrin (DLM) during developmerifranscript levels were assayed at gR2IThe
bars represent the mean fold change in transcript copy numifeE.M of one
representative experimental replicéte=4). A oneway ANOVA was used to determine

if there was a significant effect of deltamethrin exposure on transcript.|&amispare

to control animals, here was no significant effect of developmental deltamethrin
exposure omvp expression
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Figure A5.4: RNA transcript levelof brain derived neurotrophic factor (padni) in

zebrafish exposetb deltamethrin (DLM) during devepment. Transcpt levels were

assayed at 72hpfThe bars represent the mean fold change in transcript copy number

+ S.E.M of one representative experimental replicate (n=4). An@ae ANOVA was

used to determine if there was a significant effect of delthrim exposure on transcript

levels. (*) indicate that distance travelled across time in animals developmentally
exposed to25 e g/ L del tamet hrin were significant|
exposed animals as determined by H&idak multiple compasons pO 0. 05) .
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Figure A5.5: Ratio ofnkccl/kccaranscriptdn zebrafish expose deltamethrin (DLM)
during development. Transcript levels were assagted2hpf. The bars represethie
mean fold change in transcript copy numbatio + SE.M of one representative
experimental replicate (n=4). A oiweay ANOVA was used to determine if there was a
significant effect of deltamethrin exposure on transcript lev@@mpared to control
animals, here was no significant effect of developmentatatekthrin exposure othe

ratio of nkccl/kcc2ranscript
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Figure A5.6: Effects ofacute fluoxetine exposuma swim activity following a transition
into darkness i2-week old larvakebrafishLarval zebréish wereacutelyexposed to 1
mg/L fluoxetine via bath exposure for 1 hour prior to activity assay. The activity assay
was performed as described in chaptdd@&a points are presented as mean distance
travelled (mm} S.E.M. in 5min time bins during 2nin sessions (M2-50). A two-

way ANOVA was used to determine if there was a significant effefttiofetine
exposureand time on larval swim activity. As determined by Haidak multiple
comparisons, (*) indicates that tiace travelled across timeflnoxetineexposed

animals are significantlseduced when comparedwshicle contro(water)exposed
animalspO 0. 05) .
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Figure A5.7: Thigmotaxis in 2week old larval zebrafish developmentally exposed to
deltamethrin (DLM). Data are presented ragan % time spent in the center zone

+ S.E.M. during the entire 30 minute session (338 A oneway ANOVA was used to
determine if there was a significant effect of deltamethrin exposure on the amount (%) of
time spent in the center zone. Compared totrob animals, there was no significant
effect of developmental deltamethrin exposurefogmotaxis in larval zebrafish
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DLM O pg/L DLM 0.5 pg/L
% N % N
Females 46.3% 37 54.7% 47
Males 54.8% 43 45.3% 39

Table A5.2: Sex ratio of adult zebrafh developmentally exposed to vehicle control or
0.5 pg/L deltamethrin (DLM). Chi-square analysis was used to determine if
developmental deltamethrin exposure alters the sex ratio of zebrafish. There is no
significant effect of developmental deltamethrkpesure on the sex ratio of zebrafish.
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