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Abstract 

Organophosphorus pesticides (OPs) are neuroactive compounds that can affect 

the development of the nervous system and behavior.  Using zebrafish, we compared the 

effectiveness of three different OPs, chlorpyrifos (CPF), diazinon (DZN) and parathion 

(PA) on survival, AChE inhibition and larval motility.  We conclude that at equimolar 

concentrations CPF is the most effective OP of the three tested.  300nM CPF inhibited 

AChE when measured at 5 days post fertilization (dpf) by 80%, which correlated to a 

35% decrease in larval motility when measured at 6 dpf.  

We isolated the cDNA of zfkcc2, which encodes for an important cation-chloride 

cotransporter responsible for establishing a chloride gradient that allows for the 

neurotransmitter GABA to become inhibitory for a subset of neurons.  By isolating the 

cDNA of zfkcc2, we were able to characterize its expression pattern up to 4 dpf.  Using 

qRT-PCR, we showed that the expression of zfkcc2 rises from 2 to 96 hours post 

fertilization (hpf).  The expression of zfkcc2 is found at 1 dpf in the forebrain, midbrain 

and hindbrain in a distinct pattern.  By 3 dpf, zfkcc2 expression is found throughout 

most of the developing zebrafish brain.  We were then able to characterize the expression 

pattern of zfnkcc1, which encodes for a cation-chloride cotransporter that works opposite 

to zfkcc2 and establishes a chloride gradient allowing GABA to be excitatory during 

development.  Expression of zfnkcc1 is found at 1 dpf throughout most of the developing 

zebrafish head including in some non-neural tissue, but appears concentrated to the otic 

vesicle at 3 dpf.  Using double in situ hybridization, we investigated the nature of the 
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developmental switch from zfnkcc1 to zfkcc2 by looking at regions where there was an 

interaction between both genes’ expression patterns in the developing zebrafish nervous 

system.  

We preliminarily examined how affecting nicotinic signaling with exposures to 

nicotinic agonists/antagonists can affect the expression of zfnkcc2 and zfkcc2.  While 

there were no apparent changes in the expression pattern from any of the exposures at 2 

dpf, we found that by 3 dpf nicotine and CPF exposures resulted in an incomplete 

expression pattern for zfkcc2 that seemed to be delayed.  However, the expression of 

zfnkcc1 at the otic vesicle was unaffected by exposure.   

 Our results suggest that disrupting nicotinic signaling during development can 

affect the expression of an important cation-chloride cotransporter, zfkcc2, that plays a 

major role in establishing the necessary chloride gradient for the proper functioning of 

GABA during development.  Future studies should focus on investigating the nature of 

the developmental switch between zfnkcc1 and zfkcc2 to see if the possibility of their 

regulation being coupled is a target for exposures.  
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Chapter 1 – Introduction  

1.1 The need for environmental toxicology and its 
intersection with developmental biology 

Over the last century, chemists acquired an unprecedented ability to synthesize 

over 80,000 industrial chemicals in vast quantities.  They did so with such efficiency that 

scientists could not adequately test and understand each chemical’s effects on human 

health and the ecosystem (Grandjean and Landrigan, 2006).  Many mass-produced 

chemicals have dramatically increased productivity in industries such as agriculture and 

manufacturing, yet the proliferation in chemicals has resulted in some significant 

collateral damage in compromised human and ecosystem health via accidental, unwanted 

exposures.  Despite best intentions to prevent unwanted exposures from harmful 

chemicals through testing and regulation, a National Academies of Science study titled 

Scientific Frontiers in Developmental Toxicology and Risk Assessment estimated in 2000 

that at least a quarter of learning and developmental disabilities in American children 

can be traced to environmental factors, which include toxic chemical exposure.  The 

study suggests that early exposures during childhood, a time when the brain is rapidly 

developing can dramatically impact later life behaviors including learning and social 

interaction.  Since then, more studies have focused on the environmental connection to 

the rising prevalence of mental illnesses and their costs on society (Braun et al., 2006; 

Davies, 2006; Landrigan et al., 2002; Schmidt, 2007; van den Hazel et al., 2006).  
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Environmental toxicology is the study of how environmental exposures affect 

human health and the surrounding ecosystem’s health.  Toxicological studies attempt to 

understand how certain chemicals mechanistically alter normal biological processes and 

contribute to proper regulation to minimize its risk to the human population and 

environment.  The growth of this field has been driven by a proliferation in chemical 

agents deposited in the environment as well as by the increased understanding of human 

biology and of the ecosystem’s interaction with chemicals.  In her seminal book Silent 

Spring, Rachel Carson detailed how insecticide spraying affected birds and the 

surrounding ecosystem, and launched an environmental movement that focused on 

chemicals and their potential harmful effects.  Half a century after the book was first 

published, scientists, policymakers and activists are still discovering new ways by which 

chemicals affect individual organisms whether they are humans, rodents or other 

animals.  They are also researching how chemicals affect complex ecosystems in an effort 

to predict and prevent unwanted exposures whenever adverse effects are suspected.  

The great amount of chemicals being synthesized contributes to significant data 

gaps in chemical testing and regulation.  Testing all chemicals and chemical mixtures 

thoroughly in a reasonable amount of time is impractical because the combinations are 

innumerable.  Also, much chemical testing uses animal models that can only 

approximate human biology and can yield false negatives, which happens when a 

chemical gives a subtle effect that can manifest later as a significant problem.  Testing 

requires knowing what to test and defining the relevant endpoints to measure, which 
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may not always be easy for every chemical.  Finally, regulations are enforced despite 

significant uncertainties and assumptions that may turn out to be incorrect, which 

therefore results in inappropriate regulation.  

A chemical’s effect on an organism depends on toxicodynamics or how the 

chemical disrupts normal processes happening in the body and toxicokinetics or how the 

body interacts with the chemical.  How a chemical interacts with a particular receptor 

and triggers a signaling cascade that could potentially have an adverse effect is an 

example of toxicodynamics.   Another example of toxicodynamics is when a chemical 

produces a mutagenic response and alters the genetic sequence to produce a mutant 

protein product.  Toxicokinetics involves the absorption, distribution, metabolism and 

excretion of a chemical by the organism or compartments of the organism.  These are 

the same processes involved when determining how a chemical gets into the environment 

and becomes a potential problem for those who come into contact with it.  A chemical 

compound that is more accessible in the environment has a greater chance of entering 

the human body when compared to a more rarely found compound.  Once it is known 

how a chemical acts in the body to produce a toxic effect, policy makers can use such 

information to consistently regulate chemicals of a similar mechanism of action when 

appropriate to prevent unreasonable risks.  Therefore, it is important to study the entire 

life course of a chemical from how it gets into the environment to how it is absorbed by 

humans and elicits some toxic effect over time on some target organ system.      
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The bioavailability of a compound can depend not only on its presence but how 

it is absorbed, distributed, metabolized and excreted.  Using pesticides as an example, 

they are found when used in buildings and close to agricultural runoff sites.  Using 

toxicodynamics and toxicokinetic principles to think about why developmental exposures 

are important, we now understand that children are particularly susceptible to pesticide 

exposures, because they have more surface-to-volume ratio and thus are in more contact 

with pesticides when compared to adults.  Given the tendency of children to put their 

hands into their mouths also gives them increased risk of ingesting pesticides.  Finally, 

they also rely on important developmental processes for growth, which can be a target 

for certain chemicals.  Particularly devastating are affected processes that are essential 

to the normal development of the brain.   

What toxicologists examine is how a chemical acts to elicit its toxicity on an 

organism, also known as determining a mechanism of action.  Understanding mechanisms 

responsible for chemical toxicity directs proper risk assessment when regulators then can 

determine the appropriate regulation depending on the harm and chance of harm based 

on the evidence.  Furthermore, understanding mechanisms also allows for the 

classification of chemicals, which allows for the application of broad-stroke regulation to 

limit or ban the production of a chemical based on its shared effect on a specific pathway 

in an organism or the environment.  Therefore, more mechanistic knowledge helps to 

better inform regulations.  This approach is important as earlier classifications may 

become inadequate or shown to be untrue.  
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1.2 Characteristics of organophosphorus pesticides  

In 2007, 5.2 billion pounds of pesticides were used worldwide of which 892 million 

pounds were insecticides.  Between 1985 and 2001, organophosphorus pesticides (OPs) 

were the most commonly used insecticides accounting for about 70% of total insecticide 

use in the United States.  However by 2007, OP use has dropped to 35% of all insecticide 

use as regulations on OPs were implemented (EPA 2006-2007 Pesticide Market 

Estimates).  Two of the most common organophosphorous pesticides are chlorpyrifos 

(CPF) and diazinon (DZN) (Cong et al., 2009; Zaim and Jambulingam, 2009).  

Parathion (PA) is banned worldwide.  In 2001, the United States Environmental 

Protection Agency (EPA) banned CPF application from any household use after studies 

indicated that children were put at risk by unintended exposures (Interim Reregistration 

Eligibility Decision for Chlorpyrifos, US EPA, 2001), but is still used in limited 

agricultural settings domestically.  DZN use was also restricted by the EPA due to 

developmental risks.
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Table 1.  Comparison of chlorpyrifos, diazinon and parathion 
 Chlorpyrifos (CPF)1 Diazinon (DZN)2 Parathion (PA)3 

IUPAC name O,O-diethyl O-
(3,5,6-trichloro-2-
pyridinyl)-
phosphorothioate 

O, O-diethyl O-[6- 
methyl-2-(1-
methylethyl)-4-
pyrimidinyl] 
phosphorothioate 

 

O,O-diethyl O-(4-
nitrophenyl)-
phosphorothioate 

CAS 2921-88-2 333-41-5 56-38-2 

Common names Dursban, Lorsban Basudin E605 

Log KOW 4.96 3.3 3.83 

Molecular weight 350.6 g/mol 304.3 g/mol 291.27 g/mol 

Current regulatory 
status 

Banned from 
residential use as of 
2001 in US; still 
used for agriculture 
 

Banned from 
residential use as of 
2004 in US; still 
used for agriculture 

Banned from 
agricultural use in 
1992 in US 

1 Toxicological Profile of Chlorpyrifos, Agency for Toxic Substances and Disease 
Registry, 1997 (http://www.atsdr.cdc.gov/toxprofiles/tp84.pdf) 
2 Toxicological Profile of Diazinon, Agency for Toxic Substances and Disease Registry, 
2008 (http://www.atsdr.cdc.gov/toxprofiles/tp86.pdf) 
3 Parathion, Pesticide Information Profiles, Extension Toxicology Network, 1993 
(http://extoxnet.orst.edu/pips/parathio.htm) 

 

While pesticides have dramatically increased crop yields and food for the world’s 

population, agricultural workers and children have been adversely affected by high 

exposures to these potentially neuroactive compounds.  The reason is that one way to 

kill pests is to target their nervous system, and the same pesticides that work on pests 

can also work on humans at high enough concentrations.  For children, their smaller size 
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and unique circumstances during development make them more vulnerable to pesticides 

with neuroactive properties.  What compounds the problem is that preferred pesticides 

have high bioavailability and environmental persistence.  The objective for this 

dissertation is to use zebrafish to determine how early exposures to different neuroactive 

organophosphorus pesticides (OPs) can affect its development and subsequent behavior.   

Currently, OPs are used as pesticides to increase agricultural yields, but 

continued use also presents a threat to human and environmental health.  They are 

applied widely to food crops and in household environments to control insect pests.   

CPF is member of the organophosphate pesticides (OPs) that are used to combat pests 

for improved crop yields.  CPF became the most widely used pesticide in the 1980s due 

to its ease of use, efficiency and potency in killing unwanted pests.   Accompanying the 

widespread application of CPF were unintended consequences, including human exposure 

via inhalation, ingestion and dermal access, and the poisoning of waters where aquatic 

species live. 

OPs were developed by German, British and American scientists after World 

War II when they decided to use their understanding of nerve gases to generate 

compounds that used the same mechanism of action on pests rather than on humans.  

Rapid advances in synthetic chemistry aided their research in the 1950s and 1960s.  By 

substituting different moieties on the original nerve gases, which were extremely potent 

and fast-acting phosphorus-fluoride compounds, the scientists produced slower acting, 

but still potent pyrophosphate and thiophosphate compounds.  Like nerve gases, OPs 
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inhibit acetylcholinesterase (AChE), a key enzyme responsible for the degradation of the 

neurotransmitter, acetylcholine (ACh).  When an OP such as CPF acutely inhibits 

AChE, ACh accumulates at the synapse, causing excess stimulation of cholinergic 

receptors and death to unwanted pests.  Since AChE structure is highly conserved 

between unwanted pests and humans, high enough concentrations of CPF can elicit 

symptoms in humans known by the acronym SLUDGEM for salivation, lacrimation, 

urination, diaphoresis, gastrointestinal motility, emesis and miosis and organophosphate-

induced delayed neuropathy, which refers to the degradation of peripheral nerves 

(Garabrant et al., 2008).  

Epidemiologists have documented these effects and others among people exposed 

to CPF at varying levels (Albers et al., 2004; Capodicasa et al., 1991; Kaplan et al., 

1993; Lotti and Moretto, 2005; Moretto and Lotti, 1998).  Many kinds of OPs have been 

found in the blood of Americans.  So the question is, how did all these OPs get into our 

bodies, and what effects do they have?  The symptoms from high, acute exposures can 

give hints of what chronic, lower concentration exposures can do.  Long-term OP 

exposure in pesticide applicators can be devastating as shown by deterioration of PNS 

function by the applicators (Starks et al., 2012a; Starks et al., 2012b).  Sheep farmers 

who used DZN on their sheep to combat pests developed OP toxicity as well.  OPs have 

also become a popular method for taking one’s own life in developing countries 

(Aardema et al., 2008).  
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Of the greatest concern are children exposed to CPF who later exhibit behavioral 

deficits.  They are disproportionally susceptible to CPF compared to adults (Fenske et 

al., 2002; Needham, 2005; Sherman, 1997; Whyatt et al., 2004; Zhao et al., 2005).  

Studies conducted in New York City determined that children had neurological and 

developmental impairments after indoor application of OPs (Landrigan et al., 1999; 

Rauh et al., 2006; Whyatt et al., 2004).  When tested at 7 years of age, children with 

prenatal exposure to CPF had deficits in working memory and IQ (Rauh et al., 2011).  

Also, exposed children developed structural anomalies in their developing brains (Rauh 

et al., 2012).  

Regulatory actions limiting CPF and DZN use in household settings have 

resulted in both CPF and DZN levels falling in urban areas as measured by detection of 

metabolites of both chemicals in air and plasma blood samples (Whyatt et al., 2005). 

At this time, the EPA has not extended the OP ban to agricultural and 

industrial use.  Despite the limitations on OP use in the United States and Europe, 

many other countries still employ CPF and other OPs for pest control needs and there is 

still much to be learned about how to measure the risks of OP use to human and 

environmental health.  

Environmentally, CPF poses a significant problem as fisheries scientists have 

reported that low levels of the compound disrupt the ability for salmon to smell, swim, 

and reproduce (Sandahl et al., 2005; Tierney et al., 2007).  While CPF is persistent in 

the environment compared to other OPs, it seems to break down quicker than most 
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pesticides like organochlorines in the environment and does not mix well with water.  It 

is especially alarming that some fishery scientists claim that as little as three parts per 

billion of CPF over four days can wipe out half of the salmon in the affected area 

(Sandahl et al., 2005).  The remaining fish are severely compromised in terms of their 

behavior and do not survive well in the environment. 

The general objective of this dissertation is to address how early OP exposure 

can affect neurobehavioral development in zebrafish.  This objective allows us to explore 

some general toxicology questions.  First, can early exposures have an effect on later life 

development?  The exposures to zebrafish occur between 0-5 dpf, yet there are changes 

in behavior when the fish are tested as adults long after the exposure occurred.  This 

suggests that there may be subtle changes that manifest during developmental exposures 

that may be involved with the development of a later phenotype.  Second, assuming that 

OPs are AChE inhibitors that can generate hyperstimulation of cholinergic receptors, 

what other mechanisms may be involved that are affected by aberrant cholinergic 

signaling?  Of particular interest to us is whether a different neurotransmitter pathway’s 

development may be affected by aberrant cholinergic signaling.  This has implications as 

to how plastic the brain is during development and how easily a chemical insult can 

affect normal development.  Third, the zebrafish is becoming a widely accepted 

complementary model system for studying various biological problems including 

toxicological ones.  Our use of the zebrafish in characterizing the molecular and 
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behavioral effects from developmental exposure will evaluate the zebrafish’s value in 

neurotoxicological research.  

The remaining sections in the introduction will provide a general background for 

the rest of the dissertation.  They include a brief description of the mechanisms for OP 

toxicity, an overview of the zebrafish model system with an emphasis in its 

neurobehavioral development.   

1.3 Organophosphorus pesticides mechanisms of 
toxicity 

OPs are absorbed readily due to their high KOW.  The high KOW indicates that 

OPs will traverse through most membrane barriers.  A modeling analysis identified diet 

as the main exposure route (Luo and Zhang, 2009).  Other exposure routes included from 

contaminated water and air.  CPF is absorbed by the skin as was tested using an in 

vitro model closely mimicking human skin (Griffin et al., 2000).  Accidental DZN 

application indoors resulted in a whole family developing severe symptoms including 

persistent dizziness, headaches and memory loss (Dahlgren et al., 2004).  Rectal 

administration of PA in a man resulted in symptoms including low cholinesterase serum 

levels, abnormal jerky movements and raised blood sugar within 30 minutes, which 

indicates that OPs are fast-acting as cholinesterase inhibitors (Senthilkumaran et al., 

2011). 

Because of its high KOW, OPs can be distributed widely throughout the body.  

Despite the target tissue being the brain, OPs need to be in the presence of cytochromes 
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(CYPs) usually found in the liver in order to be converted into the active form and 

eventually detoxified.  CPF can be found in the blood and brain of rats after a single 

dose of up to 125 mg/kg CPF injected subcutaneously (Bushnell et al., 1993; Padilla et 

al., 1994).  In fact, blood measurements correlate closely with concentrations in the 

brain, especially 7-21 days after dosing.  From these studies, it is apparent that OPs do 

cross the blood-brain barrier.  

OPs have a thiophosphate backbone that is oxidized by cytochrome p450s 

(CYPs) into their respective OP-oxon forms, which is the active compound that inhibits 

AChE (Sams et al., 2000).  Hydrolysis of the oxon makes 3,5,6- TCP, which is not 

shown to be toxic.  Figure 1 is a schematic of the mechanism by which a specific OP, 

CPF, is activated by CYP450 into CPF-oxon and eventually detoxified into TCP by A-

esterases or B-esterases. 
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Figure 1.  Metabolism of CPF into CPF-O and 3,5,6-TCP by CYP450 and 
esterases   

 
CPF is metabolized by CYP450s through oxidation into either CPF-O or 
trichloropyridinal (TCP).  CPF-O is the active form of CPF, and it elicits toxicity by 
inhibiting AChE.  CPF-O can be further metabolized into TCP by A-esterases or B-
esterases.  The most well known A-esterase is PON-1, which has been studied as an 
approach to mitigate CPF and other OP toxicity. TCP and its conjugates are not shown 
to be toxic. (Timchalk et al., 2006) 

Currently, it is not known which specific cytochromes are involved in the 

metabolism of each OP.  Given that there are about 100 different cytochromes expressed 

at different times in during zebrafish development, it is most likely multiple cytochromes 

are involved in converting OPs to the active OP-oxon form throughout development 

(Goldstone et al., 2010).  OPs have been shown to induce the expression of certain 



  

 14 

cytochromes including CYP2B6 in the human derived HepaRG cell line (Abass et al., 

2012).  Also, if CYPs are important to the metabolism of OPs, then fish that are 

compromised in CYPs by PAHs might be less susceptible to CPF exposure, which is 

shown using Fundulus heteroclitus (Clark and Di Giulio, 2012).  Further interactions 

between OP exposure and CYP expression probably exist and are not well understood.   

CYP metabolism of OPs also leads to the eventual inactivation of the active OP-

oxon.  The relative balance of inactivation and activation depends on the specific OP 

and CYP isoform.  Developmentally the expression of different CYPs varies by tissue 

and developmental stage with mRNAs of some CYPs being identified very early in 

development and possibly inherited maternally (Goldstone et al., 2010).  If an OP 

affected a particular CYP, then it is important to understand how the areas of normal 

CYP expression are affected over developmental time.  OP-oxon is also inactivated by 

serum paraoxonase (PON1), which has been of interest as an antidote to OP exposure 

(Povey, 2010).  Mice lacking PON1 activity are more susceptible to OPs.  Also, previous 

studies examining PON1 polymorphisms have determined that they can affect the 

susceptibility to different OPs (Costa et al., 1999).  Other esterases can also buffer the 

ability of OPs to affect AChE, the main esterase found in the nervous system.  For many 

mammals, butyrylcholinesterase (BChE) is expressed in serum and is inhibited by OPs, 

which dilutes the OPs’ effect on AChE found in the brain.  However, zebrafish is known 

not to have BChE, which may make it more susceptible to OP exposure, but also allows 

the isolation of effects from OP exposure to AChE inhibition (Bertrand et al., 2001). 
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After OPs are deactivated to 3,5,6-TCP by various CYPs, paraoxonases and 

esterases, they are excreted via urination with a half-life of 27 hours in humans (Nolan et 

al., 1984).  Urine measurements of TCP can accurately determine whether someone has 

been exposed by OPs (Aprea et al., 1997).   

Compensatory mechanisms happen when a specific process is turned on in 

response to a toxic insult in an effort to protect.  For OPs, a repeated low dose of 

malathion can increase AChE activity in the cerebral cortex and hippocampus in rats 

(Trevisan et al., 2008).  Another example might be the induction of CYPs in an effort to 

quickly metabolize OPs. 

As its primary mechanism in pests and humans CPF inhibits the catalytic 

activity of AChE, which is responsible for the degradation of ACh at the synapse 

(Casida, 1964).  The accumulation of ACh at synapses results in an excess of activity in 

downstream post-synaptic neurons of the brain and may result in excitotoxicity.  
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Figure 2.  AChE hydrolyzes ACh and OPs   
The normal function of AChE is to degrade ACh after its release into the synapse in 
order to prevent excitotoxicity.  AChE degrades ACh by hydrolyzing it into acetate and 
choline.  The active site of AChE consists of a serine residue, and so AChE belongs to a 
family of enzymes known as serine hydrolases.  An OP inhibits AChE by covalently 
linking to the serine residue of AChE as it attempts to hydrolyze the OP.  This results 
in AChE being unable to degrade ACh at the synapse, and may result in overstimulation 
of cholinergic receptors. (Eubanks et al., 2007)   

The function of AChE is to hydrolyze ACh at cholinergic synapses to terminate 

cholinergic neurotransmission as shown in Figure 2 (Small et al., 1996).  AChE is 

expressed before the cholinergic receptors, and so scientists have suggested that AChE is 

also involved in regulation of neurite outgrowth during development.  Possibly AChE 

has properties of adhesion proteins because of its close homology with them (Bigbee et 

al., 1999).  These non-classical roles of AChE have been related to apoptosis, stress-

response, neuritogensis and neurodegeneration possibly due to peptides cleaved from 

AChE (Halliday and Greenfield, 2012). 

One model suggests that the result of AChE inhibition is an accumulation of the 

neurotransmitter acetylcholine (ACh) in the synapse, which causes hyperstimulation of 
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ACh receptors (AChR) (Chiappa et al., 1995; Fukuto, 1990).  This is consistent with the 

phenotype of a zebrafish achesb55/+ mutant (Behra et al., 2002) in which axial 

musculature was disrupted due to hyperstimulation of cholinergic receptors from having 

half of the AChE enzymatic activity.  We observed a similar phenotype after embryonic 

exposure to 500 ng/mL (1.43μM) CPF (Behra et al., 2002; Linney et al., 2004).   

AChE is a member of a superfamily of enzymes known as serine hydrolases. The 

defining characteristic of a serine hydrolase is a nucleophilic serine at the active site of 

the enzyme.  When the zebrafish ache was cloned, it was found that there was much 

synteny of the cluster of genes adjacent to ache across different species and that there 

was no alternative splicing.  However, later in rat there were two isoforms identified: the 

rare, read-through isoform known as AChE-R and the more abundant, synaptic isoform 

AChE-S (Jameson et al., 2007).  Both isoforms are able to hydrolyze ACh at similar 

efficiencies, but AChE-R is preferentially expressed during injury for repair and 

protection from neurodegeneration.  There is not a satisfactory explanation for what 

each of these isoforms is responsible for other than they might be responsible for 

nonenzymatic functions of AChE.   

Zebrafish AChE was first described to appear in the nervous system in primary 

motoneurons of the rostral spinal cord when the embryo had 9 somites (14 hpf).  

Following its appearance, AChE would spread from the rostral spinal cord to the caudal 

area and through all types of neurons (Hanneman, 1992).  However, AChE expression 

was detected with RT-PCR at 4 hpf, which begs the question: what is the role of early 
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AChE expression (Allebrandt et al., 2005; Layer et al., 2005)?  AChE seems to play a 

role in somitogenesis in zebrafish, because the application of an AChE inhibitor 

diisopropylfluorophosphate, resulted in abnormal primary motoneurons and abnormal 

somite development.   

However, during neurodevelopment, AChE also has non-enzymatic functions 

important to neurite outgrowth that can serve as a target for early CPF exposure 

(Bigbee et al., 1999; Brimijoin and Koenigsberger, 1999; Paraoanu and Layer, 2008; 

Yang et al., 2008; Zimmerman and Soreq, 2006). Thus, functional AChE inhibition is 

defined as the inhibition of catalytic activity and the loss of any non-enzymatic functions 

of AChE.  In addition to cholinergic mechanisms, CPF affects non-cholinergic 

mechanisms during neurodevelopment (Campbell et al., 1997; Dam et al., 1999; Huff et 

al., 1994; Slotkin, 1999; Song et al., 1997; Whitney et al., 1995).  We do not believe that 

cholinergic and non-cholinergic mechanisms are mutually exclusive in explaining 

neurotoxicity from early CPF exposure.  The achetm205/tm205 allele contains a premature 

stop codon in ache, which knocks out both the catalytic activity and C-terminal region 

of AChE, the supposed site of non-enzymatic function (Downes and Granato, 2004).  

Homozygous knockout achetm205/tm205 mutants are lethal at 6 dpf. 

Dose-effect responses for each chemical depend on various factors such as 

concentration and duration of exposure.  Less obvious are factors such as developmental 

stage when the exposure occurs.  Certain developmental stages may be more susceptible 

to a particular toxic insult than others.  As an example, somitogensis and synaptogenesis 
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rely on different molecules and processes; one chemical that affects somitogenesis may 

have a lesser effect on synaptogenesis if there is no target present for it to act.  A 

corollary is that a chemical may have different targets depending on the concentration of 

exposure.  For example, a high dose OP exposure might result in AChE inhibition, but a 

low dose OP exposure could result in subtle effects that propagate into much more 

serious effects later in life.  

Because early CPF exposure results in different phenotypic responses depending 

on dose, duration of exposure and which region of the brain was undergoing specific 

stages of development, there are many vulnerable windows of exposure for CPF. 

 Taking this perspective, researchers have noted that early CPF exposure in rats 

and neuronal cell lines results in effects including transcriptional responses of key genes 

involved in cell replication and differentiation (Slotkin, 1999), neuronal cell loss 

(Campbell et al., 1997), and alterations in the cholinergic (Dam et al., 1999; Qiao et al., 

2004; Slotkin et al., 2001) and catecholaminergic (Slotkin et al., 2002) systems.  All of 

these observations are seen using doses of CPF under that which elicits AChE catalytic 

inhibition, highlighting that this neurotoxicant is not as specific as once thought and 

does operate through either morphogenic functions of AChE or non-cholinergic 

mechanisms, especially during neurodevelopment.   

 Different animal species have different sensitivities to chemical exposures.  As an 

example, the zebrafish is a freshwater, small fish that respond to OP exposure differently 

than salmon, which are migratory fish and have slightly different reproduction processes.  



  

 20 

The differences are due to the different biology of every organism, and it is important for 

environmental toxicologists to recognize that there are differences.  If the intent is to 

engage in conservation efforts, there needs to be appropriate regulations that serve to 

not only protect humans but also different animals in the ecosystem. 

Behra et al. (2004) found that an AChE inhibitor, galanthamine, reproduced the 

phenotype they saw in their achesb55/+ mutant (Behra et al., 2002).  From the 

observations of the zebrafish ache mutants, previous members of the Linney laboratory 

conducted exposures using OPs to correlate the exposure’s phenotypic response with that 

of the mutant.  When embryos were exposed to 500 ng/mL (1.43 µM) CPF from 0 to 5 

dpf, the zebrafish did mimic the phenotypes of the ache mutants with disruption in the 

notochord and dysmorphogenesis (Linney et al., 2004).  Heterozygous ache mutants show 

defects in muscle fiber formation and innervation.  Primary sensory neurons die 

prematurely (Behra et al., 2002).  Another laboratory developed a zebrafish ache mutant 

(achetm205/tm205) that truncated AChE so that it lacked the catalytic site but had an intact 

carboxy-terminal neuritogenic domain, and observed similar muscle fiber development 

defects (Downes and Granato, 2004). 

An early OP exposure of zebrafish affects its neurochemistry, which can result in 

further downstream effects in the development of the nervous system.  A 0-5 dpf 

exposure to 100 ng/mL CPF diminished DA and 5-HT levels and increased their 

respective transmitter turnovers (Eddins et al., 2010).  The catecholaminergic system is 
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important to many advanced functions in neurodevelopment especially associated with 

behavior.  

Exposure to OPs changes the behavior of developing zebrafish and also results in 

modified behavior when they become adults.  Developmental 100 ng/mL CPF exposure 

from 0 to 5 dpf significantly slowed the swimming activity when fish were tested at day 

6 and day 9 (Levin et al., 2004).  The same fish also had impaired spatial discrimination 

and response latency up to 18 weeks after exposure (Levin et al., 2003). 

Since pesticide regulations of OPs are based on the extent of AChE catalytic 

inhibition, even if CPF levels are reduced under the regulatory threshold, humans are 

still at risk from low-dose and chronic exposures of CPF from continued use in limited 

agriculture settings and persistent residues.  

Risk assessment requires regulators to balance potential benefit and potential 

harm in the form of projected harm and risk of harm to determine the appropriate 

regulatory response.  For OPs, the EPA decided in 2001 that CPF and DZN were to be 

restricted from indoor use and confined to agricultural settings.  Since then, the number 

of CPF and DZN exposure incidents has decreased (Stone et al., 2009; Sudakin and 

Power, 2007).  The actions have also significantly reduced exposure of CPF and DZN 

among children, which was the main argument that convinced the EPA to take action 

on indoor use of these OPs.  Despite having phased out use of OPs indoors, there is still 

potential risk from accidental over-exposure in agricultural settings and the presence of 

old pesticides that have not been properly disposed.  Even though there have been 
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federal actions taken on OPs, there is still much biology we do not know especially given 

that serine hydrolases in general are understudied, and it is not inconceivable that these 

OPs could also affect other serine hydrolases.  

1.4 Using zebrafish model system to study pesticide 
effects on neurobehavioral development 

Zebrafish (Danio rerio) belong to a subclass known as Actinopterygii or ray-

finned bony fish, and they are closely related to minnows and carps, the largest family of 

fresh-water fish.   

Zebrafish research began in the 1970s when researcher George Streisinger found 

that the organism was easier to manipulate genetically than mammalian models.  At the 

University of Oregon Streisinger and his colleagues established the fundamental tools to 

study zebrafish (Grunwald and Eisen, 2002).  They promoted its use by fully 

characterizing its developmental stages and by adapting molecular and genetic tools.  

Zebrafish gradually gained acceptance and credibility as a model system.  It is now one 

of the major complementary model systems used in scientific studies.  

Years after Streisinger pioneered zebrafish research, his colleague Chuck Kimmel 

became interested in using it to study nervous system development.  Kimmel’s first 

studies traced the development of two large neurons called Mauthner neurons that 

controlled the escape reflex of fish (Eaton et al., 1977; Kimmel, 1972; Kimmel et al., 

1974; Kimmel et al., 1981).  By correlating axonal imaging and behavioral data, Kimmel 
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was able to identify the function of the Mauthner neurons.  His studies were some of the 

first to relate neurobiology to behavior in zebrafish. 

In the 1990s labs in Germany and the USA developed procedures that allowed 

them to conduct large-scale genetic screens on mutagenized zebrafish (Hafter et al., 1996; 

Driever et al., 1996).  In 2001 the Sanger Trust began sequencing the zebrafish’s genome, 

which resulted in a well-curated database of genetic information (Grunwald and Eisen, 

2002).  Scientists could then link imaging studies to specific genetic manipulations.  The 

suite of genetic and molecular tools available has made the zebrafish a well-establish 

complementary model system for studying brain development and developmental 

neurotoxicology.  

Zebrafish and humans share a common ancestor from more than 400 million 

years ago, but the difference in time still allows the two species to share many genes.  

Many of the shared genes are over 70% identical and many regions of the genome are 

syntenic across mammalian species indicating that the relevant genes and their genomic 

organization were passed down and relatively unaltered along the chromosome (Eaton et 

al., 1977; Kimmel, 1972; Kimmel et al., 1974; Kimmel et al., 1981).  As a result of the 

genetic conservation, the protein products from many genes have similar functions 

between humans and zebrafish.  

The zebrafish model system features some characteristics that are 

favorable for studying toxicant effects.   



  

 24 

First, zebrafish have many biological similarities with humans.  Like humans and 

other mammals, they are vertebrates and jawed, and development of their pectoral fins 

follows regulation homologous to limb development.  Many aspects of vertebrate 

development are conserved genetically across species, including similar pathways and 

mechanisms.  For example, zebrafish and mammals both use the same neurotransmitters 

and neurotransmitter pathways for neuronal communication.  The conservation of these 

pathways is important because it provides some useful data from zebrafish that may be 

applied to humans.   

Second, zebrafish embryogenesis is ideal for observation and chemical exposures.  

Zebrafish have a short reproductive cycle and can lay thousands of embryos per day, 

allowing for high throughout analysis.  In addition, as an oviparous species, zebrafish 

develop outside of the mother.  Oviparity allows for controlled exposures starting shortly 

after fertilization.  Maternal and placental influences, which can confound exposure 

regimens, do not affect zebrafish development.  Instead, embryos are fertilized in the 

water and develop independently from the one-cell stage.  While this is an advantage for 

experimentation, it is important to note that the mammalian placenta may serve a 

protective role by shielding the developing organism from chemical insult, and providing 

nutrition and maternal influences.  

Zebrafish embryos are transparent and have a largely porous chorion.  Chemical 

exposures with small molecules like pesticides will easily reach the developing organism.  
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Since the transparent embryo develops outside the mother, early effects are easier to 

follow visually.   

Third, the zebrafish model system benefits from having powerful genetic tools.  

Investigators can ask how a certain gene contributes to the normal function of an 

organism.   

The combination of these three characteristics makes the zebrafish a 

particularly efficient and appropriate model for studying developmental 

toxicology. Some methods: 

• Gene ID. Individual genes can be cloned, identified and compared with those of 

humans.  

• Transgenics.  Zebrafish can also be genetically manipulated to express a reporter 

protein or conditionally express a gene of interest to a specific time and space.  The 

construction of zebrafish transgenics has proven to be particularly valuable because 

of the ease in imaging zebrafish. 

• Other genetic tools available for investigating zebrafish include using morpholino-

oligonucleotide knockdowns and mutants (Henken et al., 2004; Linney et al., 

2004; Nasevicius and Ekker, 2000; Sprague et al., 2006; Westerfield et al., 1999).  

Morpholinos are small oligonucleotides that temporarily block translation or splicing 

by preventing other molecules access to the target.  When injected early in zebrafish 

development, morpholinos provide a good and cheap way of knocking down a gene of 
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interest until the morpholino is diluted away.  Another approach in studying gene 

knockdown is using mutant lines.  A well-curated database of various zebrafish 

mutant lines developed from early mutant screens can be found on zfin.org.  Mutants 

are probed to understand how the loss of function for certain genes affects the fish’s 

normal function.  For example, knocking down a gene involved in transforming a 

xenobiotic into its active form would reduce the toxic effect.  A recent approach to 

controlling gene expression is the use of conditional morpholinos that are UV-

sensitive (Tallafuss et al., 2012).  One kind of conditional morpholino, the ON 

morpholino, is injected bound to its complementary partner.  Once the conditional 

morpholino is exposed to UV, the complementary partner separates from the 

morpholino and it is activated.  The other kind of conditional morpholino, the OFF 

morpholino, is injected with a linker between two moieties of the morpholino.  When 

exposed to UV, the OFF morpholino will fragment and become inactive.  As an 

example, the ON morpholino provides more intricate ways to control gene expression 

especially for knockouts and morpholino injections that are proven to be embryonic 

lethal.  The ON morphoino allows the researcher to bypass the window of 

vulnerability and turn on the morpholino later to see what effect it has on a specific 

stage of development.  While high levels of UV radiation are detrimental to normal 

development, the use of longer wavelength UV (365 nm) and exposures under 10 

minutes on older embryos do not seem to affect normal zebrafish development. 
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• Modern day molecular and genetic techniques (quantitative real time 

polymerase chain reaction (qRT-PCR), microarrays, RNA-seq, chromatin 

immunoprecipitation (ChIP), in situ hybridization, immunohistochemical 

staining) can also be applied on the zebrafish model.  These techniques are used to 

probe gene expression changes as a result of exposure.  Microarrays are a 

complementary tool to qRT-PCR as it is a high-throughput approach to looking at 

the gene expression profiles of many genes.  With the advancement of high-

throughput sequencing there are other alternatives to microarray technologies.  RNA 

sequencing is an approach that allows users to probe the transcriptome by isolating 

poly(A) RNA using magnetic beads, synthesize corresponding cDNA and rapidly 

sequencing all the cDNA (Aanes et al., 2011; Andersen et al., 2012).  ChIP is a 

method to probe protein-DNA interactions (especially those between transcription 

factors and transcription elements of genes) by isolating chromatin using antibodies 

and sequencing the DNA attached to the chromatin (Lindeman et al., 2009).  The 

gene segments from the results of RNA-seq and ChIP can be mapped onto the entire 

zebrafish genome in an effort to discover genes that are affected by certain exposures. 

In situ hybridization and immunohistochemical staining give spatiotemporal 

expression profiles as to where and when a specific gene is being expressed.  Gene 

expression data can identify which population of cells expressing a certain gene is the 

target population of cells to examine for toxicant effects.    
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• The developing zebrafish nervous system has the advantage of being easy to 

examine visually given its optical transparency and size.  We can image zebrafish 

either using in situ hybridization (ISH), immunohistochemistry (IHC), 

immunofluorescence (IF) or transgenics.  Whole-mounts can yield 

information on the relative spatiotemporal expression of a certain neuronal 

marker.  When added detail is required, whole brains and fish can be sectioned, 

stained and assembled using 3D image processing software to dissect the developing 

circuitry of zebrafish.  Numerous reporter transgenic lines with fluorescent markers 

targeted to the brain offer the advantage watching live fish develop as well as the 

potential to manipulate neurons and circuitries in vivo using light-activated channels 

to mimic toxicant effects (Douglass et al., 2008).  

• Classical behavioral tests used to probe rodent motility and cognitive behavior 

can be adapted for zebrafish by observing their swim patterns and decision-making 

processes.  The Holy Grail to neurobiology is to relate molecular processes and 

genetics to neuronal circuits to specific behaviors.  Probing zebrafish behaviors such 

as swimming activity, meander and ability to acquire and store information in the 

short-term allows us to begin to relate certain behavioral responses to a specific 

toxicant exposure (Levin and Cerutti, 2009) 

With ever increasing chemicals being produced and released into the environment 

over the last century, governments have struggled to keep pace with chemical safety and 
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testing using traditional models and techniques.  The European Union recently passed 

legislation that will overhaul the existing procedures for chemical testing emphasizing the 

need to acquire more information at cheaper cost and use of fewer animals.  The 

zebrafish is one model system that will allow scientists and regulators to acquire the 

relevant information quickly and more efficiently than traditional methods, because of 

characteristics mentioned above. 

The burden is on the government and their scientists to prove that a chemical is 

harmful before its production is slowed or stopped.  Rodent studies are the gold standard 

for toxicology, but the process is not sufficient and efficient enough to test all chemicals 

in question.  Already animal rights activists are unhappy with the numbers used for 

testing.  Therefore, other strategies are required to accomplish effective and efficient 

chemical testing to catch up with the current chemical inventory allowed for production.  

Small animal models like zebrafish can complement rodent studies by being easily scaled 

up for high-throughput studies, providing a first pass in determining the potential 

toxicity of a chemical and thus a focus for more targeted work in classical models.   

1.5 Development of zebrafish central nervous system 

Currently, zebrafish is a well-established complementary model system for 

studying brain development and mechanisms of neurotoxicity, because of the many 

genetic, morphological and behavioral homologies with other vertebrates including 

humans (Lele and Krone, 1996; Parng, 2005; Scalzo and Levin, 2004; Spitsbergen and 
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Kent, 2003; Vascotto et al., 1997).  The model is also used to examine toxicant effects 

and the underlying mechanisms that impact environmental and human populations 

(Law, 2003; Spitsbergen and Kent, 2003; Teraoka et al., 2003).  Its usefulness in 

toxicological studies has been reviewed by several groups (Augustine-Rauch et al., 2010; 

Hill et al., 2005; Linney et al., 2004; Peterson et al., 2008; Scholz et al., 2008; Teraoka et 

al., 2003).  

Neurodevelopmental processes described below correlate well between humans 

and zebrafish (Scalzo and Levin, 2004).  There is also conservation of important 

signaling cascades relevant to neurodevelopment.  Generally, the more caudal brain 

regions such as the rhombencephalon and cranial nerves correlate better between humans 

and zebrafish than the forebrain.  Most importantly, neurotransmitter systems including 

the DAergic and cholinergic system are conserved. 

The hindbrain is the most evolutionary ancient part of the vertebrate brain and 

therefore the most conserved section across different species.  

Over the first five days of zebrafish development, it advances from the stage of a 

fertilized egg to a swimming zebrafish larva.  This process is quicker than most 

mammalian models, which shortens the time for each experiment.  The first two days of 

zebrafish development happens within a thin and transparent spherical membrane known 

as the chorion (Bonsignorio et al., 1996).  The embryo sits atop a substantial yolk cell as 

it develops.  Within the first two hours of fertilization, zebrafish embryos undergo six 

cleavages following a precise pattern that forms 64-cell embryos (Kimmel et al., 1995). 
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The next three hours of development (2 – 5 hpf) are known as the blastula period when 

cell cycles are lengthened and the continuing divisions prepare the blastula for the next 

stage, gastrulation.  The beginning of epiboly marks the end of the blastula period when 

the blastodisc flattens and wraps around the yolk cell and forms a blastoderm.  Epiboly 

marks the beginning of an intricate pattern of cell movements that will eventually form 

the germ layers.  One of these germ layers, the ectoderm, makes up most of the central 

nervous system of an organism. 

Gastrulation period begins with involution, a process by which the germ ring is 

produced as the blastoderm folds upon itself.  The germ ring consists of two germ layers, 

the epiblast and hypoblast.  The cells that form the epiblast at the end of gastrulation 

correspond to the ectoderm; the hypoblast corresponds to the mesoderm and endoderm.  

At this stage the cells are restricted to their fates and position along the dorsal-ventral 

and animal-vegetal axes.   

Shortly after gastrulation, a subsection of the ectoderm, the presumptive 

neuroectoderm, begins to develop on the dorsal side of the embryo to become the 

eventual central nervous system.  The presumptive neuroectoderm in the form of the 

neural plate is broadly patterned along the anterior-posterior axis into the forebrain, 

midbrain, hindbrain and spinal cord.  The cells that will determine the forebrain reside 

furthest from the margin, whereas the cells that will determine the hindbrain are found 

closer to the germ ring or lateral to the shield.  The neural plate undergoes a series of 

transformations that lead it to take the shape of a brain including folding on the lateral 
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edges into a neural keel and neural rod followed by cavitation, which yields a hollow 

neural tube.  Following gastrulation at around 9-10 hpf is when major primary neurons 

in the spinal cord begin to develop.  The primary neurons include sensory, inter- and 

motoneurons.  After the primary neurons develop, the secondary neurons follow at 13-14 

hpf with much finer axons.  

Segmentation and somitogenesis (10 hpf to 24 hpf) is a prominent process found 

in the developing zebrafish nervous system, because the process can be easily followed.  

Segmentation in the zebrafish hindbrain contributes to hindbrain neuronal organization 

and underlines the developmental importance of rhombomeres. 

The pharyngula period occurs between 24 hpf and 48 hpf, and is named as such 

due to the rapid development of the pharyngeal arches (Kimmel et al., 1995).  During 

the pharyngula period, the zebrafish embryo has a well-developed notochord.  

Somitogenesis is complete, and the zebrafish has a complete set of somites extending to 

the tail.  The brain can be found in 5 distinct lobes as it extends anteriorly.  The 5 lobes 

are the telencephalon, diencephalon, epiphysis, mesencephalon and rhombencephalon.  

Embryos hatch between 2 dpf and 3 dpf.  Upon hatching, they are generally known as 

larvae.  Figure 3 summarizes zebrafish embryonic development.
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Figure 3.  Stages of zebrafish development  
The zebrafish develops outside the mother and is staged based on hours post 
fertilization.  The first two hours are known as the cleavage stage as the embryo is split 
into a 64-cell embryo.  This stage is followed by the blastula stage (2-5 hpf) where the 
embryo further divides and prepares for gastrulation.  It is during the gastrulation stage 
that the germ layers are determined, and the preliminary nervous system is set up in the 
neuroectoderm.  Following gastrulation, motor neurons followed by sensory neurons are 
developed.  Segmentation and somitogenesis (10-24 hpf) is a stage where the nervous 
system is rapidly developing beginning from the hindbrain and spinal area, and 
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Figure 3 (continued) eventually extending into the forebrain regions.  After the 
gastrulation stage, the embryo is in the pharyngula stage (24-48 hpf) where the 
notochord is fully developed and the addition of somites has concluded.  The embryo is 
now beginning to develop behaviors. (Kimmel et al., 1995) 

The forebrain is the most complex region of the central nervous system, because 

it is complex in its morphology, connectivity and functions it is responsible for.  The 

zebrafish forebrain can be divided into two areas called the telencephalon and 

diencephalon.   

In mammals, the telencephalon is located in the most anterior part of the brain 

and consists of the cerebral cortex, olfactory bulb and basal ganglia.  For the zebrafish, 

however, these terms are not used, because the regions are not clearly marked as being 

responsible for the mammalian behavior normally associated with the name.  Therefore, 

the terms used for the supposed cerebral cortex and basal ganglia are the pallium and 

subpallium.  The pallium is found in the dorsal part of the forebrain and the subpallium 

is in the ventral part of the forebrain.  The diencephalon consists of the ventral 

thalamus, zona limitans intrathalamica, dorsal thalamus and pretectum and is largely 

thought to be responsible for the autonomic and endocrine functions in the zebrafish. 

The midbrain includes the tectum, tegmentum and the torus semicircularis.  The 

tectum and torus semicircularis are responsible for sensory relay and originates from the 

alar plate of the neural tube.  Motor nuclei reside in the tegmentum, which originates 

from the basal plate of the neural tube.  
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Early on in development leading up to the end of gastrulation, the midbrain and 

hindbrain are undistinguishable until the midbrain-hindbrain boundary is setup during 

late somitogenesis.  However in early somitogenesis it is apparent that the midbrain and 

hindbrain are segregating away from each other as they form non-overlapping domains. 

A combination of receptor tyrosine kinases, growth factors and transcription factors 

largely determine when and where the midbrain-hindbrain boundary is formed.  This 

process is intricate and well-balanced to prevent one region from growing into the other.   

Since the hindbrain is the most evolutionary ancient part of the vertebrate brain, 

it is well conserved morphologically, anatomically and molecularly.  The zebrafish 

hindbrain consists of three sections: the medulla oblongata, the cerebellum and the pons.  

The medulla oblongata is located towards the posterior end of the hindbrain and directly 

connects to the spinal cord.  In the spinal cord, the nuclei are divided along the 

dorsoventral axis into sensory nuclei found dorsally and motor nuclei found ventrally.  

The cerebellum, known as a relay center that coordinates movement with other motor 

cortical areas, is found in the dorsoanterior part of the hindbrain.  The pons is located in 

the ventroanterior part of the hindbrain.  Eight of the twelve cranial nerves responsible 

for varying motor and sensory functions are also found in the hindbrain.   

Like the development of the midbrain-hindbrain boundary, the development of 

the hindbrain in zebrafish relies on a tight program of signaling molecules to specify 

when and where specific areas develop.  At first the boundaries are vague and malleable, 
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but as development occurs, the expression boundaries are sharpened through either 

migration of cells from one place to another or by differentiating into their final identity.  

Proper neurodevelopment relies on a precise spatiotemporal orchestration of 

processes including neurogenesis, neuronal differentiation, axon outgrowth and 

synaptogenesis.  The processes are sequential for a specific area of the brain, but overlap 

across regions depending on the spatiotemporal distribution of signals such as 

transcription factors, intracellular and extracellular signaling molecules, growth factors 

and neurotransmitters.  For more information, see Mueller and Wullimann’s Atlas of 

Early Zebrafish Brain Development: A Tool for Molecular Neurogenetics (Mueller and 

Wullimann, 2005).  

1.6 Development of zebrafish behavior 

Neurodevelopmental processes occur in a precise spatiotemporal manner that is 

largely genetically regulated, but can be disrupted by environmental exposures to 

pharmaceuticals and/or industrial chemicals.  The developing CNS has some level of 

plasticity and the ability to adapt to minor challenges, but extensive environmental 

insults such as early CPF exposure can severely alter proper neurodevelopment by 

disrupting neuronal signaling and the spatiotemporal assembly of neural circuitries, 

leading to abnormal behavior.  Though there is a wide range of accepted behavior, 

abnormal behavior consists of any substantial deviations in motor, sensory and cognitive 

functions that would compromise the survivability of an organism.   
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Zebrafish hatch between 2 and 3 dpf.  The mechanisms that are responsible for 

the hatching process are not well understood, but perhaps certain neurotransmitter 

systems are involved (Kimmel et al., 1995; Neuhauss et al., 1996).  Hatching is also 

affected by hatching enzymes produced by nearby fish that have already hatched 

(Schoots et al., 1983).  Certain toxicant exposures are known to change the timing of 

hatching.  If hatching occurs early, it might be due to an exposure that causes more 

activity and allows larvae to wriggle out of their chorions.  Fish that hatch late might be 

less active and unable to break from the chorion.  It is important to note that there is no 

guarantee that a change in hatching timing will result in dysfunctional fishes; in fact, the 

majority of cases do not point to this scenario.  However, observing changes in hatching 

timing can hint at priority toxicants to examine more closely.   

During early development zebrafish acquire simple behaviors that can easily be 

tested.  The embryo’s transparency, small size, and ease of use make zebrafish an 

excellent candidate for high-throughput approaches in exposure studies and behavioral 

analysis.  Normal developing zebrafish begin exhibiting simple sensory and motor 

responses by 1 dpf and swim freely past 6 dpf (Budick and O'Malley, 2000; Burgess and 

Granato, 2007, 2008; Granato et al., 1996).   Figure 4 shows the gradual development of 

zebrafish behaviors including specific patterns to swimming (Colwill and Creton, 2011; 

Saint-Amant and Drapeau, 1998).  Measuring motility and meander are simple assays to 

study neurotoxicant effects.  Zebrafish exhibit all of the classical senses, which can be 

probed using behavioral tests.  As an example, once a fish develops the ability to swim 
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after 5 dpf, we use a tracking system to measure how much a fish moves over a given 

period of time and the extent to which it meanders through the water.  Observed hyper- 

or hypo-activity warrants more extensive examination of the reasons behind the 

behavior.  High throughput assays can test many zebrafish placed in 96-well plates for 

their responsiveness to light stimulus (Emran et al., 2008; MacPhail et al., 2009).  We 

can also adapt the tracking system to test how a fish responds to successive tap stimuli, 

known as the tap startle response test (Eddins et al., 2010; Williams et al., 2002).  These 

tests provide a simple and straightforward way to probe zebrafish behavior and 

determine the seriousness of neurotoxicant effects on a developing brain. 

We can test a complex of sensory, motor and cognitive behaviors of adult 

zebrafish using a startle response from a tap on the tank, a test developed in 

collaboration with Dr. Edward Levin and his laboratory (Eddins et al., 2009).  Fish, like 

humans, can be conditioned to habituate to sudden, repeated stimuli over a period of 

time.  In this test, experimenters can repeatedly administer taps of adult fish from under 

their chamber every 30 seconds to startle the animal.  Then, measurement of distance 

swum 5 seconds after the tap indicates how anxious the fish is to sudden stimuli.  

Habituation is defined as the number of taps that a fish needs to learn to become less 

fearful of the tap stimulus.  
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Figure 4. Development of zebrafish behavior   
Zebrafish behavior, like nervous system, development is gradual.  At first, zebrafish 
develop a pattern of alternating, coiling contractions of the trunk, which is not controlled 
by the hindbrain and is independent of touch.  Instead it is an intrinsic behavior 
regulated by the spinal area.  These behaviors give way to touch-response behaviors 
indicating the maturation of sensory circuits.  If dechorionated, zebrafish begin to swim 
starting at 48 hpf with burst swimming after a tactile stimulus on the tail.  Around 52 
hpf zebrafish begin to hatch.  Once the fish is free to swim after being out of its chorion, 
it gradually develops a repertoire for swimming.  At 4 dpf the swim bladder begins to 
inflate and the fish can start to do beat-and-glide swimming where the fish follows a 
vigorous movement in one direction with a smooth glide.  At 5 dpf the fish become more 
aware of their surroundings and exhibit thigmotactic behavior as they stay away from 
possible predators by swimming up against walls rather than in open spaces (Schnorr et 
al., 2012).  By the time the zebrafish is an adult, it has a full repertoire of different swim 
moves that can be tracked using a high-speed camera.  In collaboration with Dr. Levin’s 
laboratory, we can test adult fish for spatial discrimination, startle response and 
habituation.      

1.7 Dissertation objectives and outline 

In Chapter 2, I will compare the effects from developmental exposures of 3 

different OPs (CPF, DZN and PA) in zebrafish.  The endpoints I will use include 

survival, AChE activity and larval motility.  

Since OPs can act as cholinergic agents by inhibiting AChE activity and aberrant 

nicotinic signaling during development can affect the expression of two important cation-
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chloride channels, the rest of the dissertation will be work directly involved with testing 

whether OPs can affect expression of the two important cation-chloride channels, zfnkcc1 

and zfkcc2.  When we started this project the cDNA of one of the cation-chloride 

channels for zebrafish was not isolated, so Chapter 3 will describe our work in isolating 

and characterizing the cDNA and expression pattern using in situ hybridization for 

zfkcc2 (zebrafish potassium-chloride channel 2).  In Chapter 4 I combine the expression 

pattern of zfkcc2 with zfnkcc1 using double in situ hybridization, which allows us to 

measure the expression patterns of both genes in the same fish.  In this chapter I will 

characterize the expression pattern of zfnkcc1 during development and present double in 

situ hybridizations for both genes without exposure in order to test the hypothesis that a 

developmental OP exposure can affect the spatiotemporal expression of the two cation-

chloride channels, zfkcc2 and zfnkcc1. 

Chapter 5 will contain preliminary tests of the hypothesis using double in situ 

hybridization to detect the expression patterns of zfkcc2 and zfnkcc1 at 2 and 3 dpf after 

exposure with nicotine (nicotinic agonist), mecamylamine (nicotinic antagonist) and CPF 

(OP).  Regions of interest are identified for future study.  Chapter 6 will reflect on the 

thesis as a whole, particularly about the nature of the developmental switch between 

zfnkcc1 and zfkcc2 and what more can be done to understand this switch.  It will also 

address how exposures can potentially affect the switch.  The chapter will also include 

some possible future directions that are worthy of exploring.
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Chapter 2 – Effects of chlorpyrifos, diazinon, 
parathion on early zebrafish development and 
behavior 

2.1 Introduction 

Our laboratory and collaborators have studied OP toxicity on zebrafish and 

found effects on neurochemistry and behavior (Eddins et al., 2010; Levin et al., 2003; 

Levin et al., 2004; Linney et al., 2004).  First, it was observed that 100 ng/mL (285nM) 

CPF exposure from 0-5 dpf resulted in hypoactive fish when tested at 6 and 9 dpf (Levin 

et al., 2004).  The study highlighted that the early exposure had persistent effects on the 

swimming behavior of developing zebrafish and suggested that there could be later 

effects.  A subsequent study found that the same exposure regimen resulted in spatial 

discrimination deficits when tested 20 weeks after the exposure indicating that the early 

exposures had longer lasting effects into adulthood.  Later it was reported by our 

laboratory that the same exposure inhibited AChE at 5 dpf by at least 80%, which 

suggested that AChE inhibition was somehow involved in the development of behavioral 

deficits of fish exposed to CPF (Linney et al., 2004).  Later, it was also reported that not 

only did fish exposed to CPF have spatial discrimination deficits, but they also had 

startle response impairments when tested as adults (Eddins et al., 2010).   

The observations that correlated adult behavioral deficits in zebrafish after early 

exposure to CPF caused us to consider that if AChE inhibition was the primary actor 

involved in eliciting the previously described phenotypic responses, then other OPs that 

also inhibited AChE would show similar responses.  There had not been a comparative 
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study of three major OPs and their effects on early zebrafish development measuring 

lethality, AChE activity and simple behavior.  A recent study examining DZN exposure 

on early zebrafish development evaluated mortality and found that a 3-day exposure at 

9µM (2.74 µg/mL) DZN results in approximately 35% mortality with some fish 

experiencing developmental malformations (Osterauer and Kohler, 2008).  A 5-day 

exposure of 6µM (1.83 µg/mL) DZN resulted in significantly reduced locomotor activity 

(Scheil et al., 2009).  However, neither study measured AChE inhibition in larvae.  PA 

has also been studied in zebrafish, but with a 28- or 250-day sublethal exposure, and do 

not address the question of how an exposure early in development might result in a later 

behavioral alteration (Roex et al., 2002; Roex et al., 2003).  The DZN and PA studies 

suggested that AChE inhibition played an important role in affecting neurobehavioral 

development in zebrafish.  So our goal was to compare the three major OPs to confirm 

this suggestion. 

In this chapter I investigate how CPF, DZN and PA affect zebrafish by 1) 

determining at what dose would an exposure to each of the three chosen OPs would 

result in substantial AChE inhibition without significantly changing viability and 2) 

comparing whether developmental OP exposure would affect zebrafish motility at 6 dpf.  

The study involves exposing with the three OPs (CPF, DZN and PA) at different 

concentrations and using the Ellman and Lowry assays to determine AChE specific 

activity among the samples.  For the motility assay, I tracked 6 dpf zebrafish using a 

Noldus apparatus that could track the swimming behavior of the fish.  Earlier studies 
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from our laboratory used 100 ng/mL (285 nM) CPF exposure as a standard. In order to 

make comparisons between different OPs, we are using 300nM as our standard dose.  

2.2 Results 

To compare the effectiveness between each of the three tested OPs (CPF, DZN, 

PA), we determined how different concentrations of each OP exposure affected zebrafish 

survival over the first 5 days post fertilization.  For larval zebrafish exposed to 300nM 

(105 ng/mL) CPF, survival was not significantly affected when compared to control 

DMSO exposed zebrafish (Figure 5).  However, a 3µM (1.05 µg/mL) and 30µM (10.5 

µg/mL) exposure to CPF over the first 5 days of zebrafish development resulted in 75% 

and 100% mortality, respectively.  DZN and PA had milder effects compared to CPF at 

equimolar concentrations.  There was no significant effect on mortality up to 10µM (3.04 

µg/mL) DZN and 3µM (0.87 µg/mL) PA exposure for 5 days when compared to DMSO 

control.  A 30µM (9.13 µg/mL) DZN exposure over first 5 days of zebrafish 

development, the highest concentration examined, resulted in only 50% mortality, which 

is significant compared to DMSO but not as lethal as equimolar CPF and PA.  10µM 

(2.91 µg/mL) PA exposure achieved a similar mortality as 30µM (9.13 µg/mL) DZN 

whereas 30µM (8.74 µg/mL) PA nearly reduced survival to zero.  Therefore at equimolar 

concentrations, CPF is much more lethal to larval zebrafish than PA and DZN.  Given 

the lack of significant mortality and no detectable effect upon morphogenesis at 300nM 
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for all three OPs, we used this concentration for comparison of effects on AChE activity 

and larval motility.  
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Figure 5.  Effects of CPF, DZN, PA on embryonic survival after exposure 
from 0-5 dpf   
 
The number of fish used in each group:  560 for 0.1% DMSO; CPF, 320 at 0.3 µM (105 
ng/mL), 100 at 3 µM (1.05 µg/mL), 40 at 30 µM (10.5 µg/mL); DZN and PA, 160 at 0.3 
µM (91.3 ng/mL; 87.4 ng/mL), 40 at 1µM (304.3 ng/mL; 291.3 ng/mL), 100 at 3 µM 
(913 ng/mL; 874 ng/mL), 120 at 10 µM (3.04 µg/mL; 2.91 µg/mL), 60 at 30 µM (9.13 
µg/mL; 8.74 µg/mL).  The solid line shows the survival for control embryos (DMSO); 
treatments that are significantly different from control (χ2 analysis) are marked with 
asterisks.    

Previous studies have shown that AChE inhibition plays an important role to 

larval zebrafish survival (Behra et al., 2002); therefore we compared the effect of all 

three OPs on AChE activity and whether it correlated to mortality (Figure 6).  For the 

control DMSO exposed fish at 5 dpf, there is robust AChE activity at 447±18 µM 
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ATChI hydrolyzed per min. per mg of tissue.  300nM (105 ng/mL) CPF exposure over 5 

days inhibited AChE activity by over 80% (70±7 µM ATChI hydrolyzed per min. per mg 

of tissue) when compared to DMSO controls.  Both DZN and PA exposures were not as 

potent on AChE activity as CPF.  300nM (91.3 ng/mL) DZN and 300nM (87.4 ng/mL) 

PA exposures did not significantly inhibit AChE activity.  10µM (3.04 µg/mL) DZN 

exposure inhibited AChE activity over 50% (198±6 µM ATChI hydrolyzed per min. per 

mg of tissue) and 10µM (2.91 µg/mL) PA exposure inhibited AChE activity by almost 

70% (121±8 µM ATChI hydrolyzed per min. per mg of tissue), which correlated well 

with the finding that PA is more potent than DZN based on mortality.  In conclusion, 

we found that 300nM (105 ng/mL) CPF is much more effective than equimolar DZN 

and PA at inhibiting AChE.  Up to 10µM (3.04 µg/mL) of DZN and 10µM (2.91 

µg/mL) PA was not able to inhibit AChE as much as 300nM (105 ng/mL) CPF without 

causing a significant increase in mortality.  
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Figure 6.  Effects of CPF, DZN and PA on AChE activity measured at 5 dpf 
after an exposure from 0-5 dpf 

 
n > 4 per treatment with each sample having 10 fish.  ANOVA: Treatments, p < 0.0001; 
asterisks indicate treatments significantly different from DMSO.  

 Knowing that OPs needed to be metabolized into the OP-oxon form in order to 

actively inhibit AChE, it was important to probe when AChE inhibition occurred during 

the exposure between 0-5 dpf to determine when the OPs were being metabolized into its 

active form.  We examined the effect of CPF exposure upon AChE activity daily.  Over 

a 5 dpf exposure, 300nM (105 ng/mL) CPF exposure began to inhibit AChE at 2 dpf 

and steadily increased day after day until it culminated with a 80% inhibition at 5 dpf 

when compared to DMSO control (Figure 7). 
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Figure 7.  AChE activity of control DMSO zebrafish larvae measured daily 
throughout 0-5 dpf exposure and effects of 300 nM (105 ng/mL) CPF on 
AChE activity measured daily throughout 0-5 dpf exposure 
 
n > 4 per treatment with each sample having 10 fish. ANOVA: Treatments, p < 0.0001; 
asterisks indicate treatment was significantly different from DMSO control. 

 

In an effort to correlate early larval behavior with AChE activity, we examined 

the motility of 6 dpf larvae that had been exposed for 5 days to 300nM of the 3 different 

OPs, which had not caused significant mortality (Figure 8).  Using a Noldus video 

tracking/software interrogation system, we tracked the movement of 6 dpf zebrafish that 

were one day removed from their 0-5 dpf exposure.  DMSO exposed controls swam 175±6 

mm/min (Figure 8).  300nM (105 ng/mL) CPF exposures reduced locomotor activity by 
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35% (115±5 mm/min).  As expected due to no significant AChE activity inhibtion by an 

exposure of 300nM (91.3 ng/mL) DZN and 300nM (87.4 ng/mL) PA, there was no 

significant effect on locomotor activity when compared with DMSO.  However, 10µM 

(3.04 µg/mL) DZN exposure reduced locomotor activity by 50% (88±11 mm/min).  

10µM (2.91 µg/mL) PA exposure resulted in larval fish unable to move because they did 

not hatch out of the chorion and had developed a number of developmental 

malformations. 
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Figure 8.  Effect of CPF, DZN and PA on larval motility (distance swum per 
minute) measured at 6 days using Noldus Ethovision video-tracking after 
exposure from 0-5 dpf 
 
n > 34 per treatment.  ANOVA: Treatments, p < 0.0001; asterisks indicate treatments 
significantly different from DMSO. 

 

2.3 Discussion 

In this study we compared the effects of DZN and PA with CPF during the first 

5 days of zebrafish development.  In Figure 5 using the criterion of lethality, the 

developmental sensitivity to OPs for zebrafish is CPF > PA > DZN.  In Figure 6, the 
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reduction in AChE activity at the nonlethal concentration of 300nM was significant for 

CPF exposed fish, but not for DZN and PA exposed fish.  At 33x higher concentration 

(10μM), DZN and PA exposures do not result in as much inhibition as 300nM (105 

ng/mL) CPF exposure.  In Figure 7, we show the large increase in AChE activity from 2 

dpf through 5 dpf for control DMSO exposed fish, and also describe increasing AChE 

inhibition with continued exposure from 6-120 hpf with 300nM (105 ng/mL) CPF.  

Small changes in AChE levels are difficult to determine before 2 dpf due to low absolute 

values of AChE activity at 1 dpf.  However, AChE activity is definitively inhibited by 

300nM (105 ng/mL) CPF beginning at 3 dpf.  In Figure 8, using Noldus video tracking 

and Ethovision software interpretation to analyze distance moved, we show that after 5 

days of exposure to each of the three OPs at 300nM, only CPF exposed fish show a 

significant difference in distance moved in time.  At the higher concentration of 10uM 

(3.04 µg/mL) DZN, exposed fish showed a significant difference in motility.  

Table 2 summarizes survival, AChE activity and larval motility after a 5 day 

exposure to different concentrations of CPF, DZN and PA.  At 300nM none of the three 

OPs studied affected survival and there was no detectable evidence of morphological 

changes in larvae.  However, 300nM (105 ng/mL) CPF exposure reduced AChE activity 

by 81% and motility by 35%.  In comparison, 300nM (91.4 ng/mL) DZN or 300 nM 

(87.4 ng/mL) PA did not have a significant effect on AChE activity or motility, and 

even 10µM (3.04 µg/mL) DZN or 10 µM (2.91 µg/mL) PA did not result in as much 

AChE inhibition as 300nM (105 ng/mL) CPF.  At a concentration that does not affect 
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survival (300nM), only CPF has a significant effect on AChE activity and larval 

motility.  

Table 2.  Comparison of effects from CPF, DZN and PA on survival, AChE 
specific activity and larval motility 

 

 300nM CPF 300nM DZN 300nM PA 10µM DZN 10µM PA 
Survival 
(Fig. 5) 

NS NS NS NS 55% 

AChE activity 
(Fig. 6) 

-81% NS NS -55% -73% 

Larval behavior 
(Fig. 8) 

-35% NS NS -50% 
Does not 

move, not out 
of chorion 

Survival measured at 5 dpf after 0-5 dpf exposure 
AChE activity is specific activity measured at 5 dpf after 0-5 dpf exposure 
Larval behavior is change in motility measured at 6 dpf after 0-5 dpf exposure 
NS = not significant difference from DMSO control exposed fish 

   

10µM (2.91 µg/mL) PA exposure resulted in 45% lethality by 5 dpf, and of the 

fish that survived, there was 73% AChE inhibition and most did not hatch out of the 

chorion by 5 dpf.  In rodents, PA is the most potent of the OPs we tested in inhibiting 

AChE (Chambers and Carr, 1993).   However, in exposing young channel catfish to CPF 

and PA, one set of investigators found that as the fish aged, the previously CPF exposed 

fish had an increase in AChE inhibition in the brain compared to those exposed with PA 

(Carr et al., 1995).  Increased lipophilicity of CPF versus PA was suggested to play a 

role in the differential toxicities between rodents and fish.  Also, the authors later 

published reviews suggesting that the different affinities of AChE for CPF and PA play 
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a bigger role in their toxicities for fish (Carr and Chambers, 1996; Chambers and Carr, 

1995).     

10µM (3.04 µg/mL) DZN exposures did not result in a significant effect on 

survival, and exposed fish had over 50% AChE inhibition.  Despite not having as large 

an AChE inhibition as fish exposed with 300nM (105 ng/mL) CPF, 10µM (3.04 µg/mL) 

DZN exposed fish moved less than 300nM (105 ng/mL) CPF exposed fish, indicating 

that AChE activity is not the only factor in determining behavioral outcomes with this 

assay.   

Each OP has its own phenotypic profile where some inhibit AChE more 

effectively than others, but the final larval behavioral outcome is most likely due to a 

combination of various factors.  From our studies, at the non-lethal concentration of 

300nM the efficiency of inhibiting AChE for the 3 compounds was CPF > PA, DZN.  

While we cannot tell from this study why there is a difference in the molar effectiveness 

among the OPs, there could be several possible explanations: i) a different efficiency in 

forming the OP-oxon form for each OP (Buratti et al., 2003; Ma and Chambers, 1994, 

1995; Sams et al., 2000); ii) a difference in how effective each OP is at  entering the 

different developmental compartments of the developing embryo; or iii) a difference in 

the effectiveness of each OP–oxon form at inhibiting AChE (Katz et al., 1997).  For 

further discussion we refer the reader to the discussion section of Yang et al. (2011).  

Previous collaborative work between the Linney and Levin laboratories has 

shown that non-lethal 5 day exposures of zebrafish with CPF results in adult zebrafish 
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with learning and behavioral differences based on the three-chamber task where fish 

demonstrate spatial discrimination by consistently choosing the chamber without the 

negative stimulus (Levin et al., 2003).  Previous research had also shown significant 

locomotor hypoactivity at 6 dpf and 9 dpf after 0-5 dpf exposure to 285nM (100 ng/mL) 

CPF (Levin et al., 2004).  Correlative with these exposures was an inhibition of AChE 

(Linney et al., 2004).  Using behavioral assays that measured spatial discrimination with 

the three chambered task, anxiety response from tapping stimulus and thigmotactic 

behavior in the Levin laboratory, it was found that a 0 to 5 day exposure of CPF was 

required to elicit behavioral responses and that there was not an identifiable vulnerable 

window for CPF exposure during zebrafish development (Sledge et al., 2011).     

Two recent CPF related studies (Yang et al. 2011 and Jacobson et al. 2010) have 

provided useful information in understanding its effects on developing zebrafish.  In 

Figure 9, we contrast our exposure times with Yang et al. (2011).   

While Yang et al. (2011) showed that from 6 hpf to 24 hpf CPF is incorporated 

into the embryo, their exposure study started at 24 hpf and concluded at either 48 hpf or 

72 hpf.  Therefore, their exposures were not as long and didn’t start as early as ours.  

They did not detect AChE inhibition using 300nM (105 ng/mL) CPF from 24 hpf to 48 

hpf or from 24 hpf to 72 hpf exposures.  In our study of exposures starting at 6 hpf we 

did measure significant AChE inhibition.  
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Figure 9.  Our exposure regimen for 0-5 dpf exposure using CPF, DZN and 
PA along with normal development of zebrafish compared to Yang et al. 
(2011) 
 
Our exposures begin at 6 hpf and their exposures begin at 24 hpf.  At 6 hpf gastrulation 
has just begun and neurons are not formed.   At 24 hpf somitogenesis is ending and a 
nervous system is rapidly developing.  After a 0-5 day exposure, larvae are washed and 
tested for motility at 6 dpf.   

 

  At 6 hpf the embryo has not completed epiboly, so immersion exposure to 

compounds does not require partitioning or complex transfer through multiple layers of 

tissue.  Also, at 6 hpf gastrulation has just begun; neurons have not been born; organs 

have not yet formed.  In contrast, at 24 hpf somitogenesis has occurred; the embryo has 

a spinal cord, a five-lobed brain and musculature; and it exhibits tail movement.   
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One possible explanation for the difference seen in AChE inhibition between an 

exposure that starts at 6 hpf and an exposure that starts at 24 hpf is the clear 

anatomical differences between 6 hpf and 24 hpf zebrafish embryos and the length of 

time CPF is allowed to be taken up.  Another possible explanation for the difference 

between exposures with different start times might involve a transient level of 

cytochrome p450 activity inherited maternally.  A study of the zebrafish cytochrome 

p450 family and its expression in zebrafish embryos (Goldstone et al., 2010) suggests the 

possibility that cytochrome p450 mRNAs may be maternally inherited in the embryos.  

In the absence of identifying which cytochrome p450s are involved in producing the OP–

oxon form, this remains to be determined. 

In Jacobson et al. (2010) the focus was on a one-time 300nM exposure of embryos 

to CPF-oxon and observing up to 3 days of age.  They described effects on Rohon-Beard 

neurogenesis and described severe phenotypes in up to 14.3% of the fish by days 1 

through 3.  They showed that the half-life of CPF-oxon in egg water alone was 1 day.   

In Yang et al. (2011) exposing with 100nM CPF-oxon from day 1 to day 3 

resulted in effects on axonal growth and motor behavior in 3 day old zebrafish. The 

CPF-oxon studies provide useful information regarding direct effects of the OP-oxon to a 

developing vertebrate embryo at the time of neural connectivity.  However, exposure to 

the OP is more environmentally relevant, because the parent compound must first be 

metabolized by cytochrome p450s into the OP-oxon form.  An OP-oxon exposure will 

not accurately reflect what may result from the parent compound exposure if the enzyme 
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activity is not present at the time of exposure.  In this context the comparison of these 

three OPs (CPF, DZN and PA) provides one with a description of their effects on 

lethality and the sublethal effects on larval motility. 

While it would be convenient and fortunate to identify a single mechanism for 

CPF effects on neural development, the mature nervous system and subsequent 

behavior, it is clear from mammalian and zebrafish studies that mechanisms behind 

differential lethality and behavioral/learning differences from CPF exposure are complex 

and that they may be different for CPF, CPF-oxon, and for the developmental stage of 

exposure.   
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Chapter 3 – Characterization of zfkcc2 (zebrafish 
potassium-chloride cotransporter 2) cDNA and 
expression pattern during embryonic zebrafish 
development 

3.1 Introduction 

In the previous chapter CPF exposures on larval zebrafish inhibits AChE and 

had a neurobehavioral effect on the developing nervous system.  Therefore clues to what 

we might expect could come from studies using AChE mutants where all the activity is 

removed in homozygous mutants.  The first zebrafish AChE mutant, achesb55+, abolished 

AChE activity and its phenotype involved disruptions in both neural and muscle fiber 

development (Behra et al., 2002).  By crossing the ache mutant with a mutant for the α-

subunit of the zebrafish nicotinic acetylcholine receptor (nic1) the muscle phenotype was 

eliminated suggesting a potential phenotype that might be observed through CPF-

induced deterioration of muscle fibers.  This suggested that losing AChE activity caused 

hyperstimulation of the muscle fibers, which leads to fiber disruption.  In our initial CPF 

dose response work we observed deterioration of muscle cells at 4 days from a 1.42 µM 

(500 ng/ml) CPF exposure (see Figure 4 in Linney et al. 2004).  Therefore, we have 

continued to look at the possibility that one of the effects of OP exposure on the 

developing embryo involves hyperstimulation at cholinergic synapses.    

While our laboratory studied developmental CPF exposures on zebrafish and any 

relevant effects from the hyperstimulation of cholinergic synapses, it was brought to our 

attention by our collaborator Ed Levin that Darwin Berg’s laboratory showed that 
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normal developmental nicotinic signaling plays an important role in switching 

GABAergic signaling from excitatory to inhibitory (Liu et al., 2006).  Therefore, could it 

be that developmental CPF exposures could affect GABAergic signaling via 

hyperstimulation of nicotinic synapses?  The Berg laboratory showed that early nicotinic 

blockade affected the expression of two cation-chloride cotransporters, which determined 

whether GABA acted as an excitatory or inhibitory neurotransmitter.  Cation-chloride 

cotransporters belong to a family of active transporters, which are membrane proteins 

that actively transport specific solutes like ions such as Na+, K2+, Cl- across the 

membrane of a cell or organelle.  A diverse set of ion transporters and channels in each 

neuron establishes and maintains a default concentration gradient for different ions while 

having enough flexibility to alter that state in order to generate electrical potentials at 

the appropriate times across the membrane.  Therefore, ion transporters and ion 

channels play an important role in the electrical signaling activity for neurons.   

Besides the kidney, neurons in the brain depend on cation-chloride 

cotransporters.  Deficiencies in ion transport caused by abnormal expression of cation-

chloride cotransporters are associated with diseases including ones associated with 

epilepsy and schizophrenia (Arion and Lewis, 2011; Cherubini et al., 2011; Munoz et al., 

2007; Shimizu-Okabe et al., 2011).  As evidenced by severe kidney diseases caused by 

abnormal expression of cation-chloride cotransporters, a mutation in a neuronally 

expressed cation-chloride cotransporter could severely debilitate neuronal function 

(Delpire and Mount, 2002).   
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One neurotransmitter pathway that is affected by cation-chloride cotransporters 

is the γ-amino butyric acid (GABA) pathway, which is the main inhibitory 

neurotransmitter found in an adult brain.  The inhibitory characteristic of GABA is the 

result of the hyperpolarization of neurons when the ionotropic GABAA receptor, an ion 

channel allowing diffusion of chloride ions down its concentration gradient and into the 

neuron, is activated in the presence of GABA.  During development GABA exhibits an 

excitatory, depolarizing response caused by the efflux of chloride ions when GABAA 

receptors are activated in post-synaptic neurons that have higher levels of chloride ion.  

Ion transporters are responsible for creating chloride concentration gradients that allow 

for either the influx or efflux of chloride ions when GABAA is activated by GABA 

(Balakrishnan et al., 2003; Clayton et al., 1998; Ikeda et al., 2003; Li et al., 2002; 

Mercado et al., 2004; Shimizu-Okabe et al., 2002).  These studies have also indicated 

that proper neuronal chloride homeostasis during development is critical to the 

functioning of the GABA signaling pathway as well as to neuronal development. 

Two cation-chloride cotransporters play a critical role in regulating the 

intracellular concentrations of chloride for developing neurons.  NKCC1 (sodium-

potassium-chloride cotransporter, slc12a2) accumulates chloride intracellularly.  KCC2 

(potassium-chloride cotransporter, slc12a5) lowers intracellular chloride concentration by 

extruding potassium and chloride ions using the electrochemical gradient for potassium 

(Ben-Ari et al., 2007).  In neurons that express the GABAA receptor, when intracellular 

chloride concentration is higher than in the extracellular matrix due to NKCC1 activity, 
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GABA stimulation is excitatory as chloride ions exit, which depolarizes the neuron.  

Once KCC2 is functional, chloride is pumped out of the neuron causing the intracellular 

chloride concentration to be lower than in the extracellular matrix.  Under this 

condition, a response to GABA stimulation is inhibitory as chloride enters via GABAA 

and hyperpolarizes the neuron (Rivera et al., 1999).  The switch from NKCC1 to KCC2 

is not a stochastic switch, but most likely occurs with a specific spatiotemporal precision 

across subsets of neurons resulting in a slow wave of maturating neurons as the ratio of 

NKCC1/KCC2 decreases.  

When we began to study the switch from NKCC1 to KCC2 in neuronal regions, 

we were unable to continue without isolating the cDNA of zebrafish kcc2 (zfkcc2), which 

had not been previously done.  We needed the cDNA sequence of zfkcc2 in order to 

synthesize probe for in situ hybridizations and characterize its expression pattern.  Even 

though the sequence of zfkcc2 had not been previously characterized, there was an 

algorithm-derived sequence for zfkcc2.  Reynolds et al. (2008) reported that using the 

algorithm-derived sequence they could detect zfkcc2 by 2 dpf (days post fertilization) 

using primers designed for qualitative PCR.  

3.2 Results 

We determined the full-length cDNA sequence of zfkcc2 through 4 separate and 

independent cloning steps of overlapping regions of the cDNA (Genbank ID JN688966).  

This sequence was confirmed, in part, by two smaller ESTs of different regions of zkcc2 
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reported by others (Genbank ID AL928120, the reverse complement of a 3' sequence and 

Genbank ID EB941609 covering a more 5' region of the cDNA).  The cDNA consists of 

26 exons, which correspond to mouse kcc2 and human kcc2.  In mice there are multiple 

transcription start sites for kcc2 that are responsible for generating two neuron-specific 

isoforms (Uvarov et al., 2007).  From 4 dpf zebrafish larval RNA we detected only one 5’ 

start site using 5’ RACE procedures.  Figure 10 shows the nucleotide and amino acid 

sequence of zfkcc2.  The cDNA is 3,622 bp with an ORF that is 3,354 bp, which 

corresponds to an amino acid sequence that is 1,117 aa long.  The estimated molecular 

weight of zfKCC2 is 123.1 kDa.
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     1 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 60     
       ACT CCA GTC TGC CAA AGC ACA GCA CTG TTC GCT TTC TTG AGA GGA GAG AGG CAG AGA ACC  
                                                                                        
    61 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 120    
       ACT AGC CTT CTC CTC CTC CAT CCG AGT GTG TGT GAG GCT GGT ACA TCC GTT GGC TGG TGG  
                                                                                        
   121 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 180    
       ACA CAG CAG CAG TGT CAG CAT TAG CAG GGA ATC TGT GCT CCA TCC TCC AAA ATG ATG AAC  
                                                                            M   M   N 
                                 1 --- --- --+ 3 
 
   181 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 240    
       AAC CTC AAT GAA TGT GAA GAA GGC GAT GGG GGA CCC AAC AGC CAG GGA GAT GCA ACA TCC  
        N   L   N   E   C   E   E   G   D   G   G   P   N   S   Q   G   D   A   T   S   
     4 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 23    
                                                                                         
   241 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 300    
       AAG GAA AGC AGC CCT TTC ATC AAC AGC AGC ACC AGT GAC GTA GAA AAA AGC CAG CAG TAT  
        K   E   S   S   P   F   I   N   S   S   T   S   D   V   E   K   S   Q   Q   Y   
    24 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 43    
                                                                                         
   301 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 360    
       GAT GGG AAA AAC ATG GCT CTG TTT GAG GAG GAG ATG GAC ACT AGT CCC ATG GTA TCT TCT  
        D   G   K   N   M   A   L   F   E   E   E   M   D   T   S   P   M   V   S   S   
    44 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 63    
                                                                                         
   361 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 420    
       CTG CTG AGC AGT CTT GCC AAC TAC TCC AAC CTG ACA CAG GGC AGT AAA GAG CAT GAA GAG  
        L   L   S   S   L   A   N   Y   S   N   L   T   Q   G   S   K   E   H   E   E   
    64 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 83    
                                                                                         
   421 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 480    
       GCA GAA AAC AAT GAG GAG GCA CGC AAG AAA GCT GCA CAG GCT CCT CGT ATG GGC ACA ATA  
        A   E   N   N   E   E   A   R   K   K   A   A   Q   A   P   R   M   G   T   I   
    84 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 103    
                                                                                         
   481 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 540    
       ATG GGC GTT TAC CTA CCA TGT CTT CAA AAC ATC CTT GGG GTG ATT TTG TTC CTC AGG ATG  
        M   G   V   Y   L   P   C   L   Q   N   I   L   G   V   I   L   F   L   R   M   
   104 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 123    
                                                                                         
   541 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 600    
       ACC TGG CTA GTG GGT GTT GGA GGC GTC CTG GGA ACC TTC ACC GTC GTC TTC ATG TGC TGC  
        T   W   L   V   G   V   G   G   V   L   G   T   F   T   V   V   F   M   C   C   
   124 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 143    
                                                                                         
   601 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 660    
       TCC ACG ACT ATG CTG ACT GCT ACC TCA ATG AGT GCT ATT GCC ACC AAT GGA GTT GTG CCA  
        S   T   T   M   L   T   A   T   S   M   S   A   I   A   T   N   G   V   V   P   
   144 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 163    
                                                                                         
   661 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 720    
       GCT GGA GGT TCG TAC TAC ATG ATC TCT CGA TCA CTC GGA CCG GAG TTT GGA GGA GCT GTT  
        A   G   G   S   Y   Y   M   I   S   R   S   L   G   P   E   F   G   G   A   V   
   164 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 183    
 
   721 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 780    
       GGC ATT TGT TTC TTC TTG GGC ACC ACT TTT GCA GGA GCC ATG TAC ATC TTG GGG TGC ATC  
        G   I   C   F   F   L   G   T   T   F   A   G   A   M   Y   I   L   G   C   I   
   184 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 203    
                                                                                             
   781 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 840    
       GAA ATC CTG CTG ATC TAC ATT GTT CCA TCA GCT GCC ATA TTC AAA ATG GAG GGT CTT GAG  
        E   I   L   L   I   Y   I   V   P   S   A   A   I   F   K   M   E   G   L   E   
   204 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 223    
                                                                                             
   841 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 900    
       GGG TCA GAA GCC GAG GCA GCG CTG TTG AAT AAC ATG CGC GTG TAC GGT ACC ATC GTT CTC  
        G   S   E   A   E   A   A   L   L   N   N   M   R   V   Y   G   T   I   V   L   
   224 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 243    
                                                                                             
   901 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 960    
       ACC TTC ATG GCT ATA GTC GTC TTT GTT GGT GTG AAG TAT GTC AAC AAG TTG GCT CTT GTG  
        T   F   M   A   I   V   V   F   V   G   V   K   Y   V   N   K   L   A   L   V   
   244 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 263    
                                                                                             
   961 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1020   
       TTC CTC GCC TGT GTC ATT CTC TCC ATC CTG GCT ATC TAC GCG GGG GTC ATC AAG ACT TCT  
        F   L   A   C   V   I   L   S   I   L   A   I   Y   A   G   V   I   K   T   S   
   264 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 283    
                                                                                                                                                                          
  1021 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1080   
       TTT GAT CCA CCT GAC TTT CCG GTG TGT GTG CTT GGG AAC CGA ACT CTT GTG TCA AAG GCG  
        F   D   P   P   D   F   P   V   C   V   L   G   N   R   T   L   V   S   K   A   
   284 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 303    
                                                                                                 
  1081 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1140   
       TAT GAC ATT TGT GCC AAG ACC ATA GAG CGG GGG AAT GCC ACC ATC ACT ACC AAG CTT TGG  
        Y   D   I   C   A   K   T   I   E   R   G   N   A   T   I   T   T   K   L   W   
   304 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 323    
 

Figure 10.  Nucleotide and amino acid sequence of zfkcc2  
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  1141 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1200   
       AGA TCC TTC TGT GAC TCT GAG TTC CTG AAC GCC ACC TGT GAT GAG TAC TTT GTT AAC AAC  
        R   S   F   C   D   S   E   F   L   N   A   T   C   D   E   Y   F   V   N   N   
   324 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 343    
                                                                                               
  1201 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1260   
       AAT ATC AGT CAG ATC CAG GGA ATC CCT GGA GTC ACC AGT GGC ATC CTG GCA GAA AAC CTT  
        N   I   S   Q   I   Q   G   I   P   G   V   T   S   G   I   L   A   E   N   L       
   344 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 363 
 
  1261 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1320   
       TTC AGT GGC TAT ATG GAG AAA AAT TCA GTC TTA GAG AAG AGA GGT CTA CAG GCA GTA CAG  
        F   S   G   Y   M   E   K   N   S   V   L   E   K   R   G   L   Q   A   V   Q   
   364 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 383    
                                                                                                 
  1321 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1380   
       GAC CCT GAA CTC CCA GTA ACC AAC AGT AAC CGA TAT GTG CTG GCT GAT ATC ACC AGT TTC  
        D   P   E   L   P   V   T   N   S   N   R   Y   V   L   A   D   I   T   S   F   
   384 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 403    
                                                                                                 
  1381 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1440   
       TTC ACC CTG CTG GTT GGA ATC TAC TTC CCC TCT GTC ACA GGT ATC ATG GCA GGT TCC AAC  
        F   T   L   L   V   G   I   Y   F   P   S   V   T   G   I   M   A   G   S   N   
   404 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 423    
                                                                                                 
  1441 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1500   
       CGT TCT GGT GAC CTG CAG GAT GCT CAG AAG TCC ATC CCT GTT GGT ACC ATC TTG GCT ATC  
        R   S   G   D   L   Q   D   A   Q   K   S   I   P   V   G   T   I   L   A   I   
   424 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 443    
                                                                                                
  1501 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1560   
       ACA ACC ACC TCT ATC ATC TAC ATG TCT AGT GTA ATT CTG TTT GGA GCC TGT GTA GAT GGA  
        T   T   T   S   I   I   Y   M   S   S   V   I   L   F   G   A   C   V   D   G   
   444 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 463    
                                                                                               
  1561 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1620   
       GTT GTT TTG AGG GAC AAA TTT GGA GAA GGT GTC AGT GGT AAC CTG GTT ATT GGC ACG TTG  
        V   V   L   R   D   K   F   G   E   G   V   S   G   N   L   V   I   G   T   L   
   464 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 483    
                                                                                               
  1621 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1680   
       GCA TGG CCT TCA CCC TGG GTC ATT GTG TTT GGC TCC TTC TTC TCC ACC TGT GGG GCC GGG  
        A   W   P   S   P   W   V   I   V   F   G   S   F   F   S   T   C   G   A   G   
   484 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 503    
                                                                                               
  1681 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1740   
       CTT CAA AGT TTG ACA GGA GCA CCC CGC CTC CTT CAA GCT ATT GCC CGA GAT GGC ATC ATT  
        L   Q   S   L   T   G   A   P   R   L   L   Q   A   I   A   R   D   G   I   I   
   504 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 523    
                                                                                               
  1741 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1800   
       CCT TTC CTC AGG GTG TTT GGT CAT GGC AAA GCT AAC GGT GAA CCT ACA TGG GCT CTC CTT  
        P   F   L   R   V   F   G   H   G   K   A   N   G   E   P   T   W   A   L   L   
   524 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 543    
                                                                                               
  1801 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1860   
       CTG ACA GCC TGC ATC TGT GAA AGT GGC ATC CTC ATT GCC TCC CTG GAT GCA GTC GCA CCT  
        L   T   A   C   I   C   E   S   G   I   L   I   A   S   L   D   A   V   A   P   
   544 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 563    
                                                                                               
  1861 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1920   
       ATT CTG TCC ATG TTC TTT CTC ATG TGT TAC ATG TTC GTA AAC CTG GCC TGT GCA CTG CAA  
        I   L   S   M   F   F   L   M   C   Y   M   F   V   N   L   A   C   A   L   Q   
   564 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 583    
                                                                                                  
  1921 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1980   
       ACT CTC CTC AGA ACC CCA AAC TGG AGA CCA CGC TTT AAG TTT TAC CAT TGG GCT TTG TCA  
        T   L   L   R   T   P   N   W   R   P   R   F   K   F   Y   H   W   A   L   S   
   584 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 603    
                                                                                                  
  1981 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2040   
       CTG TTG GGC ATG AGC TTG TGT CTT ACC CTG ATG TTC CTG TGC TCC TGG TAC TAT GCT ATT  
        L   L   G   M   S   L   C   L   T   L   M   F   L   C   S   W   Y   Y   A   I   
   604 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 623    
                                                                                                  
  2041 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2100   
       GTT GCC ATG GTA ATC GCC GGC TGC ATC TAC AAA TAC ATT GAA TTC TGC GGA GCA GAG AAA  
        V   A   M   V   I   A   G   C   I   Y   K   Y   I   E   F   C   G   A   E   K   
   624 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 643    
                                                                                                  
  2101 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2160   
       GAA TGG GGT GAT GGA ATT CGT GGT ATC TCT TTG AGC GCT GCT CGT TTT GCT CTG ATG AGG  
        E   W   G   D   G   I   R   G   I   S   L   S   A   A   R   F   A   L   M   R   
   644 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 663    
                                                                                                  
  2161 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2220   
       TTG GAG GAA GGT CCT CCT CAC ACT AAA AAC TGG AGG CCC CAG ATT TTG GTG CTC ACA ACT  
        L   E   E   G   P   P   H   T   K   N   W   R   P   Q   I   L   V   L   T   T   
   664 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 683    
                                                                                                  
  2221 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2280   
       TTG GAT GGG GAG CAG AAC GTG GAG CAG CCT CGA CTG CTG TCC CTG ACC AGT CAG CTG AAA  
        L   D   G   E   Q   N   V   E   Q   P   R   L   L   S   L   T   S   Q   L   K   
   684 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 703    
                                                                                                  
 

Figure 10 (continued)  Nucleotide and amino acid sequence of zfkcc2  
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  2281 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2340   
       GCA GGC AAA GGT TTG ACC ATT GTA GGA GCG TGT ATA GAA GGC ACC TAC TTA AAC AAC CAG  
        A   G   K   G   L   T   I   V   G   A   C   I   E   G   T   Y   L   N   N   Q   
   704 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 723    
                                                                                                  
  2341 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2400   
       CCA AAG ACT CAG AAA GCA GAT CAG TCC CTA AGG AAG CTG ATG GAG GTT GAG AAG GTG AAG  
        P   K   T   Q   K   A   D   Q   S   L   R   K   L   M   E   V   E   K   V   K   
   724 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 743    
                                                                                                  
  2401 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2460   
       GGA TTC AGT CAA GTG GTG ATC TCT TCT AAC CTG CGG GAT GCC ACC TCA CAC CTA ATT CAA  
        G   F   S   Q   V   V   I   S   S   N   L   R   D   A   T   S   H   L   I   Q   
   744 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 763    
                                                                                                  
  2461 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2520   
       GCT GGT GGT CTG GGT GGG CTA CGC CAC AAT ACT GTT CTG GTC AGC TTT CCC AAG AAC TGG  
        A   G   G   L   G   G   L   R   H   N   T   V   L   V   S   F   P   K   N   W   
   764 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 783    
                                                                                                  
  2521 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2580   
       AAA CAG GCG GAG GAG CAC CAC CGT TGC AGG AAC TTT ATT GAG GTT GTT AGG GAG ACC ACA  
        K   Q   A   E   E   H   H   R   C   R   N   F   I   E   V   V   R   E   T   T   
   784 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 803    
                                                                                                   
  2581 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2640   
       GCA GGT CAC ATG GCC TTA CTG GTC CCG AAG AAC ATT TCT GCA TAT CCA TCA AAT GGA GAA  
        A   G   H   M   A   L   L   V   P   K   N   I   S   A   Y   P   S   N   G   E   
   804 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 823    
                                                                                                   
  2641 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2700   
       CGT TTT ACC GAG GGC CAC ATT GAC GTG TGG TGG ATT GTC CAC GAT GGA GGC ATG CTC ATG  
        R   F   T   E   G   H   I   D   V   W   W   I   V   H   D   G   G   M   L   M   
   824 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 843    
                                                                                                   
  2701 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2760   
       CTC CTT CCC TTT CTT CTC CGC CAG CAT AAG GTT TGG AGG AAG TGC AAG ATG CGT ATC TTC  
        L   L   P   F   L   L   R   Q   H   K   V   W   R   K   C   K   M   R   I   F   
   844 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 863    
                                                                                                   
  2761 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2820   
       ACT GTG GCT CAG ATG GAT GAC AAC AGC ATT CAG ATG AAG AAA GAC CTG ATG ACG TTC CTT  
        T   V   A   Q   M   D   D   N   S   I   Q   M   K   K   D   L   M   T   F   L   
   864 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 883    
                                                                                                   
  2821 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2880   
       TAT CAC CTG CGT CTT GAT GCT GCA GTT GAA GTG GTT GAA ATG CTT GAC AAT GAC ATC TCA  
        Y   H   L   R   L   D   A   A   V   E   V   V   E   M   L   D   N   D   I   S   
   884 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 903    
                                                                                                                                    
  2881 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 2940   
       GCT TAC ACC TAC GAA AAG ACC CTG ATG ATG GAG CAG CGA TCG CAA ATC CTC AAG GAG ATG  
        A   Y   T   Y   E   K   T   L   M   M   E   Q   R   S   Q   I   L   K   E   M   
   904 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 923    
                                                                                                                                    
  2941 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3000   
       CAT CTA ACC AAG AAT GAG CGG GAG AGA GAG ATT CAG AGC ATC ACA GAT GTG TCC CGT GGC  
        H   L   T   K   N   E   R   E   R   E   I   Q   S   I   T   D   V   S   R   G   
   924 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 943    
                                                                                                                                    
  3001 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3060   
       TCT ATT AGG CGT AAG AAC CCA TCA AAC CTG CAC CCC CAG AGG AGT ATC GCT GAG GAG TCT  
        S   I   R   R   K   N   P   S   N   L   H   P   Q   R   S   I   A   E   E   S   
   944 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 963    
                                                                                                                                    
  3061 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3120   
       GTG GCA GGA AGT GGT GAA GAA AAG CCT GAA GAG GAG GTT CAG CTC ATT CAG GGA AAA AAT  
        V   A   G   S   G   E   E   K   P   E   E   E   V   Q   L   I   Q   G   K   N   
   964 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 983    
                                                                                                             
  3121 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3180   
       GCC ACC CCC ACG CCC ACT AGC CCC ACC TCC CCT ACT GCT CCC ACA CCA GCA ACT ATG TGC  
        A   T   P   T   P   T   S   P   T   S   P   T   A   P   T   P   A   T   M   C   
   984 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1003    
                                                                                                             
  3181 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3240   
       CCT GGA GAG GAG ATT CAG ATG ACC TGG ACG GAC GAT ACG GAG AAG GCC AAT AAC CCA GCA  
        P   G   E   E   I   Q   M   T   W   T   D   D   T   E   K   A   N   N   P   A   
  1004 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1023    
                                                                                                             
  3241 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3300   
       GTG GCC AAT CCT GAA AAC ATA AAG GAC ATG TTC AAC ATG AAA CCG GAA TGG GAG AAC CTG  
        V   A   N   P   E   N   I   K   D   M   F   N   M   K   P   E   W   E   N   L   
  1024 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1043    
                                                                                                             
  3301 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3360   
       AAT CAG TCC AAT GTG AGA CGC ATG CAC CAT GCG CAG AAG CTC AAT GAG GTC ATT GTG AAG  
        N   Q   S   N   V   R   R   M   H   H   A   Q   K   L   N   E   V   I   V   K   
  1044 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1063    
                                                                                                             
  3361 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3420   
       AAA TCG CAA GAA GCT AAA CTA GTC CTG CTA AAC ATG CCT GGA CCA CCT AGG AAC CGC ACT  
        K   S   Q   E   A   K   L   V   L   L   N   M   P   G   P   P   R   N   R   T   
  1064 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1083    
                                                                                                

Figure 10 (continued)  Nucleotide and amino acid sequence of zfkcc2  
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  3421 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3480   
       GGA GAG GAG AAC TAC ATG GAG TTC CTC GAG GTC TTG ACT GAA GGT CTC AAC AGG GTC CTT  
        G   E   E   N   Y   M   E   F   L   E   V   L   T   E   G   L   N   R   V   L   
  1084 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 1103    
                                                                                           
  3481 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3540   
       CTC GTG CGT GGA GGT GGA CGT GAA GTC ATT ACC ATC TAC TCT TGA GGG GCT CAG CTC AAC  
        L   V   R   G   G   G   R   E   V   I   T   I   Y   S   *                       
  1104 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- 1117    
                                                                                                             
  3541 --- --- --- +-- --- --- -+- --- --- --+ --- --- --- +-- --- --- -+- --- --- --+ 3600   
       CAC CAA ATA CTC CTC ACC CTG CAT AGA TGG AAC ATC CCA GTA ACC CCT ACC TAC ACC ATG  
                                                                                                             
  3601 --- --- --- +-- --- --- -+- - 3622   
       AGC AAT AAA AAA AAA AAA AAA A  

 

Figure 10 (continued)  Nucleotide and amino acid sequence of zfkcc2  
The cDNA sequence of zfkcc2 is 3,622 bp with an ORF from basepair 172 to 3525, which 
is 3,354 bp long.  The amino acid sequence of zfkcc2 is 1,117 aa, which makes an 
estimated 123.1 kDa protein product.  Red indicates untranslated regions (UTRs) and 
alternating black and blue indicates exons. 

 

In comparing zfKCC2 with KCC2/slc12a5 from other vertebrates we found that 

kcc2 is highly conserved among mammals (Table 3).  The amino acid sequences used for 

this comparison include human KCC2 isoform 1 (NP_001128243), human KCC2 isoform 

2 (NP_065759), rat KCC2 (NP_599190), mouse KCC2 (NP_065066), xenopus laevis 

KCC2 (NP_001072306), rabbit KCC2 (NP_001075592) and cow KCC2 

(NP_001193309).  The amino acid sequence for zfKCC2 is 74% and 75% identical to the 

two human orthologs of KCC2.  
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Table 3.  Amino acid sequence comparison of zfkcc2 with other species 
amino acid 
alignment 

(% identity) 

Human 
isoform 1 

(NP_001128243) 

Human 
isoform 2 
(NP_065759) 

mouse 
(NP_065066) 

rat 
(NP_599190) 

xenopus 
(NP_001072306) 

cow 
(NP_001193309) 

rabbit 
(NP_001075592) 

zebrafish 74 75 75 74 74 75 66 
human 

isoform 1 
 98 97 97 85 97 71 

human 
isoform 2 

  98 98 86 99 70 

mouse    99 86 98 70 
rat     86 98 70 

xenopus      86 68 
cow       70 

 

Reynolds et al. (2008) previously reported that zfkcc2 was detectable by 2 dpf 

using primers designed from an algorithm-derived sequence.  Our use of quantitative 

PCR with primers derived from our sequence indicated that zfkcc2 mRNA is detectable 

at 1 hpf, and its expression increases through development up to the last time point we 

tested, 4 dpf (Figure 11).  Expression of zfkcc2 is compared to 18s whose expression is 

most consistent during zebrafish development from fertilization to the completion of 

organogenesis (120 hpf) out of a list of benchmark genes (elfa, bactin1, gapdh, tuba1, 

g6pd, tbp, b2m) tested (McCurley and Callard, 2008).  



  

 68 

 

Figure 11.  Expression of zfkcc2 from 2 hpf to 96 hpf as detected by qRT-
PCR  
 
Each point consists of 4 biological replicates that were each run with 4 experimental 
replicates for zfkcc2 and 18s.  Standard error of the mean is reported. 
 

Spatial expression of zfkcc2 was determined by whole mount in situ 

hybridization.  By 1 dpf zfkcc2 expression is found in portions of the brain and spinal 

cord (Figure 12A).  The signal is localized to areas of the forebrain, midbrain and 

hindbrain, some of which are homologous to the hippocampus, cerebellum and medulla 

oblongata in mice and rats (Gulyas et al., 2001; Lu et al., 1999; Mikawa et al., 2002).  

At 1 dpf there is no apparent zfkcc2 expression in the optic tectum.  By 2 dpf zfkcc2 is 

expressed more extensively in the forebrain, midbrain and hindbrain (Figure 12B, C, D 
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and E), but it is no longer expressed in the spinal cord.  At 2 dpf there is still no 

apparent zfkcc2 expression in the optic tectum.   

Figure 12.  zfkcc2 is expressed in the central nervous system of zebrafish at 1 
and 2 dpf 
 
(A) in situ hybridization with a zfkcc2 specific probe shows an expression pattern in the 
forebrain, hindbrain and down the spinal cord at 1 dpf.  (B-E) Expression of zfkcc2 at 2 
dpf is found in specific regions of the brain and is absent from the spinal cord  
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Figure 12 (continued)  (not shown).  Abbreviations used: AC, anterior commissure; 
fb, forebrain; hb, hindbrain; mb, midbrain; mhb, midbrain-hindbrain boundary; ob, 
olfactory bulb.    

  

At 3 dpf zfkcc2 expression has expanded to most areas in the brain.  The largest 

change can be seen in the midbrain where the optic tectum expresses zfkcc2 especially in 

its dorsal region (Figure 13A and B).  At 4 dpf there are slight changes in the hindbrain 

pattern of zfkcc2 expression compared to 3 dpf (Figure 13C and D).  The cerebellum is 

more clearly stained, and the hindbrain is darkly stained along the lateral edges as when 

Fast Red is used as a fluorescent substrate for the alkaline phosphatase tag so that one 

can image using confocal microscopy (Figure 13E).   
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Figure 13.  zfkcc2 is expressed in the central nervous system of zebrafish at 3 
and 4 dpf 
 
(A and B) in situ hybridization of zfkcc2 for 3 dpf zebrafish embryos shows an 
expression pattern confined to the brain with the addition of expression in the optic 
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Figure 13 (continued) tectum when compared to 2 dpf.  (C and D) Expression of 
zfkcc2 at 4 dpf is also found in the brain where the signal is more defined in the 
cerebellum and lateral regions of the medulla oblongata.  (E) Expression pattern of 
zfkcc2 in 4 dpf zebrafish derived from a maximum projection of confocal imaging using 
FastRed as a fluorescent substrate.  Abbreviations used: Ce, cerebellum; mo, medulla 
oblongata; ob, olfactory bulb; tel, telecephalon; TeO, optic tectum  

3.3 Discussion 

In this chapter we have described the isolation of the zfkcc2 cDNA, analyzed the 

sequence using some genomic tools and characterized the gene’s developmental 

expression pattern in zebrafish.  Our original objective was to examine whether zfkcc2 

expression might be affected by compounds affecting cholinergic signaling (such as CPF), 

but it became clear that an understanding of the natural changes in zfkcc2 expression 

could be better understood within the context of the cation-chloride cotransporter 

zfnkcc1, which raises the chloride ion levels in embryonic neurons.   

From our genomic analysis, we found that the zfKCC2 encodes 1117 amino acids 

compared to rat brain KCC2, which encodes 1116 amino acids (Payne et al., 1996).  The 

rat brain KCC2 translates to a protein of about 123.6 kDa compared to 123.1 kDa for 

zebrafish (Payne et al., 1996).  There are 12 transmembrane segments flanked by long 

hydrophilic N- and C- cytoplasmic domains that are involved in cotransport.  Studies in 

mice have identified two isoforms of kcc2 (Uvarov et al., 2007), even though our analysis 

only yielded one known isoform.  
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In Figure 11 we show using qRT-PCR that the expression of zfkcc2 when 

compared to the expression of 18s increased from 2 hpf to 96 hpf.  Since zfKCC2 is to 

appear as neurons mature, the increase in expression of zfkcc2 is expected.   

In Figure 12 and Figure 13 we confirmed the increased expression in zfkcc2 over 

the first 4 days of zebrafish development using in situ hybridization.  The advantage for 

doing in situ hybridization is that it involves obtaining the spatial description for the 

expression of a gene, which is important during development.  Using qRT-PCR a gene’s 

expression may increase globally, but there is no indication of which regions have an 

increase in expression and whether other regions have decreased expression that is 

masked when doing a global measurement.   

The expression pattern of KCC2 in other species has been previously studied 

using tissue cultures from individual brain regions and identifying whether KCC2 was 

expressed.  Our approach in using whole mount in situ hybridization benefits from being 

an analysis that keeps the developing embryo intact in order to observe the expression 

pattern in context with the entire brain.  From our analysis, the expression pattern of 

zfkcc2 is similar to that of other species as expected.  Through in situ hybridization, 

KCC2 was first identified throughout the rat central nervous system including in the 

CA1-CA4 pyramidal neurons of the hippocampus, granular cells and Purkinje neurons of 

the cerebellum, and many groups of neurons through the brainstem (Payne et al., 1996).  

Later, KCC2 was also identified in other subset of neurons found in the hippocampus, 

neocortex, substantia nigra and cerebellum of rats (Galanopoulou et al., 2003; 
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Galanopoulou and Moshe, 2003; Lu et al., 1999; Mikawa et al., 2002; Rivera et al., 1999; 

Shimizu-Okabe et al., 2002; Williams et al., 1999).  The hippocampal area in the 

zebrafish is known as the pallium, which is found in the telencephalon.  From our in situ 

hybridizations, we do see forebrain expression of zfkcc2 starting at 1 dpf.  The expression 

of KCC2 was also reported in the rat retina starting from postnatal day 1 (Vu et al., 

2000), which was not readily apparent in our in situ hybridizations as the eye has dark 

pigment that could mask the signal.  However, there were indications that parts of the 

eye were positive with kcc2 when using Fast Red and confocal microscopy.  There was 

also moderate pancreatic expression of KCC2 in rats, which was not detected in our in 

situ hybridizations (Hirosawa et al., 1999). 

In rats KCC2 expression appeared around birth and increased dramatically after 

the first week of postnatal life (Clayton et al., 1998).  In tracking KCC2 expression in 

the rat cerebellum, the purkinje cells are labeled in P1, but not in P7 when the granule 

cells are labeled (Mikawa et al. 2002).  Our whole mount in situ hybridizations cannot go 

to as much detail, but the cerebellum does acquire zfkcc2 expression as it develops with a 

more generalized pattern on 3 dpf, which morphs into a more distinct pattern by 4 dpf.  

The cerebellum is known to have many GABAergic interneurons so it is reassuring for 

the in situ hybridization to pick up zfkcc2 expression.  

Given this initial analysis of zfkcc2 after we were the first to isolate and 

characterize it, the next step was to examine its normal expression within the context of 

the expression of zfnkcc1, the cation-chloride cotransporter that raises chloride ion 
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concentration in neurons and is causative for the excitatory activity of the normally 

inhibitory neurotransmitter GABA.  This will be covered in the next chapter. 
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Chapter 4 – Defining the spatiotemporal aspects 
of the developmental switch between zfnkcc1 and 
zfkcc2 during embryonic zebrafish development  

4.1 Introduction 

Since zfnkcc1 and zfkcc2 expressions are theoretically related in a reciprocal 

relationship, we needed to examine their expression pattern together in the same fish to 

fully understand which regions were influenced by the expression of each gene.  Before 

we decided to do double in situ hybridizations, we examined the expression pattern of 

zfnkcc1 by itself in order to identify regions of interest where there may be an overlap 

with the expression of zfkcc2 in double in situ hybridizations.  These are regions where 

the developmental switch from zfnkcc1 to zfkcc2 is most likely occurring, and also 

regions that are most susceptible to the nicotinic agonist/antagonist exposure that 

affects how GABA acts on the neuron.  Though theoretically the expression of zfnkcc1 is 

the inverse of zfkcc2, it may be likely that where zfnkcc1 is constantly expressed, it is 

followed by a rapidly increasing zfkcc2 (at least for a period of time).  However, from rat 

hippocampal neuronal cultures, the Berg laboratory showed that there was an inverse 

relationship between the expression of NKCC1 and KCC2 (Liu et al., 2006).  

Despite the advantages of doing in situ hybridizations to obtain the 

spatiotemporal expression pattern of zfnkcc1, we will also use qRT-PCR to determine 

the global expression levels of zfnkcc1 from 2 hpf to 4 dpf.  Even with the cDNA 

sequence being known, there has not been a well-characterized full body determiniation 

of the expression pattern for zfnkcc1.  Instead, one zebrafish laboratory reported that the 
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lte (little ear) mutation is a point mutation in zfnkcc1 that results in missplicing and 

truncated products (Abbas and Whitfield, 2009).  The mutation causes the dysregulation 

of endolymph fluid in the otic vesicle and an over-inflation of the swim bladder.  The 

homozygous mutation is embryonic lethal at 6 dpf indicating that zfnkcc1 is an 

important gene.  Before 6 dpf, the combined effect from this mutation is that the 

embryos swim upside down and also circle, which are both examples of abnormal 

vestibular function.  Another zebrafish laboratory studied the relationship between 

zfnkcc1 and zfkcc2 in the retinal (Zhang et al., 2010).  By injecting a zfkcc2 morpholino, 

RGCs (retinal ganglion cells) delayed its switching from GABA being excitatory to 

inhibitory by one day (2.5 dpf to 3.5 dpf), which also delayed light-evoked responses 

(LERs) that are important to developing a response to light.  This was an example of 

zfkcc2 in action at a very specific neural circuit.  Our hypothesis is that the two genes, 

zfnkcc1 and zfkcc2, participate in a developmental switch in specific brain regions of 

zebrafish beyond the otic vesicle and retinal.  Our approach of using double in situ 

hybridizations will give a global view of both expression patterns over time. 

4.2 Results 

Since by its nature whole mount in situ hybridization as a measure of gene 

expression is a qualitative technique, when comparing the expression of two genes using 

this procedure one can obtain more relevant information by performing double in situ 

hybridization on the same organism.  While the result is still qualitative, in a sense each 
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probe’s signal acts as an internal control for the other probe’s signal.  While we have 

performed single in situ hybridization for both zfnkcc1 and zfkcc2, we used double in situ 

hybridization to compare the gene expression of these two cation-chloride cotransporters. 

In characterizing the developmental switch from expression of zfnkcc1 to zfkcc2 in 

specific brain regions of the same fish, we have studied the expression levels of zfnkcc1 

from 2 hpf to 4 dpf using qRT-PCR and acquired the expression pattern for just zfnkcc1 

from 1 dpf to 4 dpf in order to compare with the double in situ hybridizations of both 

zfnkcc1 and zfkcc2.  

Figure 14 shows the expression profile of zfnkcc1 from 2 hpf to 4 dpf normalized 

to the point at 2 hpf and the expression of 18s using qRT-PCR.  The expression levels 

reported here are global expressions as each of the 4 samples contained 10 homogenized 

embryos.  The expression of zfnkcc1 increases after 2 hpf up until 24 hpf.  Then the 

expression levels seem to either stabilize or fluctuate slightly.  
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Figure 14.  Expression of zfnkcc1 from 2 hpf to 96 hpf as detected by qRT-
PCR 
 
Each point consists of 4 biological replicates that were each run with 4 experimental 
replicates for zfkcc2 and 18s.  Standard error of the mean is reported.  

 

In Figure 15 and 16 we show the expression pattern of zfnkcc1 from 1 dpf to 4 

dpf using in situ hybridization.  At 1 dpf the expression is diffuse throughout the entire 

brain region with prominent expression just dorsal of the yolk towards the ventral 

rhombencephalon (Figure 15A and B).  There is also more distinct expression in the 

midbrain area right around where the midbrain-hindbrain boundary develops.  At 2 dpf 

the expression pattern of zfnkcc1 from a lateral view seems to become more confined to 

specific regions of the developing brain including the midbrain-hindbrain boundary and 
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across the dorsal side of the yolk (Figure 15D).  From a dorsal view the expression of 

zfnkcc1 seems to follow the brain ventricles as well as the lateral edges of hindbrain.  

Following 2 dpf, Figure 16 shows that the expression of zfnkcc1 is primarily confined to 

the otic vesicle as was previously reported by Abbas and Whitfield (2009).  Much of the 

expression within the brain is no longer found at 4 dpf.  
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Figure 15.  zfnkcc1 is expressed in the central nervous system of zebrafish at 
1 and 2 dpf  
 
(A-B) in situ hybridization to a zfnkcc1 specific probe shows an expression pattern in the 
forebrain, hindbrain and down the dorsal edge of the yolk at 1 dpf.  (C-D) Expression of 
zfnkcc1 at 2 dpf is much more confined when compared to 1 dpf.  The expression pattern 
is still found towards the dorsal edge of the yolk, but only found around the midbrain-
hindbrain boundary and possibly along the ventricles. 
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Figure 16.  zfnkcc1 expression is primarily confined to the otic vesicle at 3 
and 4 dpf   
 
(A-D) in situ hybridization using a zfnkcc1 specific probe shows an expression pattern 
primarily confined to the otic vesicle at 3 and 4 dpf.  There may be a little bit of 
expression at the tip of the jaw at 4 dpf.  Abbreviations used: ov: otic vesicle. 
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Figure 17 and Figure 18 are double in situ hybridizations of zfnkcc1 and zfkcc2.  

The expression patterns of both genes generally follow what was acquired by doing in 

situ hybridizations on each gene individually.  To note is that INT gives a less 

pronounced and distinct signal compared to BM Purple.  Meanwhile a strong BM Purple 

signal can mask the lighter INT signal.  Therefore we have chosen to present the pictures 

using INT for KCC2 and BM Purple for NKCC1.  Figure 17A and B shows the 

expression patterns of both zfnkcc1 and zfkcc2 at 1 dpf.  At this timepoint the expression 

of zfnkcc1 is spread throughout the developing nervous system while the expression 

pattern of zfkcc2 follows a more distinct and punctate pattern starting from the 

midbrain and down the spinal cord (see Figure 12A).  From our double in situ 

hybridizations, it is not apparent whether there is any co-staining for both genes in the 

same neuronal region.  At 2 dpf as shown in Figure 17C and D the expression pattern of 

zfkcc2 follows the one described in Figure 12B and C where there is a distinct pattern 

found in the forebrain, midbrain and hindbrain regions.  zfnkcc1 expression pattern is 

found along the dorsal edge of the yolk and featured in the midbrain-hindbrain boundary 

(Figure 15C and D).  From the double in situ hybridization at 2 dpf, it is not clear 

whether there is any co-staining for both genes as it seems in the rostral area of the 

hindbrain, zfnkcc1 is expressed in the lateral region while zfkcc2 stays more medial.  We 

see that for some 2 dpf embryos, the otic vesicle is already beginning to develop as 

evidenced by the rise in zfnkcc1 expression at the area.  This is confirmed in Figure 18 
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where the expression pattern of zfnkcc1 is confined to the otic vesicle while the 

expression pattern of zfkcc2 spreads throughout the developing zebrafish nervous system 

to the forebrain, midbrain, tectal area and hindbrain.     
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Figure 17.  Double in situ hybridization of zfnkcc1 and zfkcc2 at 1 and 2 dpf  
 
(A-B) At 1 dpf the expression of zfnkcc1 and zfkcc2 do not seem to overlap as the 
expression of zfkcc2 is dorsal of the expression of zfnkcc1, which can be found along the 
dorsal edge of the yolk.  Generally zfnkcc1 is expressed in a diffuse manner in the 
developing nervous system while zfkcc2 has a distinct expression pattern reaching out to 
the spinal area.  (C-D) At 2 dpf the expression of zfnkcc1 and zfkcc2 can be found in the 
developing zebrafish nervous system.  Both zfnkcc1 and zfkcc2 have confined expression 
patterns and do not seem to overlap with each other.  In the rostral hindbrain area, 
zfnkcc1 is expressed on the lateral edges possibly as the precursor of the otic vesicle while 
zfkcc2 is expressed medially.  A region of interest also includes the midbrain-hindbrain 
boundary, which only has zfnkcc1 expression.  
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Figure 18.  Double in situ hybridization of zfnkcc1 and zfkcc2 at 3 and 4 dpf  
 
(A-D) Beginning at 3 dpf, the expression pattern of zfnkcc1 is concentrated to the otic 
vesicle while the expression pattern of zfkcc2 develops throughout the entire developing 
zebrafish nervous system including areas once expressing zfnkcc1. 

 

4.3 Discussion 

In this chapter we have shown the expression levels and pattern for zfnkcc1 

during early zebrafish development.  We have also done double in situ hybridizations for 

both zfnkcc1 and zfkcc2, which identifies regions where the two genes interact with each 

other to make the developmental switch for GABA.  Identifying the regions where the 
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switch occurs is important to understanding the nature of the switch and potentially 

examining any differences due to exposure.   

The expression levels of zfnkcc1 as measured using qRT-PCR indicated that 

zfnkcc1 expression levels increase from 2 dpf to 24 hpf and remain around those levels 

until 96 hpf.  The Drapeau laboratory observed that the expression of zfnkcc1 was 

present at 1 dpf and increased throughout development (Reynolds et al., 2008).  

However, the expression levels reported here and published in Reynolds et al. (2008) are 

generalized for the entire embryo.  What is important for neurodevelopment is the 

spatiotemporal expression of each gene, which cannot be adequately detected using qRT-

PCR.  The spatial aspect of the expression of genes is especially important during 

development, because proper development of a region depends on specific and precise 

signaling mechanisms that can occur on a cellular level.  Without isolating RNA from 

specific regions in the developing zebrafish brain, we are unable to get adequate spatial 

resolution using qRT-PCR in determining the expression levels of different genes.  

Instead our alternative is to use in situ hybridization, which is more of a qualitative 

approach to study in which regions is there expression of zfnkcc1 and zfkcc2.   

 Double in situ hybridization allows for studying the expression of two genes in 

relationship to each other since all the fish in one sample are treated the same way 

throughout the in situ hybridization process and one isn’t making comparisons based on 

two different in situ hybridizations, which may be done using slightly different 

conditions.  From our double in situ hybridizations as shown in Figure 17 and Figure 18, 
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we were able to reliably detect the expression of both zfnkcc1 and zfkcc2 in the same 

fish, which will allow us to explore the nature of the developmental switch from zfnkcc1 

to zfkcc2.  For example, we can look at how changing the expression of zfnkcc1 through 

morpholino or conditional morpholino injections may affect the expression of zfkcc2.  

This experiment could determine whether the expression of each gene regulates the other 

and is an important mechanism to understanding potentially how exposures can affect 

the expression of both genes.  I will go further into detail about this experiment in 

Chapter 6. 

Despite having the expression patterns for both genes, the understanding of any 

post-translational modifications including phosphorylation and oligomerization of both 

cation-chloride channels is not complete.  Therefore, the expression of a gene may not 

directly correlate to whether a neuron is being affected by its protein product.  

Immunohistochemistry is another approach to address the presence of zfNKCC1 or 

zfKCC2 in the developing zebrafish.  However, our efforts at finding an antibody suitable 

for western blots and immunoshistochemistry were unsuccessful. 

Having successfully acquiring the expression pattern for both zfnkcc1 and zfkcc2 

in the same fish using double in situ hybridization, we are now set up to do some 

preliminary work in looking at whether nicotinic agonist/antagonist exposures can affect 

the expression of the two genes, which will be covered in the next chapter.  
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Chapter 5 – Does aberrant cholinergic signaling 
during early zebrafish development affect zfkcc2 
expression?  

5.1 Introduction 

The previous two chapters set us up for testing the hypothesis that CPF in 

inhibiting AChE enzymatic activity and creating excess stimulation of nicotinic receptors 

can affect the expression of zfkcc2 and zfnkcc1, two cation-chloride cotransporters 

integral to the developmental switch that turns GABA from being excitatory to 

inhibitory.  The implication is that by affecting one neurotransmitter pathway with a 

once commonly used pesticide can disrupt the normal development of another 

neurotransmitter pathway.  In chapter 3 we isolated the cDNA for zfkcc2, which allowed 

us to synthesize in situ hybridization probes to characterize its expression pattern in 

developing zebrafish.  In chapter 4 using the zfnkcc1 and zfkcc2 probe we were able to 

conduct double in situ hybridizations in order to examine the expression pattern of each 

gene relative to the other in the same fish.  In this chapter we use the double in situ 

hybridization approach characterized in chapter 4 to preliminarily determine whether an 

exposure affecting nicotinic signaling will result in expression changes for zfnkcc1 and 

zfkcc2.  

For a suggestion of how affecting the nicotinic signaling during development can 

affect the expression of nkcc1 and kcc2, the Berg laboratory explored in Liu et al. (2006) 

how blocking developmental nicotinic signaling affected the expression of KCC2 and 

delayed the developmental GABAergic switch.  By blocking spontaneous nicotinic 
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activity using two nicotinic antagonists, methyllycaconitine (MLA) and dihydro-β-

erythiodine (DHβE) from E8 to E14, they found that cultured chick CG neurons 

exhibited more depolarized GABA responses than controls.  The affected cultured chick 

CG neurons had more NKCC1 at E14 indicating that the spontaneous nicotinic activity 

delayed the normal diminishment of NKCC1.  The same findings found in chick CG 

neurons were repeated in freshly dissociated chick spinal cord neurons with nicotinic 

antagonist exposures from E3 to E9.   

They also reported that GABAergic switching happens in mice during the first 

weeks of postnatal life.  Using freshly dissociated mouse hippocampal neurons, they 

found that a lack of cholinergic stimulation on GABAA receptor expressing neurons 

through the use of α7-nAChR KO mouse resulted in a delay in the diminishment of 

NKCC1 and a corresponding postponement of the increase in KCC2 (Liu et al., 2006) 

(Figure 19).  The overall result of these changes is the prolonged elevation of chloride 

levels in the neuron, which extends the depolarization response of the neuron to GABA 

stimulation and prevents the switch to a hyperpolarization response.  The implication of 

these findings is that normal nicotinic activity is required to change the expression 

profile of NKCC1 and KCC2, which establishes a different chloride gradient by 

transporting chloride out of neurons that express both cholinergic and GABAA receptors.   
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Figure 19.  Nicotinic blockade delays the developmental switch from NKCC1 
to KCC2 (Liu et al. 2006)  
 
Using freshly dissociated α7-KO mouse hippocampal neurons, the Berg laboratory was 
able to show using Western blots that by blocking spontaneous nicotinic signaling they 
were able to delay the developmental switch of expressing NKCC1 to KCC2.  The α7-
KO mice at P13 expressed twice as much NKCC1 when compared to WT at the same 
age.  Also, the α7-KO mice at P9 expressed less than half as much KCC2 when 
compared to WT at the same age.   

 
Using a construct to tag neurons that were expressing KCC2 in chick CG 

neurons, the Berg laboratory found that neurons expressing KCC2 became more mature 

by changing morphology from multipolar to unipolar and shedding SV2 marked synaptic 

contacts.  However, in the presence of nicotinic antagonists, the neurons remained 

multipolar and had no reduction in SV2 marked synaptic contacts.  Interestingly, when a 
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GABAA antagonist was used to suppress GABA activity either by itself or with the 

nicotinic antagonists, there was no reduction in synaptic contacts.  This indicates that 

GABAergic inhibition works in conjunction with nicotinic excitation to change the 

morphology and synaptic contact profile of maturating neurons.  However, there is not a 

unifying mechanism that relates nicotinic activity, an increase in KCC2 and GABAergic 

inhibition into one mechanism. 

In Liu et al. (2006) they showed that blocking spontaneous nicotinic activity in 

mouse hippocampal cultures delayed KCC2 expression.  In our study we test whether an 

increase in nicotinic activity from exposure to either nicotine or CPF can hasten the 

developmental switch from zfnkcc1 to zfkcc2 thereby indicating that GABA remains 

excitatory for a shorter time before it switches over to being inhibitory.  Since we are 

able to do whole mount in situ hybridizations, this study will be the first full body 

examinations of the developmental expression pattern for both zfnkcc1 and zfkcc2.  

5.2 Results 

In this chapter we are using double in situ hybridization to test whether 

developmental exposure to nicotine, mecamylamine and CPF affects the spatiotemporal 

expression of zfnkcc1 and zfkcc2.  In the previous chapter we briefly described the 

expression patterns of both genes from 1 to 4 dpf.  Because the expression pattern for 

both genes has the greatest change between 2 and 3 dpf, we decided to look at those two 
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time points to see whether an exposure leading up those days would change the 

expression patterns for both genes.   

The three exposures we chose are 30µM mecamylamine (MEC), 30µM nicotine 

(NIC) and 300nM CPF.  Nicotine, a nicotinic agonist, serves as a positive control for our 

exposure to CPF, which we expect to act like an indirect nicotinic agonist by 

hyperstimulating nicotinic receptors through AChE inhbition (Chapter 3 Introduction).  

Previously, Kurt Svoboda used 30µM nicotine exposures of various durations to study 

motoneuron axonal pathfinding and found that a 22 to 48 or 72 hpf nicotine exposure 

diminishes the touch response of zebrafish (Svoboda et al., 2002; Menelaou and Svoboda, 

2009; Welsh et al., 2009).  Mecamylamine, a nicotinic antagonist, is our corresponding 

negative control for our exposures to CPF.  We expect that a nicotine exposure will 

hasten the switch from zfnkcc1 to zfkcc2 while a mecamylamine exposure will delay the 

switch as shown by Liu et al. (2006) using an α7-KO mouse.   

Figure 20 and 21 show a dorsal and lateral view at 2 dpf and 3 dpf for the 

different exposures.  At 2 dpf there does not seem to be any apparent differences in the 

expression pattern of zfnkcc1 and zfkcc2 between the exposures.  However, at 3 dpf, the 

expression pattern for zfkcc2 seems to be more developed with MEC and less developed 

for CPF.  The MEC exposed fish have a more developed and spread out expression 

pattern of zfkcc2 in both the forebrain and hindbrain area as compared to control, which 

still has regions in the forebrain (Figure 21A) that are not stained.  The CPF exposed 

fish at 3 dpf exhibit a less than complete expression pattern for zfkcc2 as there are 
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spaces in the forebrain and midbrain that are similar to what is observed at 2 dpf 

(Figure 21G).  The lateral view of a CPF exposed fish at 3 dpf shows a distinct gap 

between the midbrain and hindbrain boundary where there is no zfkcc2 expression 

(Figure 21H).  This gap is also seen in the lateral view for NIC exposed fish at 3 dpf 

(Figure 21F).  The zfnkcc1 expression pattern for all the exposures at 3 dpf does not 

appear to be changed.  
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Figure 20.  Preliminary comparison of double in situ hybridization of zfnkcc1 
and zfkcc2 between CON (control), MEC (mecamylamine, 30µM), 
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Figure 20 (continued)  NIC (nicotine, 30µM) and CPF (chlorpyrifos, 300nM) 
exposures at 2 dpf  
 
(A-B) A dorsal and lateral view of control fish at 2 dpf stained for the expression 
patterns of zfnkcc1 (purple) and zfkcc2 (red) shows a distinct expression pattern in the 
forebrain, midbrain and hindbrain for zfkcc2.  The expression pattern for zfnkcc1 is 
confined to the otic vesicle.  (C-H) 30µM mecamylamine, 30 µM nicotine, 300nM CPF 
exposure does not appear to change the expression pattern for zfnkcc1 or zfkcc2.   
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Figure 21.  Preliminary comparison of double in situ hybridization of zfnkcc1 
and zfkcc2 between CON (control), MEC (mecamylamine, 30µM), NIC 
(nicotine, 30µM) and CPF (chlorpyrifos, 300nM) exposures at 3 dpf  
(A-B) A dorsal and lateral view of control fish at 3 dpf stained for the expression 
patterns of zfnkcc1 (purple) and zfkcc2 (red).  Expression of zfkcc2 is found in the 
forebrain, midbrain and hindbrain regions with each region’s expression distinct from the 
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Figure 21 (continued) other instead of a general diffuse expression.  Expression of 
zfnkcc1 is found primarily in the otic vesicle.  (C-D) 30µM mecamylamine exposure blurs 
the expression of zfkcc2 in the forebrain, midbrain and hindbrain areas.  Expression of 
zfnkcc1 is found in the otic vesicle.  (E-F) 30µM nicotine exposure does not seem to 
affect the expression of zfnkcc1 and zfkcc2 with the exception of the midbrain-hindbrain 
boundary where there is a gap in the expression of zfkcc2 (pointed out by arrowhead in 
F).  (G-H) 300nM CPF exposure appears to affect the expression pattern of zfkcc2, but 
not zfnkcc1.  The expression pattern of zfkcc2 seems to be in between the control 
expression pattern of 2 and 3 dpf with prominent gaps in expression in the forebrain and 
midbrain areas (pointed out by arrowhead in G).  Like the nicotine exposure, there is a 
gap in expression found in the midbrain-hindbrain boundary for zfkcc2 (pointed out by 
arrowhead in H).  

 

5.3 Discussion 

In this chapter we examined the expression patterns of zfnkcc1 and zfkcc2 of 2 

and 3 dpf zebrafish embryos using double in situ hybridization after the exposure to 

different nicotinic compounds.  We looked at exposures to 30µM mecamylamine, 30µM 

nicotine and 300nM CPF and found that while there are some suggestive differences in 

the expression of zfkcc2 between exposures, a better understanding the nature of the 

developmental switch between zfnkcc1 and zfkcc2 would allow us better to probe how 

different exposures change the expression of zfnkcc1 and zfkcc2. 

Because the greatest difference in expression pattern for zfnkcc1 and zfkcc2 is 

between 2 dpf and 3 dpf where zfnkcc1 becomes confined the otic vesicle and zfkcc2 

becomes spread out across the developing nervous system, we decided to examine 2 and  

3 dpf zebrafish to see whether we can detect any differences in the expression patterns of 

both genes from the exposure.  While there are no detectable differences for 2 dpf fish, 

we were able to identify some regions of interest with 3 dpf fish exposed to nicotine and 
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CPF (Figure 21).  There were no differences in the expression of zfnkcc1 as the 

expression was consistently confined to the otic vesicle independent of our exposures.  

However, the expression pattern of zfkcc2 was different following nicotine and CPF 

exposure in the forebrain, midbrain and midbrain-hindbrain boundary.  We noticed that 

the expression of zfkcc2 after exposure seemed to lag between 2 dpf and 3 dpf even 

though the expression of zfnkcc1 was on schedule at 3 dpf.  This result is interesting, 

because it identifies zfkcc2 as a gene whose expression can be potentially changed by 

nicotinic activity.  However, this result is actually opposite of what we expected from a 

nicotinic agonist exposure.  Given that in Liu et al. (2006) the Berg laboratory showed 

that blocking spontaneous nicotinic signaling caused a delay in the switch from NKCC1 

to KCC2, we expected that a nicotinic antagonist exposure to mecamylamine would give 

a similar result.  Instead, a nicotine and CPF exposure was able to seemingly delay the 

development of the expression pattern for zfkcc2 at 3 dpf.   

Since these observations are preliminary and do not explore different 

concentrations for chemical exposure and more time points between 2 and 3 dpf, we 

cannot conclude that these exposures are causing any change in the expression pattern of 

both genes, but we can conclude that these relationships are interesting and worth 

investigating.  One approach is to use western blots and immunohistochemistry to probe 

zfNKCC1 and zfKCC2 protein levels in the developing zebrafish nervous system.  Our 

attempts to do this have not been successful due to not being able to find suitable 

antibodies.  Abbas and Whitfield (2009) used an antibody that targeted zfNKCC1 but 
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was also found to cross-react with zfNKCC2.  Without specificity, we are unable to rely 

on the zfNKCC1 antibody to compare with zfKCC2.  There are limited antibodies for 

zfKCC2 and our lab will continue to look for suitable antibodies as an alternative 

approach to study changes in the expression of the two cation-chloride cotransporters 

due to different chemical exposures.  I will discuss now in the rest of the discussion for 

this chapter how the disruption of KCC2 can result in some significant effects.  

Disruption in KCC2 expression results in the inability for chloride to be extruded 

out of a neuron to achieve a hyperpolarizing response (Rivera et al., 1999).  This results 

in a neuron that is depolarized upon GABA stimulation due to the electrochemical 

gradient reversal.  In mice a homozygous null mutant for KCC2 is lethal immediately 

after birth due to asphyxiation (Hubner et al., 2001).  In hypomorphic mice that had 5% 

of normal KCC2 expression, the mice exhibited frequent generalized seizures and died 

shortly after birth (Woo et al., 2002).  Mice that were doubly heterozygous for kcc2 null 

and hypomorphic alleles retained 15-20% of normal KCC2 protein levels and displayed 

increased anxiety-like behavior (Tornberg et al., 2005).  While these mice had normal 

spontaneous locomotor activity and motor coordination, they had impaired learning and 

reduced sensitivity to tactile stimuli.  These results suggest that normal KCC2 function 

is important to the development of the nervous system and normal behavior. 

In Drosophila kazachoc (kcc) null mutations are lethal; however, partial loss-of-

function kcc mutations reduce the level of KCC2 and makes affected flies susceptible to 

epileptic-like seizures (Hekmat-Scafe et al., 2006).  They report that the Drosophila kcc 
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protein is widely expressed in the brain neuropil and that its expression increases with 

developmental age.  By partially blocking normal GABAA receptor function of the kcc 

flies using picrotoxin (PTX) exposures and a Resistance to dieldrin (Rdl1) mutation, the 

flies showed suppressed seizure susceptibility, indicating that the seizures were the result 

of excitatory GABAergic stimulation.  In C. elegans KCC-2 is predominantly expressed 

in neurons and in muscles with properties characteristic of vertebrate KCCs (Tanis et 

al., 2009).  As expected, C. elegans kcc-2 mutants have reversed chloride gradients 

similar to what is found with vertebrate kcc2 mutants.  

Overexpression of human kcc2 in immature rat cortical neurons resulted in a 

substantive negative shift in the GABA reversal potential and reduced GABA-elicited 

calcium responses (Lee et al., 2005).  Premature kcc2 expression in embryonic mice 

perturbs neural development by impairing the development of the neural tube and neural 

crest at E9.5 to E11.5 (Horn et al., 2010).  Other observations made included a reduction 

in neuronal differentiation, smaller brain structures and cleft palate.  When the N-

terminus region known to be involved in cotransport was cleaved off of kcc2, the 

phenotypes persisted indicating that kcc2 may have other functions beyond cotransport 

of ions.  

Only two studies have looked at the role of KCC2 in neuronal development in 

zebrafish.  One study conducted by the Drapeau lab globally overexpressed KCC2 and 

probed neurogenesis and motor behavior.  They found that overexpressing KCC2 in 

newly fertilized zebrafish embryos reversed the depolarizing chloride gradient and 
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allowed glycine to hyperpolarize all neurons (Reynolds et al., 2008).  It also slowed the 

early escape response of zebrafish when tested at 27 hpf and resulted in morphological 

abnormalities including smaller heads and eyes, and a more pronounced tail curvature.  

These results indicated that the depolarized chloride gradient was important to 

development, and by skipping over such a phase, the embryo was unable to develop 

properly.  

When the Drapeau lab probed neurogenesis of fish with overexpressed KCC2, 

they found that there were less spontaneous active spinal neurons, half of a normal 

complement of motoneurons and interneurons, less elaboration of axonal tracts, smaller 

brains and spinal cords, and more immature silent neurons when compared to controls.  

The reduction in these neurons was not coincident with an increase in apoptosis.  

Interestingly, the number of sensory neurons, glia and progenitors was not affected.  The 

authors speculate that the chloride gradient plays a far less significant role in the 

development of the unaffected subset of neurons.  

The value in this study is that it was the first study to globally overexpress 

KCC2 and probe populations of neurons.  However in a system that is intricate and 

based on many activity-dependent responses, a global overexpression of an important 

molecule like KCC2 results in an overly warped system where it becomes difficult to 

separate direct effects of overexpression from indirect effects.  

In a different study regarding KCC2 and zebrafish Zhang et al. (2010) probed 

how a morpholino knockdown of zfkcc2 would affect the development of the zebrafish 
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retina.  They found that downregulating zfkcc2 delayed the E-I switch of GABAergic 

action by sustaining the depolarizing chloride gradient, thereby postponing the 

acquisition of retinal ganglion cells (RGCs) light-evoked responses (LER) by one day 

from 2.5 to 3.5 dpf.  

 



  

 104 

 
Chapter 6 – Conclusions and Future Directions 

6.1 Summary of Conclusions, Implications and 
Applications 

In Chapter 1 I began my dissertation by posing the question of what would 

developmental OP exposure do to the neurodevelopment and behavior of zebrafish.  I 

provided some background about OPs, the zebrafish model system with a focus on its 

neurobehavioral development.  In Chapter 2 I compared the developmental effects of 

exposing zebrafish to three different OPs (CPF, DZN and PA).  In Chapter 3 I discuss 

our isolation of the cDNA of zfkcc2 and characterization of its expression pattern during 

zebrafish development.  In Chapter 4 I present the expression pattern of zfnkcc1 during 

zebrafish development and associate the expression pattern of both zfnkcc1 and zfkcc2 

together in double in situ hybridizations up to 4 dpf.  In Chapter 5, I preliminarily test 

whether nicotinic exposures can affect the expression patterns of zfnkcc1 and zfkcc2 at 2 

and 3 dpf. 

Our studies in Chapter 2 show that CPF is the most potent OP compared to 

DZN and PA on an equimolar basis when dosed from 0 to 5 dpf using the endpoints of 

AChE inhibition and larval motility.  While there is an apparent discrepancy between 

our study and Yang et al. (2011), which showed that their exposure did not result in 

AChE inhibition, their exposures began at 24 hpf, and our exposures started at 6 hpf.  

The difference in AChE inhibition for zebrafish larvae exposed starting from 6 hpf and 
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24 hpf is important, as we illustrated in Figure 9.  We speculate that the developmental 

period between 6 and 24 hpf for CPF exposures is important in determining the intensity 

of the later phenotypic effect.  Perhaps there are enzymes inherited maternally that 

convert the parent compound, CPF, into its active –oxon form between 6 and 24 hpf.  

Following 24 hpf, the enzyme is not present in great amounts and is expressed later in 

development.  

Given that 500 ng/mL (1.43 µM) CPF exposures on zebrafish larvae phenocopies 

ache-/- mutant fish and that these fish are found to be hyperstimulated at cholinergic 

synapses, we hypothesized that a developmental CPF exposure could act similarly to an 

indirect nicotinic agonist and affect molecular pathways that rely on proper nicotinic 

signaling to function.  One pathway that caught our attention involves an observation 

made by the Berg laboratory where they found that blocking developmental nicotinic 

signaling delayed the transition between two cation-chloride cotransporters, NKCC1 and 

KCC2, in certain neuronal populations from a mouse hippocampal culture that were 

innervated by both cholinergic and GABAergic inputs (Figure 19).  In these neuronal 

populations that expressed both cation-chloride cotransporters, GABA acted as an 

excitatory neurotransmitter when one of the cation-chloride cotransporters, NKCC1, was 

predominantly being expressed.  Upon transitioning to KCC2, GABA acted as an 

inhibitory neurotransmitter.  Therefore, we hypothesized that developmental CPF 

exposure acting like an indirect nicotinic agonist could hasten the transition from 

NKCC1 to KCC2 in some neuronal populations found in the developing zebrafish.  
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While the Berg laboratory had studied what nicotinic blockade could do in delaying the 

transition from NKCC1 to KCC2, there had not been a study on whether aberrant 

nicotinic stimulation could push the transition earlier.       

To test our hypothesis we determined the spatiotemporal expression pattern for 

both zfnkcc1 and zfkcc2 in order to compare the changes in expression patterns due to 

different chemical exposures (Chapters 3 and 4).  Since zfkcc2 cDNA had not been 

isolated yet, our laboratory was the first to isolate the cDNA, sequence it and design in 

situ hybridization probes to determine its expression pattern between 1 and 4 dpf 

(Chapter 3).  Starting as early as 1 dpf, zfkcc2 is expressed in the developing zebrafish 

brain and spine.  After 1 dpf the expression pattern for zfkcc2 is confined to the brain 

region away from the trunk.  Between 2 and 4 dpf the zfkcc2 expression pattern becomes 

more distinct as it expands into the optic tectal region at 3 dpf and outlines the 

cerebellar area at 4 dpf.  What is apparent is that the developing zfkcc2 expression 

pattern is found in most areas of the brain.  In using whole mount in situ hybridization 

it is difficult to determine the exact neurons that are expressing zfkcc2 and further 

identify which neurotransmitter they receive signals from using other markers.  Since we 

are primarily interested in the neurons that are innervated by cholinergic and 

GABAergic inputs, we attempted to focus on regions that are known to have such 

neurons, because there is not enough spatial resolution to identify the neurons of 

interest.  
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The zfnkcc1 cDNA was previously isolated, and after we were able to acquire its 

sequence we were able to determine its expression pattern in relationship with zfkcc2 

using double in situ hybridization (Chapter 4).  This was important in order to identify 

regions that expressed zfnkcc1 followed by zfkcc2.  This approach identified regions 

possibly where GABA was excitatory and became inhibitory due to the developmental 

switch between the two cation-chloride cotransporters.  Identifying these regions allows 

us to probe whether there are changes in expression for both genes within these regions 

over time.  Using the zfnkcc1 cDNA, we were able to synthesize an in situ hybridization 

probe and determine its expression pattern between 1 and 4 dpf.  The expression pattern 

for zfnkcc1 at 1 dpf is broadly expressed across the head region and along the dorsal side 

of the yolk (Figure 15).  Beginning at 2 dpf the expression pattern of zfnkcc1 became 

more confined where it eventually ends up largely concentrated at the otic vesicle at 3 

and 4 dpf (Figure 16).  Because in situ hybridizations are largely qualitative and 

comparisons are hard to make from one fish to another where conditions during in situ 

hybridization process may be slightly different, we decided to use double in situ 

hybridization to see the expression pattern of both zfnkcc1 and zfkcc2 on the same fish 

where each gene can act as an internal control for the other.  We confirmed that the 

double in situ hybridization was an effective way of determining the expression pattern 

for both zfnkcc1 and zfkcc2 as we did a time series from 1 to 4 dpf, which correlated well 

with the single in situ hybridizations of each gene (Figure 17 and Figure 18). 
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With the developmental expression pattern of both zfnkcc1 and zfkcc2, we did 

exposures from 0 to 2 and 3 dpf using nicotine as a direct nicotinic agonist and 

mecamylamine as a direct nicotinic antagonist (Chapter 5).  These exposures were 

chosen to act as a positive and negative control for CPF exposures.  At 2 dpf, there were 

no apparent differences in the expression pattern of zfnkcc1 and zfkcc2 (Figure 20).  

However, at 3 dpf there were differences in the expression pattern of zfkcc2 for 30µM 

nicotine exposure and 300nM (105 ng/mL) CPF exposure when the pattern was not 

complete in the forebrain and midbrain and seemed to lag at a stage between 2 and 3 

dpf.  We expected that nicotinic stimulation would hasten the developmental switch 

between zfnkcc1 and zfkcc2, the opposite of the result we found.  

Despite getting an unexpected result, there was a change in the expression 

pattern, which implies that developmental CPF exposure had an effect.  The 

implications of our findings are that a developmental OP exposure that inhibits AChE 

has further consequences that include possible downstream effects due to excess nicotinic 

stimulation, which may be correlated with neurobehavioral effects.  We have used the 

zebrafish model system to reach our findings and validated that the model system is 

useful and relevant for understanding developmental OP neurotoxicity. 

In 2006, the European Union adopted the Registration, Evaluation, Authorisation 

and Restriction of Chemicals (REACH) program.  The REACH approach denies the EU 

market any chemical produced above one ton per year for which there is no data.  From 

the data, a priority list of chemicals of very high concern will be identified, and 
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substitutes will be sought to eventually replace those chemicals.  This ambitious 

program, however, relies heavily on testing which requires the use of many animals and 

is very costly.  Therefore, the EU would like to adopt strategies to reduce mammalian 

testing by using high-throughput in vitro models complemented with embryos from 

lower organisms, which is increasing the use of the zebrafish model.  

6.2 Future Directions 

Over the last two decades, much progress has been made in understanding 

zebrafish biology from molecular, genetic and behavioral standpoints.  These studies 

have all contributed to the increasing suitability for using zebrafish in toxicology.  With 

the rapidly increasing amount of chemicals set to hit the market from new chemical 

classes such as nanochemicals and not enough infrastructure devoted to ensuring that 

new chemicals are safe, the regulatory community will need to turn to complementary 

model systems to increase the speed of testing.  Given the many advantageous qualities 

that zebrafish bring to research, there is great potential to increase the use of zebrafish 

in medium-throughput assays.   

Studies like ours that establish zebrafish as appropriate for studying 

developmental OP toxicity will expand the possibilities of using zebrafish for other 

chemical toxicity studies.  Our studies confirm that there are homologies between 

mammalian and zebrafish models that can be used to study neurobiology.  These limited 

homologies exist on a few levels.  First, mouse zfnkcc1 mutants affect the ear by causing 
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deafness from abnormal endolymph secretion, which affects sensory hair cells (Dixon et 

al., 1999; Flagella et al., 1999).  Second, there is extensive synteny between the genomes 

of zebrafish, mouse and human.  However, one has to carefully choose the uses of 

zebrafish both because of the allelic diversity in the human genome and the additional 

genome duplication found in zebrafish.   

Our studies used a variety of techniques including qRT-PCR, in situ 

hybridization and behavioral assays to study where and when does an OP exposure 

affect the developing zebrafish nervous system.  However, it would have been very 

beneficial to this study to have more specifically identified the neurons that express the 

two cation-chloride cotransporters that were affected by the OP exposures.  Time, 

funding constraints and the limited size of the laboratory did not allow for the further 

work that would have been necessary.  It would be valuable to use different markers to 

identify which neurons that expressed zfnkcc1 and zfnkcc2 also express any GABAergic 

and cholinergic receptors.  This exercise would allow us to narrow our imaging to a 

specific array of neurons that were consistently involved with determining the 

excitatory/inhibitory nature of GABA.  

Another future direction involves trying to understand the regulation of nkcc1 

and kcc2 expression, which is complicated and poorly understood.  While the Berg 

laboratory has reported that blocking nicotinic signaling during development can delay 

the transition of NKCC1 to KCC2 expression and prolong the time when GABA is an 

excitatory neurotransmitter in certain populations of neurons, there are most likely other 
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ways to study how these important cotransporters are regulated on a protein level, such 

as through different chemical exposures.  KCC2 seems to be expressed early in 

development but remains inactive corresponding with the lack of an expected 

electropotential reversal due to KCC2 activity.  The inactive form of KCC2 protein is 

found in neonates at P3 and not in P12 in rodents (Balakrishnan et al., 2003).  The 

inactive form of the KCC2 protein in cultured hippocampal neurons can be activated 

with insulin-like growth factor 1 and Src kinase indicating that phosphorylation is an 

important pathway for the activation of KCC2 (Kelsch et al., 2001).  If the inactive form 

of KCC2 were present and were as a result of being dephosphorylated, then it would be 

harder to differentiate it from the active form using immunohistochemical assays unless 

there was an assay that distinguished the phosphorylated and dephosphorylated form of 

KCC2.  Beyond phosphorylation, there is a correlation between the developmental shift 

from depolarization to hyperpolarization and the oligomerization of KCC2 (Blaesse et 

al., 2006).  Any of these observations could apply to zebrafish and would be valuable to 

study to get a better idea of how these two important cation-chloride cotranspoters can 

be affected and indirectly change the function of GABA during development. 

While Berg’s studies used immunochemistry to study the expression of protein 

for the two cation-chloride cotransporters, the mechanisms that would affect mRNA 

expression for both cotransporters are also not well understood.  From previous work 

done in a laboratory in Sweden, it was found that kcc2 has multiple transcription start 

sites (Uvarov et al., 2005).  A neuron restrictive element was found in the first intron of 
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the kcc2 gene (Karadsheh and Delpire, 2001).  However, the neuron restrictive element 

was not required for developmental upregulation of kcc2 (Uvarov et al., 2005) meaning 

that other elements determined when and where kcc2 was to be upregulated.  Currently, 

there is an effort to understand how Egr4 upregulates kcc2 expression through neuturin 

and BDNF (Boulenguez et al., 2010; Ludwig et al., 2011).  Regulation of zfkcc2 mRNA 

transcription is currently unknown.  Knowing whether these mechanisms apply to 

zebrafish would be valuable for further research on these two cotransporters.   

The identification of the cDNA and expression of zfkcc2 in early zebrafish 

development provides sufficient information to investigate the function of the gene 

through anti-sense morpholino inhibition during embryogenesis and to examine the 

mechanism of switching from high intracellular chloride to lower chloride ion 

concentration.  A novel approach would include using conditional morpholinos that are 

either inactivated or activated by UV light, which would allow for a situation where 

zfnkcc1 is allowed to express early in development and then prevented from expression 

by a morpholino.  This experiment would address whether the expression of zfnkcc1 and 

zfkcc2 are coupled.  Affecting the expression of one cotransporter with chemical exposure 

could disrupt the normal developmental switching from one cotransporter to the other in 

certain neuronal populations.  

In addition to studying how zfnkcc1 and zfkcc2 are regulated normally, we can 

use zebrafish to study pesticides that act similarly to OPs now that there is a 

characterization of their effect on the developing zebrafish nervous system.  Carbamates 
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are also used as pesticides, and their mode of action involves the inhibition of AChE.  

Since carbamates do not irreversibly inhibit AChE, they are safer than OPs in theory.  

However, carbofuran has greater toxicity than CPF for ducks, because AChE inhibition 

like for the OPs is not the only factor determining a chemical’s toxicity (Brasel et al., 

2007).  Examples of carbamate pesticides include aldicarb, carbofuran, and carbaryl.  

Some carbamates like neostigmine and physostigmine are used pharmacologically for 

patients with myasthenia gravis, glaucoma and Alzheimer’s disease.  

A different class of pesticides, the neonicotinoids, has gained popularity following 

regulations on OPs.  Instead of inhibiting AChE their mode of action is to bind 

specifically to the postsynaptic nAChR as an agonist in the central nervous system of 

insects, causing paralysis and death.  While the mechanism differs, it is sufficiently 

related to the mode of action of OPs that some are raising concerns over its impact on 

human health and the environment. 

Imidacloprid is the most widely used neonicotinoid pesticide.  Some of its 

advantages are that it is reasonably persistent and it can be applied on a wide variety of 

crops including lawns and trees.  Not all pests respond to neonicotinoids; for example, 

spiders and butterflies are not shown to be sensitive to neonicotinoids.  However, there is 

increasing controversy over whether its use is contributing to a declining bee colony 

collapse disorder.  Several European countries have taken steps to reduce the use of 

neonicotinoids following severe reductions in bee populations. 
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Finally, further behavioral characterization of zebrafish would help in screening 

to identify high-risk chemicals.  In our study we assayed larval motility as an indicator 

for early neurobehavioral effects to complement the adult behavioral assays developed by 

the Levin laboratory.  In order to test whether early chemical exposures may result in 

later phenotypic responses it is necessary to have a full range of well-characterized 

behavioral assays that are applicable for tracking behavior from development to 

adulthood.  Currently, our studies indicate developmental OP exposures correlate to 

larval motility tested at 6 dpf and adult spatial discrimination ability tested 20 weeks 

after the exposure.  To truly understand how an early OP exposure can affect adult 

behavioral phenotypes the dots between 6 dpf and 20 weeks post fertilization need to be 

filled not only using molecular assays but also behavioral assays. 
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Chapter 7 – Materials and Methods  

7.1 Animal husbandry 

All experiments were carried out with protocols approved by the Duke University 

Institutional Animal Care and Use Committee.  Zebrafish (Danio rerio) were kept at 

28.5OC in Zebrafish Modules, or ZMods (Marine Biotech; Beverly, MA) with a 14 hour 

light/10 hour dark cycle and continuous fluid recirculation.  Fish were fed once or twice 

daily with two-day-old Artemia premium 90% hatch brine shrimp (Sanders Brine Shimp; 

Morgan, UT) and supplemented with flake food (Tetramin; Blacksburg, VA).  Adult 

wild-type (AB* strain) and mitfab692/b692 (microphthalmia-associated transcription factor 

a, background AB* strain, (Lister et al., 2001)) zebrafish were bred in our facility, which 

is maintained using deionized water containing final concentrations of 0.05% Instant 

Ocean (Instant Ocean, Cincinnati, OH, USA) and 0.013% SeaChem (SeaChem 

Laboratories Inc., Madison, GA, USA).   

7.2 Embryo collection and husbandry 

In each experiment, embryos were collected by placing glass dishes (an inverted 

jar candle lid) covered by a plastic mesh and plastic plant material that were secured 

with rubber bands into ZMod tanks the evening prior to embryo collection and removing 

the dishes from tanks no later than 4 h after the start of embryo fertilization.  The 

plastic mesh prevented adult fish from accessing the embryos.  Since zebrafish reach 

sexual maturity after about two months of age, only fish over two months of age and less 
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than two years of age were used for breeding.  After embryos were collected, they were 

rinsed thoroughly with and maintained in 30% Danieau’s solution (58 mM NaCl, 0.7 mM 

KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2, 5 mM HEPES, pH 7.2).  Embryos were 

screened using a dissection microscope to ensure proper staging, normal cell division and 

general health before use.  Embryos and larval fish were raised in either petri dishes or 

small glass beakers placed in an incubator under the same temperature and lighting 

conditions as adults.  From 3 to 7 dpf, larval fish were fed GP 50-100 micron reef and 

larval diet containing fish protein, whey, yeast, marine fish oil and various vitamins and 

minerals (Brine Shrimp Direct; Ogden, UT).  From 6 to 14 dpf, fish were fed one-day-old 

Artemia brine shrimp.  After 14 dpf, fish were ‘graduated’ out of the incubator and 

placed in ZMod tanks in ZMods.  

7.3 Reagents 

Chlorpyrifos (CPF, P-094N), diazinon (DZN, P-033N) and parathion (PA, P-

070N) were purchased from Accustandard Inc. (New Haven, CT, USA).  (-)-Nicotine 

(NIC, N3876) and mecamylamine hydrochloride (MEC, M9020) were purchased from 

Sigma (St. Louis, MO, USA).  All chemicals were stored according to manufacturer’s 

instructions.  Stock solutions for CPF, DZN and PA were prepared fresh using 100% 

DMSO at the beginning of a 5 day exposure series and stored at 4OC.  The stock 

solutions were made at 1000x treatment concentration and diluted 1:1000 into the 

exposure beaker so that solvent control was 0.1% v/v.  Test concentrations for NIC and 



  

 117 

MEC were prepared fresh using distilled water at the beginning of a 5-day exposure 

series and stored at room temperature.   

7.4 Organophosphorus pesticide exposures 

Exposures to determine survival were carried out by exposing sets of 10 healthy 6 

hpf (shield stage) embryos in 150-mL glass beakers with 10-mL of exposure solution 

consisting of 30% Danieau’s solution with the desired OP that achieved a final 

concentration of DMSO of 0.1%.  For AChE inhibition and larval motility studies, we 

exposed sets of 30 healthy 6 hpf (shield stage) embryos in 150-mL glass beakers to 10-mL 

of previously described exposure solution.  A lid was kept on each beaker to minimize 

volatilization of the OPs from the beaker.  The exposure solution was changed daily to 

provide the embryos with a constant concentration of chemical.  At 5 dpf, larvae were 

rinsed twice with 10-mL of 30% Danieau’s solution and released from the exposure 

regimen.  

7.5 Nicotine and mecamylamine exposures 

Exposures for nicotine and mecamylamine were conducted by exposing sets of 60 

healthy embryos in 150-mL glass beakers with 20-mL of exposure solution consisting of 

30% Danieau’s solution with the desired chemical.  A lid was kept on each beaker to 

minimize volatilization.  At 2 and 3 dpf, larvae were rinsed twice with 10-mL of 30% 

Danieau’s solution and released from the exposure regimen.  
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7.6 AChE activity assay (Ellman and Lowry assays) 

AChE activity was measured using the modified Ellman assay (Ellman et al., 

1961).  Each sample consisted of extracted supernatant from 10 zebrafish larvae 

homogenized for 30 sec. in extraction buffer (100 mM Tris-Cl, pH 7.4 and 1% Triton X-

100).  5,5'-dithiobis-2-nitrobenzoic acid (DTNB) and acetylthiocholine iodide (ATChI) 

were added to the supernatant making final concentrations of 0.33 mM and 0.8 µM 

respectively.  For samples before 3 dpf, 20 µL aliquots were used; otherwise, 10 µL was 

used.  15 min after the addition of ATChI, spectrophotometric measurements were made 

at 412-nm.  The BioRad DC Protein assay (Hercules, CA, USA), a modified Lowry 

assay, was used to determine the total protein concentration in the homogenate for 

determination of specific activity.  For the BioRad DC Protein assay, 20 µL of 

supernatant was used for all samples.  80 µL extraction buffer, 10 µL reagent S 

(surfactant solution), 500 µL reagent A (alkaline copper tartrate) and 4.0 mL of reagent 

B (Folin reagent) was added to the supernatant to produce a blue color from the 

reduction of the Folin reagent by the copper-treated protein.  Spectrophotometric 

measurements were made at 750-nm after 15 minutes.   

7.7 Cloning and isolation of zfkcc2 cDNA 

The cDNA sequence was isolated and determined by four independent cloning 

steps of overlapping clones.  The complete cDNA sequence is consistent with the 

genomic sequence for the region of the zebrafish genome, which was preliminarily 
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algorithm-derived for zebrafish slc12a5 (zfkcc2) (Gene Bank ID for algorithm derived 

sequence XM_001337764).   

The sequence we determined from isolating the cDNA overlapped with two 

previously identified ESTs:  one towards the 5' end (EB941609) and another towards the 

3' end (AL928120).  However, the presentation of AL928120 in GenBank is the reverse 

complement of part of our sequence. 

cDNA from zebrafish AB* strain, day 4 RNA was used to isolate the four 

overlapping cDNA clones.  The original clone used primers from the central region of the 

algorithm-derived cDNA.  The Ambion First Choice RLM-RACE kit was then used to 

isolate the 5' end of the sequence (JN688966). 

7.8 Phylogenetic and protein analysis of zfKCC2 

Human, rat, mouse, frog, rabbit and cow KCC2 orthologs were aligned and 

phylogenetic analysis was done using Clustal W2 (Larkin et al., 2007).   

7.9 Quantitative real-time polymerase chain reaction 

Total RNA was extracted, isolated and purified using Aurum Total RNA Fatty 

and Fibrous Tissue Kit (Bio-Rad, Hercules, CA, USA) from approximately 50-100 

zebrafish embryos and larvae at the following stages: 1-8 cell stage, 10 hpf, 1 dpf, 2 dpf, 

3 dpf and 4 dpf.  Each stage has at least 4 biological replicates.  Once the total RNA 

was quantified, 1 µg of total RNA was reverse transcribed to cDNA using the iScript 

Select cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA).  A 20 μL cDNA synthesis 
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reaction consisted of an incubation of 1 µg of total RNA with 4 μL 5x iScript select 

reaction mix, 2 μL oligo(dT)20 primer mix and 2 μL random primer mix for 5 min at 

65OC followed by the addition of 1 μL iScript reverse transcriptase at 4OC and continued 

incubation for 5 min at 25OC, 90 min at 42OC and 5 min at 85OC.  cDNA was stored at 

4OC if used within one week; otherwise, cDNA was stored at -20OC.  PCR was carried 

out quadruplicate for each sample using iQ SYBR Green Supermix (Bio-Rad, Hercules, 

CA, USA) according to manufacturer’s specifications.  Primers tested are listed in 

Appendix A.  Prior to running PCR, conditions were optimized for each primer set using 

melting temperature analysis.  For a 22 μL PCR amplification reaction, 1 μL of cDNA 

was added to 11 μL 2x iQ SYBR Green Supermix and primers with a final concentration 

of 250 nM.  A relative ratio of test gene and control gene (i.e. 18s, b-actin) expression 

and standard error was determined for each biological replicate and the replicates were 

averaged and normalized to 2 hpf. 

7.10 zfnkcc1 cDNA 

    cDNA for zfnkcc1 (ATCC Number 10637401) was purchased from ATCC 

(Mannassas, VA), which had it deposited from the I.M.A.G.E. Consortium.  The 

GenBank accession ID for the zfnkcc1 cDNA is BC071283.  The cDNA is 4,333 bp and is 

cloned into the vector pCMV-SPORT6.1 between T7 and SP6 promoter regions.   
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7.11 in situ hybridization 

For probe synthesis, 1 μg of cut and purified plasmid was combined with 2 μL 

transcription buffer, 2 μL ribonucleosidetriphosphates (rNTP) with digoxigenin-11-UTP 

or fluorescein-12-UTP (Roche Applied Science; Indianapolis, IN), 2 μL RNA polymerase 

(T3, T7 or SP6; Roche Applied Science) and brought to a final volume of 20 μL with 

DEPC water.  Finally, 0.5 μL RNase inhibitor (Roche Applied Science) was added and 

the reaction was incubated at 37OC for 2 hours.  The reaction was stopped with 2 μL of 

0.2 M ethylenediamine tetraacetate (EDTA) pH 8.0.  The RNA probe was then 

precipitated using 2.5 μL 4 M lithium chloride and 75 μL ethanol, which was followed by 

incubation at -20OC for 2 hours.  Then, the RNA probe was spun for 10 min. at room 

temperature to precipitate, washed in cold ethanol, spun for another 5 min., dried and 

resuspended in 100 μL DEPC water.  After resuspension, 100 μL formamide was added.      

At the appropriate stage, embryos and larvae were fixed in 4% paraformaldehyde 

(PFA) in phosphate-buffered saline (PBS) pH 7.4 (Mediatech; Manassas, VA) at 4OC 

overnight.  Embryos were stored in 100% methanol (MeOH) at -20OC prior to in situ 

hybridization.  After rehydrating embryos using 3:1, 1:1, and 1:3 mixes of methanol and 

PBS with 0.01% Tween 20 (PBST) followed by two washes using 100% PBST, embryos 

still in their chorions were dechorionated.  1 dpf embryos were treated with 10 μg/mL 

Proteinase K (Roche Applied Science) for 5 min., 2 dpf embryos treated for 20 min., and 

3 dpf or older embryos treated for 30 min.  Following proteinase digestion, the embryos 

and larvae were refixed with 4% PFA for 20 min at room temperature.  Embryos were 
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washed of PFA with 4x 5 min. each of PBST washes and transferred to clean tubes for 

pre-hybridization.  Embryos were pre-hybridized for 2 h at 65OC in 1 mL pre-

hybridization solution (50% formamide, 5x SSC [sodium chloride/trisodium citrate], 500 

μg/mL, 0.1% Tween 20, 9.2 mM citric acid).  Embryos then underwent hybridization 

overnight against up to 300 ng of dig-labeled riboprobes in 200 μL of hybridization 

solution (50% formamide, 5x SSC [sodium chloride/trisodium citrate], 500 μg/mL yeast 

RNA [Sigma R6750; St. Louis, MO], 0.1% Tween 20, 50 μg/mL heparin, 9.2 mM citric 

acid) at 65OC.   

Following hybridization, embryos were transferred through 3:1, 1:1, and 1:3 mixes 

of post-hybridization solution (50% formamide, 5x SSC, 0.1% Tween 20, 9.2 mM citric 

acid) and 2x SSC with 0.1% Tween 20 (SSC-T).  These washes were followed by 3 

washes using 2x SSC-T and through 3:1, 1:1 and 1:3 mixes of 0.2x SSC-T and PBST.  

Following the post-hybridization washes, embryos were incubated in block solution 

(PBST with 5% sheep serum and 2 mg/mL bovine serum albumin [BSA]) for 3 hours at 

room temperature and transferred to an overnight incubation at 4OC of anti-digoxigenin 

alkaline phosphatase antibody (Roche Applied Science) at 1:5000.  

To wash out excess antibody, embryos were washed 6x 15 min. in PBST.  For 

coloration, embryos were dried thoroughly and washed 3x 5 min. with alkaline tris buffer 

(100 mM Tris-HCl pH 9.5, 50 mM MgCl2, 100 mM NaCl and 0.1% Tween 20) at room 

temperature.  Embryos were then transferred into ceramic wells to provide a contrasting 

background against the coloration.  In the dark, 700 μL of staining solution was applied 
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on the specimen.  Staining solutions used include BM Purple (Roche Applied Science), 

INT/BCIP (Roche Applied Science) and Fast Red (Roche Applied Science), which were 

all used according to manufacturer’s instructions.  Embryos were checked regularly for 

staining while left in the dark covered with aluminum foil.  Reaction times varied from 

30 minutes to 2 days depending on the probe.  The coloration reaction was stopped by 

rinsing the embryos with 3x 5 min. washes of PBST, a brief refix using 4% PFA and 3x 

5 min. washes of PBST.   

7.12 Double in situ hybridization 

 For double in situ hybridizations, embryos followed the same protocol as 

detailed in 7.11 until the hybridization step.  Embryos were hybridized overnight against 

up to 300 ng of both digoxygenin-11-UTP-labeled and fluorescein-12-UTP-labeled 

riboprobes in 200μL of zHybe at 65OC.  Following hybridization, the washes in posthybe, 

2x SSC, 0.2x SSC and PBST, and the incubation in blocking solution are all consistent 

with 7.11.  After blocking, either the dig-labeled or the fluor-labeled riboprobe was 

processed by incubating the embryos in the appropriate antibody overnight.  The 

embryos were colorized as described above.  To stop the first coloration reaction, several 

sterile water washes were used and followed with the incubation of the embryos for 10 

minutes in 0.1M glycine pH 2.2.  After washing 4x 5 minutes with PBST, the embryos 

were incubated in blocking solution for 1 hour at room temperature followed by the 

incubation with the other antibody overnight.  Following the incubation with the second 
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antibody, the embryos were washed 6x 15 minutes using PBST, 4x 5 minutes in alkaline 

tris buffer and colorized using a different coloration reagent as was used earlier.  Once 

the appropriate expression pattern was observed, the reaction was stopped by rinsing 3x 

5 min. with PBST, a brief refix using 4% PFA and another 3x 5 min. with PBST, and 

finally stred in PBST.   

7.13 Imaging 

Imaging of whole mount embryos was done using a Diagnostic Instruments Inc. 

18.2 Color Mosaic CCD camera (Spot Imaging Solutions; Sterling Heights, MI) fitted to 

a Nikon AZ100 microscope with an AZ-Plan Fluor 2x objective lens (Nikon Instruments; 

Melville, NY).  Embryos were held in position using 3% methylcellulose (Sigma-Aldrich) 

in 30% Danieau’s solution.  Diagnostic Instruments Inc. Spot Software version 4.6 was 

used to acquire the images before they were processed using Adobe Photoshop CS 2.0 

(Adobe Systems; San Jose, CA) or GIMP version 2.x (GNU Image Manipulation 

Program), and diagrams were assembled using Inkscape version 0.48.   

7.14 Data analysis 

Survival was assessed using χ2 analysis for observed vs. expected frequencies for 

all comparisons where the expected frequency was at 5 or greater; where the expected 

frequency was less than 5, we used the Fisher’s Exact Test.  The expected frequency was 

determined from the DMSO controls.  Significance for these parameters was assessed 

one-tailed, since exposures were expected only to contribute to lethality.   
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AChE activity for Figure 6 and Figure 7 was assessed using ANOVA with 

differences among groups assessed using Fisher’s Least Significant Differences with 

control group defined as DMSO exposed.   

Larval motility for Figure 8 was assessed using ANOVA with differences among 

groups assessed using Fisher’s Least Significant Differences with control group defined as 

DMSO exposed.  For all statistical tests, significance was assumed at p<0.05.  
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Appendix A – List of Primers 

18s:    Forward: 5’- TCG CTA GTT GGC ATC GTT TAT G -3’ 

   Reverse: 5’- CGG AGG TTC GAA GAC GAT CA-3’ 

 

b-actin:  Forward: 5’- AAG CAG GAG TAC GAT GAG TC -3’ 

   Reverse: 5’- TGG AGT CCT CAG ATG CAT TG -3’ 

 

nkcc1-3:   Forward: 5’- AGC ACT CAA GCA CAG CCA ACC T  -3’ 

   Reverse: 5’- GTG GGG GCA GTT GTG TCT GTG AGC -3’ 

 

zfkcc2-1:   Forward: 5’- ACA TCT CAG CTT ACA CCT AC -3’ 

   Reverse: 5’- GAT GCT CTG AAT CTC TCT CT -3’ 

 

zfkcc2-2:   Forward: 5’- ACC TGC ACC CCC AGA GGA GT -3’ 

   Reverse: 5’- CTC CTC TCC AGG GCA CAT AGT TGC T -3’ 
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Appendix B – Description of Publications 
Contributed to as Graduate Student 

1. Alexeyenko A, Wassenberg DM, Lobenhofer EK, Yen J, Sonnhammer ELL, Linney 

E, Meyer JN. (2010) Dynamic Zebrafish Interactome Reveals Transcriptional 

Mechanisms of Dioxin Toxicity.  PLoS ONE 5(5): e10465. 

 

Abstract:  

BACKGROUND: 

In order to generate hypotheses regarding the mechanisms by which 2,3,7,8-

tetrachlorodibenzo-p-dioxin (dioxin) causes toxicity, we analyzed global gene 

expression changes in developing zebrafish embryos exposed to this potent toxicant 

in the context of a dynamic gene network. For this purpose, we also computationally 

inferred a zebrafish (Danio rerio) interactome based on orthologs and interaction 

data from other eukaryotes. 

 

METHODOLOGY/PRINCIPAL FINDINGS: 

Using novel computational tools to analyze this interactome, we distinguished 

between dioxin-dependent and dioxin-independent interactions between proteins, and 

tracked the temporal propagation of dioxin-dependent transcriptional changes from a 

few genes that were altered initially, to large groups of biologically coherent genes at 

later times. The most notable processes altered at later developmental stages were 
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calcium and iron metabolism, embryonic morphogenesis including neuronal and 

retinal development, a variety of mitochondria-related functions, and generalized 

stress response (not including induction of antioxidant genes). Within the 

interactome, many of these responses were connected to cytochrome P4501A (cyp1a) 

as well as other genes that were dioxin-regulated one day after exposure. This 

suggests that cyp1a may play a key role initiating the toxic dysregulation of those 

processes, rather than serving simply as a passive marker of dioxin exposure, as 

suggested by earlier research. 

 

CONCLUSIONS/SIGNIFICANCE: 

Thus, a powerful microarray experiment coupled with a flexible interactome and 

multi-pronged interactome tools (which are now made publicly available for 

microarray analysis and related work) suggest the hypothesis that dioxin, best known 

in fish as a potent cardioteratogen, has many other targets. Many of these types of 

toxicity have been observed in mammalian species and are potentially caused by 

alterations to cyp1a. 

 

2. Powers CM, Yen J, Linney EA, Seidler FJ, Slotkin TA. (2010) Silver exposure in 

developing zebrafish (Danio rerio): Persistent effects on larval behavior and 

survival. Neurotoxicol. Teratol. 32(3): 391-397. 
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Abstract: The increased use of silver nanoparticles in consumer and medical products 

has led to elevated human and environmental exposures. Silver nanoparticles act as 

antibacterial/antifungal agents by releasing Ag+ and recent studies show that Ag+ 

impairs neural cell replication and differentiation in culture, suggesting that in vivo 

exposures could compromise neurodevelopment. To determine whether Ag+ impairs 

development in vivo, we examined the effects of exposure on survival, morphological, 

and behavioral parameters in zebrafish embryos and larvae. We exposed zebrafish 

from 0 to 5days post-fertilization to concentrations of Ag+ ranging from 10nM to 

100microM in order to assess effects on survival and early embryonic development. 

We then tested whether concentrations below the threshold for dysmorphology 

altered larval behavior and subsequent survival. Ag+ concentrations > or = 3microM 

significantly reduced embryonic survival, whereas 1microM delayed hatching with no 

effect on survival. Reducing the concentration to as low as 0.1microM delayed the 

inflation of the swim bladder without causing gross dysmorphology or affecting 

hatching. At this concentration, swimming activity was impaired, an effect that 

persisted past the point where swim bladder inflation became normal; in contrast, 

general motor function was unaffected. The early behavioral impairment was then 

predictive of subsequent decreases in survival. Ag+ is a developmental toxicant at 

concentrations only slightly above allowable levels. At low concentrations, Ag+ acts 

as a neurobehavioral toxicant even in the absence of dysmorphology. 
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